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Abstract

The physics of transition-metal oxides presents a challenge to our current un-
derstanding of condensed matter physics. The main difficulty arises from a
competition between electron-electron and electron-phonon interactions to dic-
tate the properties of these complex materials. This issue is particularly appar-
ent in vanadium dioxide, which undergoes an electronic and structural phase
transition close to room temperature. Despite more than 50 years of research,
the origin of the transformation is still actively debated, with contradictory
interpretations often reported.

The main goal of this thesis is to re-evaluate the phase transition in VO2
with a combination of new experimental techniques, ranging from the mid-
infrared to hard x-rays, that can probe the transformation at nanometer length
scales and femtosecond time-scales. This allows to disentangle the roles of
phase separation, laser-induced heat, and electron and phonon dynamics to
the insulator-metal transition. The results from these experiments provide
a unified and new picture of the nature of this process, both in and out of
equilibrium, in which the electron-phonon interactions are the main driving
mechanism.

Furthermore, the new techniques and analysis presented here for VO2 can
be applied to the study of other controversial complex materials that exhibit
remarkable properties, and answer thereby some of the key outstanding ques-
tions in condensed matter physics.

v





Resumen

La física de los óxidos de metales de transición constituye un gran desafío a
nuestra comprensión actual de la materia condensada. El mayor obstáculo
surge de la competición entre las interacciones electrón-electrón y electrón-
fonón para dictar las propiedades de tales materiales complejos. Este problema
es particularmente evidente en el dióxido de vanadio, el cual experimenta una
transición de fase tanto electrónica como estructural a una temperatura liger-
amente superior a la ambiente. A pesar de más de 50 años de investigaciones,
el origen de la transformación sigue siendo motivo de debate, con multitud de
interpretaciones a menudo contradictorias.

El objetivo principal de esta tesis es reevaluar la transición aislante-metal
de VO2 empleando una combinación de técnicas experimentales nuevas, desde
la región del infrarrojo medio a los rayos X duros, que permiten el estudio de
la transición de fase a escalas nanométricas y en tiempos de femtosegundos.
Esto facilita el esclarecimiento de los roles que desempeñan aspectos como la
separación de fases, el calor inducido por láser y las dinámicas de electrones y
fonones en la transición de fase de VO2. Los resultados de estos experimentos
ofrecen una visión unificada sobre la naturaleza de este fenómeno, tanto en
equilibrio como fuera de él, en la que la interacción de los electrones con fonones
son el principal mecanismo responsable de impulsar la transición.

Asimismo, los análisis y técnicas nuevos presentados en esta tesis para
el estudio de VO2 pueden ser empleados para la investigación de otros mate-
riales complejos que también exhiben propiedades extraordinarias y cuyo en-
tendimiento presenta serias controversias. De esta manera, se daría respuesta a
algunas de las preguntas clave pendientes de la física de la materia condensada.
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Introduction

Transition-metal oxides (TMOs) exhibit some of the most intriguing phenom-
ena observed in condensed matter, which arise from the complex interplay of
electron and lattice degrees of freedom. In the last few decades, several ma-
terials have been discovered with remarkable exotic properties, such as high-
temperature superconductivity, colossal magneto-resistance, charge and orbital
ordering, or insulator-metal transitions. These extraordinary phenomena have
the potential to revolutionize both the technology of the future, as well as our
approach to condensed matter physics. However, such properties cannot be
currently harnessed for the design of novel solid-state devices due to the lack
of a proper theoretical framework that explains the behaviour of these complex
materials.

Band-structure theory successfully predicts the properties of materials in
which one basic physical interaction is clearly dominant over all the others. For
instance, insulators and metals are considered systems with weakly interacting
localized and delocalized wave-functions, respectively, in which the bands are
set by the symmetry of the lattice, but otherwise fixed. Thus, their insulating
or metallic nature is simply the result of the position of the Fermi energy
within the band structure. The simple application of band theory does not
describe correctly the properties of TMOs, for which often a metallic state is
predicted when the material is actually an insulator. Furthermore, in this type
of systems, changes in doping and/or temperature can lead to phase transitions.
This occurs due to multiple degrees of freedom interacting on similar energy
scales that strongly affect the physical properties of these materials.

Traditionally, the missing component for the theoretical models to work
was believed to be related to electronic correlations. This has given rise to the
concept of strongly correlated materials. The well-known Mott insulators be-
long to this group. These are materials predicted to be metals by conventional
band theory due to the non consideration of electron-electron interactions, but
show an insulating behaviour. However, besides these neglected interactions,
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Introduction

it is also worth considering the fact that in order to make band-theory calcu-
lations mathematically tractable, approximations on phonon interactions are
also needed. This simplification could also explain the observed deviations of
experiments from theory without the need of adding electronic-correlations-
related components.

One of the key challenges in condensed matter physics is to determine
the relative contributions of electron-electron and electron-phonon interactions,
typified by two simplified theoretical models that capture the basic concepts of
these physical interactions. This is known as the Mott vs Peierls competition.
While in the former, strong Coulomb interactions between electrons stand as
the cause of the observed properties, in the latter scenario the crystallographic
distortion and electron-phonon interactions are responsible for determining the
specific behaviour of the material (see Fig. 1).

One of the first materials in which the Mott vs Peierls competition was
studied is vanadium dioxide (VO2). VO2 is a transition-metal oxide that un-
dergoes an insulator-metal phase transition (IMT) at approximately 340K.
This effect was first discovered by Morin in 1959 [1], and shortly after, in 1961,
it was shown that the system also undergoes a structural change [2]. For more
than 50 years, an enormous amount of experimental and theoretical research
has been devoted to determining the relative contributions of the electronic and
structural degrees of freedom to this phase transition. In 1971, Goodenough
was the first to propose a Peierls-like lattice distortion as the origin of the
phenomenon [3], in which the dimerization, or pairing, of the vanadium atoms
acts as the driving force for the phase transition. Nonetheless, some years later,
in 1975, Zylbersztejn and Mott suggested that electronic correlations are the
main responsible for opening the insulator band-gap, as in a typical Mott in-
sulator, and proposed a Mott-Hubbard model for the description of the phase
transition of VO2 [4].

From the experimental side, results pointing to both scenarios have been
reported. Driven by the discovery in 1971 that the insulator-metal transition
in VO2 can be induced by light pulses in an ultrafast way [5], a new approach
was adopted for studying the phase transition. Probing the process out of
equilibrium has enabled the separate examination of the electronic and lat-
tice contributions, as the respective responses can be disentangled in the time
domain.

VO2 has in fact represented a key material for the development of ultrafast
methods. However, the results provided by subsequent time-resolved studies
of the phase transition have presented several discrepancies, and nowadays, a
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unified description of this phenomenon still lacks. The aim of this thesis is
to address the key challenges involved when examining the phase transition in
VO2, such as phase separation and coexistence, heat-related issues, and phonon
dynamics. To this end, a broad range of techniques are applied to probe the
different aspects of the material and build thereby a complete comprehension
of the phase transition.

Fig. 1: The Mott vs Peierls competition. Mott: (a) In the
metallic phase, large screening leads to delocalized bands with large
bandwidths, B1 and B2, and weak repulsion U . (b) Screening reduc-
tion gives rise to a high Coulomb interaction, which localizes electrons
and leads to the insulating phase. Peierls: (c) In the metallic state,
the electron states are filled up to the Fermi energy, and the lattice
is a periodic array of atoms with lattice constant a. (d) When low-
ering the temperature, the system gains energy by pairing the atoms,
changing thereby the periodicity of the atomic chain. This effective
doubling of the unit cell leads to the formation of band-gaps at half
the original Brillouin zone.
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Thesis outline

The structure of this thesis is organized as follows:

• Chapter 1 gives an introduction on the physics of VO2 and the insulator-
metal phase transition, together with the current state of the research.
The specific challenges needed to be overcome for studying this phe-
nomenon are described in detailed, as well as the methods proposed to
do so.

• Chapter 2 presents the phenomena of phase separation and coexistence,
which hinder the interpretation of measurements conducted on VO2. A
soft X-ray holographic imaging technique is successfully applied for the
first time on VO2 to address this issue.

• Chapter 3 focuses on the measurements of the threshold fluences re-
quired to drive the photo-induced phase transition, with the contribu-
tion of laser-induced heat issues. A pump-probe-measurement approach
is employed over long time-scales to study heat dissipation dynamics, of
particular importance in ultrafast experiments.

• Chapter 4 studies the dynamics of phonon interactions during the phase
transition by means of time-resolved soft X-ray absorption spectroscopy,
and ultrafast hard X-ray total scattering.

• Finally, chapter 5 summarizes the main achievements of the present the-
sis, along with a prospect of future experiments to be performed.

6







1 | An overview on VO2

This chapter presents a summary of the extensive research performed
on vanadium dioxide up to the present day. It involves more than
50 years of measurements, from which only the most relevant for the
present work are mentioned. Section 1.1 is focused on the descrip-
tion of the physical properties of VO2, as well as the theoretical models
proposed for understanding the insulator-metal phase transition. The
sequence of measurements and theoretical calculations points towards
the importance of two different aspects regarding the phase transition
that need careful consideration in order to understand the physical ori-
gin of the IMT: the existence of a transient monoclinic metallic phase,
covered in Section 1.2, and the ultrafast dynamics of the photo-induced
phase transition, introduced in Section 1.3.

9



Chapter 1 An overview on VO2

1.1 The physics of VO2

Vanadium dioxide is a correlated transition-metal oxide that exhibits an elec-
tronic and structural phase transition as a function of temperature. At approx-
imately 340K [1], VO2 undergoes a first-order reversible phase transition from
a low-temperature monoclinic M1 phase to a high-temperature rutile R phase.
Concurrently, an increase of up to five orders of magnitude of the conductivity
occurs, switching the material from an insulator to a metal. The corresponding
crystallographic structures for temperatures below and above Tc are displayed
in Fig. 1.1, and the lattice parameters of each phase are summarized in Ta-
ble 1.1. These values were obtained from X-ray diffraction experiments on VO2
in the rutile [6, 7] and in the monoclinic phase [7, 8].

2
.8

5
 Å

a

bc

a b

c

3
.1

6
 Å

2
.6

2
 Å

Ru�le (T > Tc) Monoclinic (T < Tc)

Fig. 1.1: Crystallographic structures of VO2. Vanadium atoms
are represented by the red balls, while the oxygen atoms are in blue.
For temperatures above Tc, the material has a rutile structure (left),
which transforms into a monoclinic lattice (right) when lowering the
temperature below Tc. The unit cell is indicated by the dashed line.

Lattice a (Å) b (Å) c (Å)
M1 5.75 4.53 5.38
R 4.55 = a 2.85

Table 1.1: Lattice parameters of the monoclinic and rutile phases of
VO2 obtained by X-ray diffraction experiments [6, 8].
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1.1 The physics of VO2

As in many transition-metal compounds, metal ions (vanadium in this
case) are surrounded by oxygen anions (or ligands) forming an octahedral struc-
ture. At high temperature, the metallic phase has a rutile crystal structure,
with each unit cell containing two vanadium and four oxygen atoms (Fig. 1.1).
When the temperature is decreased below Tc, the vanadium atoms dimerize
forming V-V pairs along the rutile c-axis with two different V-V bond lengths:
a short intra-dimer length of 2.62Å and a longer inter-dimer length of 3.16Å,
in contrast to the equally spaced V-V bonds from the rutile phase. This leads
to the doubling of the unit cell, which now contains four vanadium and eight
oxygen atoms. Dimerization is accompanied by a slight tilt of the dimers away
from the c-axis in a zigzag-like pattern, resulting in one of the V-O separations
shorter than the rest. As opposed to the vanadium ions, the oxygen atoms are
only slightly disturbed across the phase transition. In the low-temperature M1
phase, an insulating gap of ≈ 0.6 eV has been measured [9, 10]. Altogether,
the crystallographic change from a monoclinic to a rutile structure constitutes
an increase of symmetry and a volume change of ∼ 0.044 % [11, 12], as well as
a transition from an insulating to a metallic electronic structure.

Whereas the crystal structures of VO2 could be easily determined by X-
ray diffraction measurements, the electronic configurations have been much
more elusive, and different theoretical models have been proposed to describe
them and the mechanism that drives the transformation from one phase to the
other. A first description of the electronic structure in both phases was given
by Goodenough based on crystal-field theory and the lattice distortion [3].
Later on, due in principle to the inability of this model to reproduce the right
magnitude of the band-gap in the insulating phase, Mott and Zylbersztejn
argued that electronic correlations must be included in the calculations [4].
The models proposed by Goodenough and Mott, which gave rise to the so-
called Peierls vs Mott competition, are described in detail in the following.

1.1.1 Goodenough model

In order to understand the band-theory model proposed by Goodenough, a
brief introduction to crystal-field theory is required. Vanadium, as a transition-
metal ion, has five d orbitals: dxy, dyz, dxz, dx2−y2 , and dz2 . When isolated or
surrounded by a field with spherical symmetry, these five orbitals have the same
energy, i.e., they are degenerate. However, in the presence of an octahedral
crystal field, as the one formed by the oxygen atoms in VO2 (Fig. 1.1), this
degeneracy is lifted due to the charge interactions of the metal cation and the
ligands, in which the d-electrons closer to the ligands have a higher energy than
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Chapter 1 An overview on VO2

those further away. The V 3d orbitals are then split in energy into threefold-
degenerate t2g states, built from the dx2−y2 , dxz, and dyz orbitals, and twofold-
degenerate eg states, comprising the dxy and dz2 orbitals, as illustrated in
Fig. 1.2. The latter have higher energy, as these orbitals are closer to the
ligands and experience therefore more Coulomb repulsion.

x

y
zx y

z

eg

t2g

Spherical field Octahedral field VO2 Ru�le structure

d-orbitals

(a) (b) (c)

σ*}
3dxy
3dz2

3dx2-y2

3dxz 3dyz
π*
dǁ

}
}

Fig. 1.2: Schematic energy levels of the d-orbitals in a
transition-metal ion. (a) The five d-orbitals of the ion placed in
a crystal field with spherical symmetry are degenerate. (b) When
the ion is located within an octahedral crystal field, the d-orbitals are
split into twofold-degenerate eg orbitals and threefold-degenerate t2g
orbitals. (c) A distortion of the octahedron along the z-axis, as in the
case of the rutile phase of VO2, the orbitals degeneracies are further
lifted. The crystal structure corresponds to the rutile unit cell with
the c-axis along x, with the angular part of the d‖ = dx2−y2 orbital
represented. Adapted from [13].

According to Goodenough’s model [3], schematically illustrated in Fig. 1.3,
because of the orthorhombic component of the crystal field, the t2g states are
further split into two π∗ states, formed by the 3dxz and 3dyz orbitals, which
point in between the ligands and have a component along the z-axis, and one d‖
state, formed by the relatively non-bonding 3dx2−y2 orbitals, which are parallel
to the rutile c-axis and mediate hence the V-V bonds. On the other hand, the
3dz2 and 3dxy orbitals, that point towards the ligands, constitute the σ∗ states,
which, given their σ-bonding nature, present the strongest p-d overlap and the
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1.1 The physics of VO2

largest energy difference between the bonding and antibonding orbitals.

During the insulator-metal transition, the vanadium atoms dimerize along
the rutile c-axis, leading to the splitting of the d‖ band into filled bonding and
empty antibonding states. In addition, the tilting of the dimers in the zigzag
pattern aforementioned increases the p-d bonding and leads to the lift in en-
ergy of the π∗ states above the Fermi level (see Fig. 1.3(b)). This shift has
been found to be of ≈ 0.5 eV, with the π∗ band located at the lower edge of
the conduction band, well below the antibonding d‖ band [10, 13]. In addition,
a change in the width of the π∗ band is also found, narrowing from 2.5 eV
in the rutile phase to 2 eV in the monoclinic phase. Therefore, the insulator
state is regarded as the result of the vanadium zigzag distortion with the assis-
tance of dimerization, and strong electron-phonon interactions as the driving
mechanism for the phase transition.

R M1

π*
d||

σ*

σ

π

d||*

d||

π*

σ

π

σ*

EF

(a) (b)

Fig. 1.3: Schematic of the band structures proposed by Good-
enough above and below the phase transition. (a) In the rutile
structure, VO2 exhibits a metallic behaviour due to the location of
the π∗ and d‖ states, crossing the Fermi level. (b) At temperatures
below Tc, VO2 has a monoclinic structure, in which the dimerization
and tilting of the vanadium ions lead to the division of the d‖ band
and the upwards shift of the π∗ states that result in the opening of an
insulating band-gap.

It is worth mentioning that this model and later theoretical calculations
built upon it [13, 14] are benefited from the very small mixing of these states,
with the exception of the hybridization of the V 3d and O 2p orbitals that give
rise to the π∗ states. In fact, the d‖ and π∗ bands can be regarded as nearly
independent, with a one-dimensional d‖ band embedded in a three-dimensional
background of π∗ states, resulting in a proper scenario for a structural Peierls
distortion. This, together with the fact that in d1 compounds the energy gain
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Chapter 1 An overview on VO2

from lowering the occupied electronic states is larger than the energy cost of
the lattice distortion, and the absence of magnetic properties in the insulating
phase, makes VO2 a suitable Peierls insulator. In materials that present such
a Peierls instability, electron-phonon interactions act as the main force for the
dimerization and resulting change in periodicity of the one-dimensional atoms
chain [15, 16], as previously seen in Fig. 1.

Nonetheless, in the early days, these theoretical models within a band-
structure framework were unable to explain both phases of VO2 at the same
time. Calculations based on density functional theory (DFT) within the local
density approximation (LDA), despite yielding correct crystallographic struc-
tures and describing a significant distortion of the energy bands around the
Fermi level [14], dramatically failed to reproduce a finite band-gap in the mon-
oclinic structure required for the insulating behaviour observed [13, 14]. This
fact led to the belief that the energy gain obtained via the lattice distortion
was not enough to account for the opening of the band-gap, but calculations
must include a parameter U associated to electronic interactions.

1.1.2 Mott scenario

In 1975, shortly after Goodenough’s publication, Zylbersztejn and Mott pro-
posed a Mott-Hubbard model to describe the phase transition in VO2 [4]. While
in single-electron band theory it is assumed that interactions between electrons
can be represented by an average effective periodic potential, and that no dy-
namical interactions occur (which is actually the basis for DFT methods), the
theoretical work presented by Mott placed electronic correlations as the pri-
mary force driving the phase transition in VO2, with the lattice distortion only
as a side effect [4].

In this scenario, VO2 is described as a Mott insulator, in which the on-site
Coulomb repulsion between electrons become comparable to the single-electron
bandwidth, which makes necessary the addition of this term into the model.
Therefore, the description of the system is based on a Hubbard’s model for a
system with interacting particles [17], represented by a two-terms Hamiltonian,
which includes the tunnelling of electrons between sites of the lattice t, and
the on-site Coulomb interaction U :

H = −t
∑

(i,j),σ

(
c†i,σcj,σ + c†j,σci,σ

)
+ U

∑
i

ni↑ni↓ (1.1)

14



1.1 The physics of VO2

In this equation, t is the transfer integral that represents the kinetic energy
of electrons hopping between atoms, (i, j) stands for the summation over all
nearest-neighbour lattice sites, c†i,σ and ci,σ are the creation and annihilation
operators for electrons of spin σ at site i, and ni,σ = c†i,σci,σ gives the number
operator that represents the density of electrons at site i with spin σ.

In the non-interacting limit, the first term leads to a metallic behaviour
when the system is half filled, and is simply the Hamiltonian in regular band
theory. On the other hand, in the strongly interacting limit, the second term
favours charge localization and hence an insulating behaviour. For the case of
VO2, the opening of a band-gap can be regarded then as a competition between
the U Coulomb interactions of vanadium 3d electrons and the transfer integral
t of the 3d electrons tunnelling to neighbouring atoms.

Zylbersztejn and Mott attributed the electronic correlations that lead to
the opening of the band-gap in VO2 to the strong electron-electron interac-
tions occurring in the d‖ band. In the metallic state, though, these Coulomb
interactions are well screened by the π∗ states. When lowering the tempera-
ture of the system, the charge density is reduced and so is the screening, until
the Coulomb potential gets high enough to support bound states, localizing
electrons away from the conduction band causing the splitting of the d‖ band,
as already seen in in Fig. 1.

The band-gap opened in such a system was first formulated by Mott in
the form:

Egap = U − 1
2 (B1 +B2) , (1.2)

where U is the Hubbard intra-atomic correlation energy (Coulomb repulsion),
and B1 and B2 are the bandwidths of the upper (empty) and lower (occupied)
Hubbard bands. In this scenario, the M1 phase transforms to the R phase only
when the free electron density reaches a certain threshold sufficient to screen
the strong Coulomb interactions.

The inclusion of the U term in DFT calculations led to a different concep-
tion of the phase transition, in which the electronic and structural transitions
are no longer concomitant, with only a causal relation between them. This de-
coupling results in the existence of an intermediate state between the IMT and
the structural transition that presents a monoclinic lattice exhibiting metallic
properties. The electronic band structure at each phase for such a material is
illustrated in Fig. 1.4. The intermediate monoclinic metallic phase, depicted in
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Chapter 1 An overview on VO2

purple, consists of a split d‖ band as in the M1 phase, together with π∗ states
overlapping with the Fermi level, as in the R phase.
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Fig. 1.4: Electronic band structure in a Mott phase transition.
(a) In the metallic phase with the rutile structure, both the π∗ and
d‖ states overlap with the Fermi level. (b) In the intermediate phase,
the d‖ band is split due to a reduction of screening and the structure
changes into monoclinic. However, the metallic behaviour remains as
the π∗ states barely shift. (c) In the insulating monoclinic phase,
Coulomb interactions lead to an increase separation of the π∗ bonding
and antibonding states, and the band-gap is further enlarged.

Such DFT+U method has been applied by several theoretical studies to
describe the physics leading to the phase transition in VO2 [18, 19]. However,
despite yielding the right opening of the insulating band-gap in the monoclinic
phase, the description of the system has not been perfect, as it failed to predict
the magnetic ground state of VO2 [20]. Fortunately, theoretical models and
calculation methods have evolved in the last years and led to more consistent
results. It has been demonstrated that band-theory based on DFT calculations
is capable of describing the insulator-metal transition in VO2 and all the in-
volved phases, provided that the appropriate hybrid functionals are used [21],
without the need of introducing any other interaction parameters.

The obvious contradictions between the theoretical models suggested by
Goodenough and Mott have been translated into the experimental domain as
well. Several experiments have reported conflicting results on VO2, some sup-
porting the electronic correlations scenario, while others point towards electron-
phonon interactions as the driving mechanism. In order to reveal the true role
of electronic correlations in the phase transition, these studies have been fo-
cused on two key aspects. Firstly, the observation of the intermediate state
predicted by Mott with a monoclinic structure and metallic properties would
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1.1 The physics of VO2

provide unambiguous evidence for the electronic nature of the phase transi-
tion, as its existence would mean that if electron-electron interactions could be
screened, the M1 phase would be metallic. Secondly, studying the phase transi-
tion in the time domain would reveal the true nature of the process, given that
electrons have been traditionally considered to act on much faster time scales
(typically of a few femtoseconds) than phonons (of hundreds of femtoseconds
– picoseconds) [22].

However, one of the main reasons for the current discrepancies between
different experiments is that the interpretation of results have been generally
hindered by the phenomenon of phase separation, common to many correlated
materials and directly related to the strain and type of sample, and the exis-
tence of more than one insulating phase in VO2. Therefore, before addressing
the methods for distinguishing between an electron- or phonon-driven transi-
tion, the physics of VO2 should be discussed beyond the M1-R transition.

1.1.3 The phase diagram of VO2

In VO2, as in many correlated materials, the specific characteristics of the
phase transition, such as the transition temperature and sharpness, are strongly
dependent on the strain within the sample measured. In fact, by measuring the
temperature-dependent hysteresis curves of VO2 across the phase transition,
useful information about the strain within the sample, and thereby its quality,
can be obtained, directly related to the transition temperature and hysteresis
width.

Several studies of the correlation between crystal structure and hysteresis
curves have been performed, arriving to the conclusions that large transition
widths in films can be attributed to local differences related to the presence
of grains with different sizes, defects densities and strain interactions [7, 23,
24]. Samples grown by diverse methods present different hysteresis curves
due to their particular insulator-metal domain structure. Figure 1.5 displays
a schematic comparison of the resistivity hysteresis curves as a function of
temperature followed by a high-quality single crystal, where single-domain be-
haviour is expected, and a thin film, in which multiple domains coexist during
the transition. Experimentally, it has been observed that, while transitions in
single crystals can be very sharp and occur within 0.01K [7], even the highest-
quality thin films can show broadened transition widths that span several de-
grees in temperature [25], which result from different regions of the sample
switching at different temperatures. This variation indicates the presence of
defects that locally modify the transition temperature.
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Chapter 1 An overview on VO2

Fig. 1.5: Schematic hysteresis curves. Resistance as a function
of temperature of a single crystal (a) and a thin film (b)

Measurements on VO2 were originally conducted on single crystals, which
provide a more pure response on the behaviour of the material. However, the
lattice distortion and the derived volume change that occur across the phase
transition are enough for bulk single crystals to break when subjected to ther-
mal cycling, i.e., repeated heating and cooling cycles across TC [26]. Therefore,
the majority of the experiments have been conducted on polycrystalline thin
films of VO2, which can withstand the strain arising from the lattice distortions.
More recently, a type of sample has been developed that unites both desired
qualities, namely, high quality together with an ability to accommodate strain:
single-crystals nanobeams [27–36]. These free-standing nanomaterials can be
subjected to tunable uniaxial strain and, due to their lack of extended struc-
tural defects, can resist much higher strain (> 3 %) than their bulk counterpart
(< 0.2 %) without fracturing [35, 36]. These properties enable the investigation
of strained states otherwise inaccessible and, thereby, the stress-temperature
phase diagram of VO2, which involves other phases than the already mentioned
M1 and R.

Indeed, the application of Cr-doping [37] or uniaxial strain along the rutile
c-axis [38] on VO2 samples led to the discovery already in the early days, that
VO2 can exist in two other insulating states, besides the monoclinic M1 [37, 38]:
a second monoclinic structure, M2, and a triclinic structure, T. As depicted in
Fig. 1.6(a), while in the M1 phase, the pairing and zigzag displacements are
observed in each chain of V atoms, in the M2 phase there are two different
types of chains, displaying either dimerization or the zigzag pattern, but not
both. On the other hand, T is an intermediate structure, in which those chains
that are dimerized in the M2 phase start to tilt, and those tilted start to pair,
until both distortions are the same as in the M1 phase. The boundaries of each
state in the phase diagram of VO2 were roughly determined in 2010 via the
study of bent nanobeams [36].

It was not until recently, though, that the solid-state triple point compris-
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1.1 The physics of VO2

ing the M1, M2 and R phases was exactly located, and the phase diagram of
VO2 mapped out with unprecedented precision through the study of individual
single-crystal nanobeams [39]. Before that, the general consideration was that
a sample with no strain at all presented a direct transition from M1 to R at
Tc. The mentioned work found this assignment not true, and revealed that
the triple point is precisely at the zero-stress point, which matches thus Tc
(see Fig. 1.6(b)). This fact is consistent with early thoughts regarding the free
energies of M1 and M2, believed to lie very close around Tc, being therefore
the reason for the difficulty in the stabilization of pure M2 [38].
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Fig. 1.6: Phase diagram of VO2. (a) Arrangement of vanadium
atoms chains along the rutile c-axis in the different phases of VO2. The
three insulating phases present different dimerization degrees and/or
tilting. (b) The schematic stress-temperature phase diagram indicates
the boundaries of each phase and the location of the solid-state triple
point, which matches that of the transition temperature at zero stress
and leads to phase competition near the IMT. The system can take
different paths when transforming from M1 to R, involving the other
two insulating phases: M2 and T.

According to this phase diagram, the insulator-metal transition in VO2
can be complicated by high strain values or high doping, which can induce
the presence of the M2 phase [13, 30, 31, 38, 40]. Also, given the location
of the triple point, VO2 exhibits an extreme sensitivity to external factors.
The phase transition is thus harder to interpret, as the transition pathway can
easily involve other phases beyond the generally considered M1 and R phases.

Nonetheless, as mentioned before, the studies on VO2 intended for re-
vealing the true nature of the phase transition have focused on the search of
a monoclinic metallic phase and the dynamics of the transformation, often
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neglecting, though, the issue of phase separation and the existence of other
phases. This is discussed in the following sections.
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1.2 Evidence for a monoclinic metallic phase

1.2 Evidence for a monoclinic metallic phase

The simultaneous measurement of the electronic and structural properties of
VO2 during the insulator-metal phase transition is no simple task, which com-
plicates the potential observation of a metal-like monoclinic phase. Further-
more, the transient nature of such a phase makes the measurement of its elec-
tronic states more of a challenge. Several experiments employing various tech-
niques have attempted to achieve this over the years. In 2007, Arcangeletti
et al. claimed decoupled insulator-metal and M1-R transitions at high pres-
sure by measuring the mid infrared (MIR) reflectivity and Raman spectra as
a function of applied pressure [41]. The former probes the optical band-gap,
while the latter provides information about the lattice. Applying pressure to
the sample compresses the lattice, increasing orbital overlap and electronic
bandwidth. This way, they aimed to monitor independently the electronic and
structural transitions, which were found to occur at different pressures. How-
ever, although the conductivity increased, it was not shown whether the system
switched into a truly metallic phase.

Later, in 2010, Yao et al. attempted as well to perform such a simul-
taneous measurement, in which they tracked the electrical resistivity and the
twisting angle of the vanadium dimers by temperature-dependent in situ X-ray
absorption fine structure (XAFS), in combination with DFT calculations [42].
They observed stabilization of the metallic state caused by the melting of V-V
dimers before the rutile symmetry was adopted, that is, before the twisting
angle was completely vanished. In this range, an intermediate monoclinic-
like structure with metallic character was detected. With further development
of in situ observation techniques, a breakthrough regarding this subject in
2014, when Laverock et al. reported a direct observation of decoupled struc-
tural and electronic components of the insulator-metal transition in VO2 [43].
By comparing electron microscopy images of VO2 thin films, which probed
their crystallographic structure, with photoemission spectroscopy to explore
the electronic properties of each phase at selected temperatures across the
phase transition, they discovered that within 60–80 ◦C the fraction of metallic
phase predicted by photoemission spectroscopy was much larger than the total
amount of metallic domains observed in the microscopy images. Therefore,
they concluded that within this temperature range the sample is formed by
a mixture of rutile metallic and monoclinic metallic phases, with the latter
ascribed to a possible weakening of the bonds that constitute the V-V dimers,
as predicted by Zylbersztejn and Mott [4].

The phenomenon of electronic and structural transitions occurring at dif-
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ferent temperatures was also observed in 2016 by Gray et al. via X-ray ab-
sorption spectroscopy on thin films of VO2. In this experiment, by assigning
different XAS features to the electronic correlations and to the structural dis-
tortion, and measuring their temperature dependence, they suggested that
correlations within the V-V dimers weaken some temperature degrees before
the crystallographic transition takes place. In this three-step scenario, similar
to [43], several degrees below the IMT, in the monoclinic-insulating phase, the
two 3d1 electrons of the dimerized V atoms form a strongly correlated singlet
state, which start to soften with increasing temperature until they become weak
enough for the band-gap to collapse. In the final step, the crystal structure
gets distorted as a consequence.

In conclusion, the experiments that report evidence on a monoclinic-like
metallic phase suggest that vanadium dimers play an important role in the
phase transition, in which the softening and loss of the strong correlations
within them lead to the formation of the intermediate transient correlated
phase. The constitution of strongly correlated vanadium singlet pairs result-
ing from the strong dimerization is supported as well by electronic-structure
calculations based on cluster dynamical mean-field theory (CDMFT) [44].

However, the above-listed results share two common aspects that are worth
mentioning. Firstly, the assumption of spatially homogeneous insulator-metal
phase transitions in the employed VO2 thin films. Despite claiming high-quality
samples, thin films are not comparable to high-quality single-domain crystals,
which is evidenced by the transition sharpness and hysteresis curves they dis-
play. Moreover, many of the samples employed are epitaxial thin films, grown
on substrates such as Al2O3, which present an aggravating aspect regarding
biaxial strain that results from the lattice mismatch between both films. There-
fore, the premise based on homogeneous probing may not be fully correct and
the system response might be more complex to interpret than a simple M1-to-R
transition. Secondly, the evidence provided for the existence of an intermedi-
ate monoclinic-metallic phase is rather indirect, in the sense that at least two
separated experiments employing different techniques need to be performed in
order to measure the electronic and structural aspects of the phase transition.
Given the extreme sensitivity of these thin films to external parameters, it
would be no surprise that different experimental conditions lead to different
results.

Moreover, despite the volume fraction across the phase transition being
studied in [43], this was not directly measured. Proper direct information on
the volume fraction of the constituents of the phase transition in VO2 is re-
quired in order to understand the true evolution of it. To date, no technique
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has been able to directly probe the electronic and structural components si-
multaneously with sufficient spatial resolution to ensure homogeneous probing.
As a consequence, the question regarding the existence of a monoclinic metallic
phase and, if so, the position of it within the phase diagram of VO2 (Fig. 1.6),
remains unanswered.

The large controversy with respect to the so-called Mott vs Peierls com-
petition is due to a large extent to a poor comprehension of the near-threshold
behaviour of VO2, hindered by domain formation and phase separation prevent-
ing the direct measurement of the intrinsic electronic and structural properties
of the material. Therefore, techniques able to probe with nanoscale spatial
resolution are imperative for a full understanding of the insulator-metal phase
transition in VO2.
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1.3 Phase-transition dynamics

The reported experiments so far rely on static techniques to study the phase
transition in VO2, such as Raman spectroscopy [40, 41], electron diffraction [6,
8], and photoemission spectroscopy [10, 43]. While these are suitable for cap-
turing the properties of the monoclinic-insulating and rutile-metallic phases of
VO2, they lack the ability to unambiguously determine cause-effect relation-
ships in a material in which more than one degree of freedom are changing
simultaneously, such as electron and lattice contributions. Therefore, in order
to access the characteristic short time scales of these competing interactions
and disentangle their responses in real time, ultrafast time-resolved studies are
an ideal approach.

Such measurements make use of the so-called pump-probe technique, in
which the material is excited by a strong laser pulse generating a non-equilibrium
state that is subsequently tracked by a weaker pulse of either laser light, X-
rays or electrons. The time delay between both pulses can be controlled in a
way that enables the monitoring in real time of the redistribution of energy
among different degrees of freedom of the system. In fact, the electronic and
crystallographic phase transition in VO2 can be induced and probed in such a
manner, paving the way for revealing the nature of its driving mechanism.

The main focus of ultrafast experiments has been the determination of
the time scales necessary for the phase transformation completion after pho-
toexcitation. These values have shown a tendency to decrease over the years
as advances in the techniques employed have provided improved temporal res-
olutions. The first time-resolved experiments on VO2, conducted by Cavalleri
et al. in 2001, that probed the electronic and structural dynamics by means
of femtosecond visible-light and X-ray pulses, reported a subpicosecond struc-
tural transition in VO2 when excited by sufficiently high laser fluences [45].
A later experiment with superior temporal resolution measured the transient
reflectivity and transmission, which showed the existence of a limiting time
scale for the completion of the phase transformation [46]. No faster transition
than 80 fs was observed, even when exciting with pump pulses with a time
duration as short as 15 fs. This time delay between photoexcitation and the
phase transition occurrence was attributed to a structural bottleneck related to
an optical phonon period that connects the initial and final structures. This
result pointed towards a Peierls-driven phase transition in VO2.

These initial experiments inspired many subsequent reports of the photo-
induced phase transition in VO2, and further efforts have been made for disen-
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tangling the electronic and structural contributions. A large amount of these
studies have claimed a temporal decoupling of the electronic and crystallo-
graphic transitions. In 2006, Kim et al. conducted the first simultaneous anal-
ysis of both transitions by means of an optical pump-probe experiment, which
concluded in the existence of a transient monoclinic and correlated metal [19].
The observation of a time delay between electron rearrangement and the struc-
tural transition has also been reported by measurements of the time-dependent
optical and electrical properties [47–49], and by ultrafast electron diffraction
(UED) experiments [50, 51].

The emergence of such a transient monoclinic metallic phase implies that
the time scales necessary for closing the band-gap are shorter than those re-
quired for making changes in the lattice structure. This sequence has been
generally attributed to the generation of holes at the top of the valence band
by photo-excitation, as proposed by the static observations of the monoclinic
metal [52, 53], which strongly enhances the screening of the Coulomb interac-
tions through free carriers, leading to the collapse of the band-gap. An instan-
taneous band-gap collapse after photo-excitation was indeed suggested from
measurements by Wegkamp et al. by means of time-resolved photoemission
spectroscopy [54].

As a consequence of the ultrafast onset of the phase transition, which
rules out the presence of a structural bottleneck, together with the evolution of
the electronic and structural transformations over multiple time scales, time-
resolved ultrafast measurements have in general tended for a Mott-physics-
mediated phase transition in VO2. The general assumption has been that
the temporal dynamics of the phase transition provides information about the
nature of the driving mechanism and hence enables to distinguish between a
transformation dictated by Mott physics or by a Peierls distortion. Within
this picture, if driven by electronic correlations, the transition should occur
in a prompt manner, as photoexcitation originates suddenly a charge redistri-
bution and a consequent change in screening. On the other hand, if driven
by electron-phonon interactions, the lattice needs to change before the band-
gap can be closed, so that the time scales for the transition are set by atomic
motion, resulting in a slower transformation. However, in a non-equilibrium
situation, the lattice potential, which determines the phonon spectrum of the
solid, may respond in shorter time scales than the atomic motion towards their
new equilibrium positions. In fact, the lattice response out of equilibrium
has not been as extensively studied as electron dynamics, and therefore a full
comprehension of phonon dynamics across the phase transition is still missing.

Attempts on studying the lattice evolution across the phase transition in
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VO2 have been made by means of ultrafast elastic X-ray [45, 55] and electron-
diffraction [50, 51, 56] experiments. These techniques make use of the Bragg
peaks recorded to obtain information about the ionic positions, the disturbance
of which after photo-excitation is translated into changes in the corresponding
Bragg peaks. Electron-diffraction experiments performed this way by Baum
et al. in 2007 [56], by Tao et al. [50] in 2012, and Morrison et al. [51] in
2014, in combination with optical techniques, led to the conclusions that the
structural and electronic transitions are temporally decoupled and a photo-
induced metal-like phase of monoclinic VO2 exists in between them, just as
the ultrafast optical measurements previously mentioned.

A problem emerges, though, with the fact that Bragg peaks probe the
equilibrium position of the ions, but not the dynamics of the lattice potential,
which sets the driving force for the atomic motion and may not be concomitant
in a non-equilibrium situation. As an approach to overcome this limitation,
Wall et al. suggested that changes in the lattice symmetry can be measured
through the evolution of the phonon spectrum across the phase transition by
the optical transient reflectivity of VO2, with sub-50-fs time resolution [57].
This way, they observed a dramatic phonon collapse occurring immediately
after photoexcitation before ionic rearrangement could take place, suggesting
that energy transfer from electrons to the lattice proceeds faster than usually
expected. The “fast”-electrons vs “slow”-phonons scenario is then strongly
challenged, with a lattice-mediated phase transition now compatible with the
reported ultrafast photo-induced phase transition. An extensive analysis of the
role of lattice vibrations during the out-of-equilibrium insulator-metal phase
transition in VO2 is hence necessary in order to clarify the observed discrep-
ancies and elucidate the true driving mechanism. Furthermore, whether the
ultrafast phase transition is fundamentally different from the equilibrium ther-
mal behaviour is a question that remains still open.
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This chapter introduces one of the major challenges when studying
the insulator-metal phase transition in VO2: phase coexistence on the
nanoscale. This property, overlooked in VO2 and correlated materials
in general, makes it necessary to employ techniques with the ability
to spatially resolve the response of the material at nanometer length
scales. In Section 2.1, an introduction to the phase-coexistence phe-
nomenon is presented, followed in Section 2.2 by a description of the
employed technique in this thesis to approach the problem: resonant
soft X-ray holographic imaging. The performed experiment is described
in Section 2.3 while the results achieved on imaging the insulator-metal
phase transition in VO2 are presented in 2.4. The chapter ends with
conclusions in Section 2.5.
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2.1 Introduction

Correlated materials are known for their sensitivity to external parameters,
such as strain, magnetic fields and chemical doping. Small variations in these
parameters can drive the system into different phases with widely diverse,
and often contradictory, properties, such as magnetism, superconductivity, or
insulating-metallic states. The domains of such phases can coexist, leading
to the so-called phase separation [58]. In manganites, for instance, phase co-
existence on the nanoscale is believed to be key for understanding the colos-
sal magneto-resistance effect [59], while superconductivity and charge-density-
wave order coexist in the cuprates [60–62] and pnictides [63, 64]. As a result,
inhomogeneity may play an important role in a wide range of correlated ma-
terials.

As explained in Section 1.1.3, recent research on this topic has in fact
demonstrated that VO2 sits close to a solid-state triple point close to room
temperature [39]. As a result, the material exhibits an extreme sensitivity to
external factors, so that small changes in parameters such as temperature or
stress can drive the system into different phases beyond the generally consid-
ered M1 and R phases. Due to the strong first-order nature of the phase tran-
sition in VO2, these phases can coexist in spatially separated regions reaching
sizes of several micrometers. Such a phase competition is strongly dependent on
the sample type [65]. Thin films are much more defective than single crystals,
which, together with strain inhomogeneity arising from the substrate, make
the former more sensitive to external parameters, modifying the transforma-
tion kinetics and causing the transition from M1 to R to be more complex to
interpret.

The small length-scales of this phase separation and the lack of contrast
mechanisms make it extremely challenging to measure real-space images of
the coexisting phases with high spatial resolution. Yet, these images are vital
for understanding how this phenomenon, and the consequent domain bound-
aries, dictate the material properties. Recent experiments have employed var-
ious imaging techniques to visualize the formation of domains of the different
phases during the insulator-metal transition in VO2. Infrared near-field spec-
troscopy [65] and nanoscale X-ray-diffraction measurements [66] have shown
how, close to the transition temperature, phase separation occurs and local
defects and strain can cause different regions of the sample to switch at differ-
ent temperatures. On the other hand, optical microscopy on single-crystalline
nanobeams have demonstrated the effect of strain in the formation of alternat-
ing nanoscale insulator-metal domains in a striped pattern [27, 32].
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As discussed in Section 1.2, several investigations have reported evidence
for decoupled electronic and structural transitions, in which an additional phase
is observed with a monoclinic structure but metallic properties. But so far, the
employed methods have provided indirect evidence of such transient phase,
as the probes average over large sample areas or require multiple techniques
to probe the different phases. Hence, no real-space image of the monoclinic
metallic phase has yet been measured.

In order to assess the existence of each phase and the role they play during
the phase transition, a method that can image with nanometer spatial reso-
lution and is sensitive to both electronic and structural degrees of freedom is
necessary. Resonant soft X-ray holography is an ideal tool to overcome this
challenge, as it exploits the power of element and polarization specificity of
soft X-ray absorption spectroscopy (XAS) as the source for imaging contrast,
and it has also the potential to be extended to the time-domain, enabling the
capture of the spatial growth of transient states in the near future.
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2.2 Lensless X-ray spectro-holography

X-ray holography belongs to a group of techniques named as Coherent Diffrac-
tion Imaging (CDI) that have drawn great attention in the past decade as
a new and much-simpler form of aberration-free microscopy with a resolution
only limited, in principle, by the X-rays wavelength. Conventional microscopes
rely on the use of imaging optics, such as lenses, to form the magnified image
of a certain object. However, the difficulty in fabricating high-resolution lenses
for X-rays in the early days stimulated the interest in a lensless imaging ap-
proach, where the optics were replaced by numerical computations. In the
basic scheme, a detector records the distribution of the diffracted X-rays from
the object of interest obtained by illuminating it with coherent X-rays, and
this pattern is afterwards digitally reconstructed to obtain a real-space image
of the object.

Although nowadays high-resolution X-ray optics, like zone-plates, are much
more available, their experimental constraints, such as low transmission and
the wavelength-dependent alignment, represent a major drawback with respect
to the simpler CDI setup. Specifically, full field transmission X-ray microscopy
(TXM) is capable of forming a 2D image in a matter of seconds. However, the
need of using two zone-plates results in the requirement of a great interferomet-
ric stability, and also, given the low efficiency of the objective optics, the sample
located before it receives a high dose of X-rays, making radiation damage a
big problem. These issues are overcome by scanning X-ray transmission mi-
croscopy (STXM), which employs only one objective zone-plate placed before
the sample [67, 68]. The disadvantage, though, comes with the longer times
required for the large field scanning, which makes this approach unsuitable for
time-resolved measurements. Lensless CDI, on the other hand, is free from
these experimental disadvantages, and provides a full-field imaging approach
that can be implemented in ultrafast measurements.

2.2.1 Coherent imaging fundamentals

A typical experimental setup for lensless coherent diffraction imaging is formed
by three basic elements: coherent X-rays, sample and detector, as schemati-
cally illustrated in Fig. 2.1. Note that here diffraction is not related to Bragg
scattering, but just to the propagation of a wave when it encounters an object
with a spatial dependent refractive index. In this transmission geometry, the
X-rays impinge upon the sample and the diffracted waves propagate a distance
z, where they reach the detector. According to the laws of electromagnetic
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waves propagation, the far-field diffraction distribution formed at the detector
plane is given by the Fraunhofer approximation in the form:

Ψ(X,Y ) = eikzei
k

2z (X2+Y 2)
iλz

∞∫∫
−∞

ψ(x, y)e−i
2π
λz

(xX+yY ) dx dy, (2.1)

where ψ(x, y) is the exit wave at the sample plane and the variables are defined
in Fig. 2.1. By comparing this expression with the two-dimensional Fourier
transform in space and spatial frequency, i.e.,

F [g(x, y)] = G(u, v) =
∞∫∫
−∞

g(x, y)e−i2π(ux+vy) dx dy, (2.2)

where u and v are the frequencies in reciprocal space [69], it is evidenced how,
aside from multiplicative factors, the diffracted wave recorded at the detector is
nothing but the Fourier transform of ψ(x, y) evaluated at the spatial frequencies
u = X/λz and v = Y/λz.

However, detectors are only able to measure intensity
(
I = |Ψ(X,Y )|2

)
,

with the phase information being inevitable lost. This is known as the phase
problem, as a real-space image of the object cannot be obtained with the wave
amplitude information alone. The problem of CDI is then reduced to recon-
structing ψ(x, y) from I = |Ψ(X,Y )|2.

Fig. 2.1: Coherent diffraction imaging setup. The X-rays beam
of wavelength λ impinge on the sample, and the diffracted light is
recorded by a detector in the far field.
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Generally, under this imaging approach, the maximum pixel resolution and
field of view achievable are set by the distance between sample and detector in
the following way:

δ = λD

Nω
, (2.3)

where δ is the size of the resolution element, or pixel size, λ is the chosen X-rays
wavelength, D the distance between sample and camera, and N and ω are the
detector parameters, namely, the number N of pixels of size ω. The field of
view is given then by:

Nδ = λD

ω
. (2.4)

As a result, the pixel resolution and field of view are competing quantities.
However, in reality, the final object size and resolution are decided by the exact
experimental conditions, as will be discussed later for the particular imaging
method adopted here.

With the aim of obtaining the reconstructed real-space image ψ(x, y),
phase-retrieval numerical algorithms were greatly developed [70, 71], which,
together with the increased coherent photon flux delivered by 3rd-generation
synchrotron sources [72, 73], made it possible to achieve the first experimen-
tal demonstration of such a technique in a non-crystalline object in 1999 by
Miao et al. [74]. Yet, iterative phase-retrieval algorithms require an a priori
knowledge of the object of interest that defines strong real-space constraints
for the calculations to converge to a solution, which increases in complexity
when imaging non-binary objects.

X-ray holography fundamentals

In this thesis, a different approach is used to solve the phase problem, based on
recording the phase information of the wave front by encoding it in intensity
modulations, rather than retrieving it by numerical algorithms. This idea,
built upon Young’s double-slit interferometer, was first proposed in 1948 by
Gabor et al. [75], who suggested that by introducing a reference source aside
from the object, the interference pattern created by both waves would have
the phase information embedded in the form of fringes. This pattern is the
so-called hologram, which can deliver the real-space image of the object by

34



2.2 Lensless X-ray spectro-holography

Fourier inversion. A thorough historical review of X-ray holography can be
found in [76].

In lensless holography, an additional source is located at the sample plane
that generates the reference wave intended to interfere with the wave scattered
from the object. Following the notation used in Eq. 2.1, the wave transmitted
by the ensemble of object and reference can be written as the superposition of
the object and reference waves:

ψ(x, y) = o(x, y) + r(x, y), (2.5)

where each of the waves is given by the product of the incoming wave ψ0 with
the transmittance functions, tr(x, y) and to(x, y). Note that o(x, y) and to(x, y)
are centred at (0, 0), while r(x, y) and tr(x, y) are centred at d = (dx, dy), all of
them having a finite size at these areas. According to the Fraunhofer approx-
imation, the propagated wave in the far field is then the Fourier transform of
the transmitted wave:

Ψ(X,Y ) = F {ψ(x, y)} = F {o(x, y)}+ F {r(x, y)}

= O(X,Y ) +R(X,Y ),
(2.6)

with capital letters indicating Fourier transforms, and the recorded intensity:

I(X,Y ) = |Ψ(X,Y )|2 = |O|2 + |R|2

= OO∗ +RR∗ +OR∗ +RO∗
(2.7)

This sum constitutes what is known as Fourier transform hologram, which
gives the name to the imaging method, Fourier Transform Holography (FTH).
Fourier inverting the term corresponding to the object independently is not
possible, but it becomes necessary to calculate the inversion of the full hologram
to get the real-space image of interest,

F−1 {I(X,Y )} = F−1
{
|O|2

}
+ F−1

{
|R|2

}
+ F−1 {OR∗}+ F−1 {RO∗}

= o ? o+ r ? r + o ? r + r ? o

(2.8)
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The first two terms are the autocorrelations of the object and reference aper-
tures alone, and the last two are the cross-correlation terms derived from the
interference of the waves coming from both apertures. Assuming the reference
is a real function, the cross-correlation term o?r can be considered as a convo-
lution, which results in a blurred image of o(x, y). However, if the reference is a
point source small enough to be described by a delta function, and considering
the convolution with a two-dimensional Dirac distribution results as

f(x, y) ∗ δ(x−X, y − Y ) = f(x−X, y − Y ), (2.9)

the reconstructed wave-field is then given by:

F−1 {I(X,Y )} = o ? o+ δ(x, y)

+ o(x− dx, y − dy)

+ o∗(−x− dx,−y − dy),

(2.10)

where d = (dx, dy) is the distance between object aperture and reference point
source. Note that the third term is in fact the real-space image of the object
displaced a distance d from the center of the reconstructed hologram, and the
fourth term represents the inverted conjugate localized in a symmetric opposite
position. On the other hand, the first two terms, resulting from the autocor-
relations of the two apertures, appear centred at the origin of coordinates and
require extra methods for retrieving useful information out of them.

These equations result in certain constraints for the design of the object-
reference ensemble. It should be noticed that the size of the o ? o term is twice
that of the real sample, therefore, the distance between the apertures should
be at least twice the sample size to avoid overlap in the reconstruction. Yet,
this distance is ultimately limited by the X-rays transverse coherence length.

In Fourier transform holography, the spatial resolution is not limited by the
pixel size of the detector, as seen for CDI in Eq. 2.3. Instead, it is dictated by
the spatial bandwidth of the hologram, that is, a higher resolution is achieved
in the reconstruction when the hologram captures scattering with a higher
momentum transfer. In reality, though, the reference source is not a perfect
delta function, but its finite extent does blur the image and this stands as
the final limitation of the spatial resolution achieved in the reconstruction.
However, as tempting as it could be to have the smallest hole achievable, in
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doing so, a higher spatial resolution is achieved at the expense of the image
quality, as having less photons going through the reference hole results in a
drop of interference recorded. An adequate size needs to be chosen so that
a good compromise is achieved between spatial-resolution and signal-to-noise
ratio (SNR).

The major technical drawback of Fourier transform holography was there-
fore to create a small enough reference source, so that the spatial resolution
achieved would exceed that obtained with an optical microscope. McNulty et
al. [77] were the first to accomplish this by using a Fresnel zone plate to cre-
ate the bright point reference. The current lensless version of this technique
was finally accomplished in experiments by Eisebitt et al. [78] and Schlotter et
al. [79], who replaced the last lens with a gold mask that contained the micron-
sized aperture that defined the object field of view and a sub-100-nm hole as
the off-axis holographic reference. Furthermore, Eisebitt et al. demonstrated
the use of resonantly tuned soft X-rays as the source for contrast in the Fourier
transform hologram, while Schlotter et al. showed how the SNR can be greatly
enhanced by having multiple reference holes in the holography mask without
increasing the X-ray dose in the sample. The arrangement of the apertures
had to fulfil the condition that, when translating the object around the mask,
it did not overlap with more than one reference hole at a time [80]. These two
features constitute the basics of the imaging measurement performed in this
thesis.

2.2.2 Soft X-ray absorption spectroscopy

In this work, X-ray holography is employed to study the insulator-metal phase
transition of VO2. The combination of this imaging technique with soft X-rays
that can be tuned to the vanadium and oxygen resonances stands as an ideal
approach. In fact, soft X-ray absorption spectroscopy (XAS) not only provides
element specificity, but is also sensitive to changes in the electronic structure
near the Fermi level, as well as in the crystal field [25, 52, 53, 81–84], which
are important for imaging phase transitions.

XAS is a local process in which the core electrons of the studied mate-
rial are promoted to higher, unoccupied states [85]. These core electrons are
strongly localized and have very specific binding energies. The absorption prob-
ability of an X-ray photon in such a process is described by the cross-section
given by Fermi’s Golden Rule that states the transition probability between a
system in its initial state Ei and its final state Ef by absorbing an incident
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photon with energy hν:

σ ∼ 2π
~
|〈ψm |H|ψn〉|2 δ (Ef − Ei − hν) , (2.11)

where H is the interaction Hamiltonian, the first and dominant term of which
describes the electric dipole transition of the form:

Hdip = e

mc
p ·E, (2.12)

with p the electron momentum and E the photon electric field. This inner
product implies how, in XAS, the polarization of the X-rays provides orbital
sensitivity.

In particular, in soft X-ray absorption, the photon is absorbed by a shal-
low core electron and excited to unoccupied levels above the Fermi level [81].
Within this energy range, comprised between 300 eV and 1000 eV, the K and
L-edges of transition-metal oxides can be investigated. Specifically, in VO2 the
main edges are the oxygen K -edge (or 1s) and the vanadium L-edge (or 2p),
which have been extensively studied both experimentally and theoretically [86].
Because dipole selection rules apply, electrons from an s-orbital can only go
into unoccupied p-orbitals and electrons from p-orbitals can only get excited
into either unoccupied s- or d-states. In VO2, this means that the O K -edge
probes 1s→ 2p transitions, and the V L-edge probes 2p→ 3d transitions. How-
ever, due to the strong interactions between core holes and valence electrons
comparable to the band-width in the vanadium edge, the oxygen edge is easier
to interpret, as the spectra resemble the oxygen p unoccupied density of states
(DOS) in a first-order approximation [81]. Also, because of the strong covalent
hybridization between the O 2p and V 3d orbitals resulting from the crystal-
lographic structure of VO2, XAS spectra at the oxygen K -edge also probe the
3d orbitals of the vanadium ions. Therefore, many studies on VO2, as well as
the work presented in this thesis, are focused on the oxygen K -edge.

VO2 XAS spectra

Transmission spectra at the oxygen K -edge of a 75-nm-thick VO2 sample are
shown in Fig. 2.2. The XAS features (labelled in the graph) are well described
by the crystal-field model, first proposed by Goodenough [3] and presented in
Section 1.1.1, that results from the octahedral environment and the consequent
hybridization of the O 2p orbitals with the V 3d ones. The first peak in the
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spectrum at 529 eV corresponds to transitions into the π∗ states, which shows a
small red shift on entering the metallic phase as the band crosses the Fermi level
and lower-energy transitions can be probed. The second main peak, found at
532 eV, is assigned to the σ∗ states, which are higher in energy above the Fermi
level due to a stronger p-d overlap. These states do not show any significant
change across the insulator-metal transition. Between these two peaks there is a
third one at 530.5 eV, only observable in the insulating phase, as it corresponds
to the unoccupied d‖ band that is split due to the structural distortion in the
low-temperature phase [13, 83, 87]. The insulator-metal transition can then be
tracked through changes in the π∗ and d‖ states. According to this theoretical

Fig. 2.2: X-ray transmission spectra of VO2 at the O K-edge
measured at low and high temperatures in the UE52-SGM beamline
at BESSY II.

model, the d‖ bands are derived from the dx2−y2 orbitals parallel to the rutile
c-axis that mediate the V-V bonds. Therefore, these states can only be probed
when the polarization of the X-rays electric-field vector is parallel to the c-axis.
As a result, this polarization-sensitive d‖ peak allows the measurement of both
the structural transformation as well as the orientation of the sample c-axis.
Figure 2.3 shows the normalized spectra of the insulating phase measured with
X-rays parallel and perpendicular to the rutile c-axis, where the d‖ peak is no
longer observable.

Noteworthy, there is an extra polarization-dependent feature noticeable
around 529 eV, labelled as dc‖ in Fig. 2.3, which is not consistent with the π∗

states, as they are isotropic according to the crystal-field model [3]. This small,
polarization-dependent shift to lower energies, has been previously observed
by other researchers and ascribed to effects resulting from electronic correla-
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tions [25, 83], as predicted by CDMFT calculations [44], where electronic cor-
relations were shown to provide an additional contribution from the d‖ states
to the bottom of the conduction band due to the formation of a correlated
vanadium singlet-state in the M1 phase. In the metallic phase, this dichroism
is lost as the singlets are no longer present in the rutile crystallographic struc-
ture. As a result from this interpretation of the spectral features, while the

Fig. 2.3: Polarization-dependent X-ray transmission spec-
tra of VO2 at the O K-edge measured at room temperature in
BOREAS beamline at the ALBA synchrotron light source.

insulator-metal transition can be tracked through changes in real-space images
recorded at the π∗ and d‖ states, the electronic correlation variations can be
measured via images at the dc‖ state.
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2.3 Resonant holography on VO2

2.3.1 Mask-sample fabrication

The correct fabrication of the mask-sample ensemble represents a key element
for the proper functioning of this holography experiment and a few require-
ments must be fulfilled. Figure 2.4 illustrates the sample-mask design. VO2
thin-film samples were fabricated by collaborators in Richard Haglund, Jr.’s
research group at Vanderbilt University, to be afterwards processed into a suit-
able mask by collaborators from Stefan Eisebitt’s research group at Technische
Universität in Berlin.

The 75-nm-thick samples were deposited using Pulsed Laser Deposition
(PLD) onto Si3N4 membranes on a silicon support frame featuring a 1.2-µm-
thick Cr(5 nm)/Au(55 nm) multilayer on the reverse side. Unlike the Si3N4
membrane, the gold multilayer is opaque for the soft X-rays within the energy
range used in this experiment and was used to define the holography mask.
A focused ion beam (FIB) was used to mill a circular aperture of diameter
2 µm through the gold film, down to the Si3N4 membrane, which defines the
object beam through the sample. Next to this aperture, at a center-to-center
distance of 4–5 µm, three reference holes with exit diameters of 50–90 nm were
drilled by a FIB through the entire mask-sample arrangement: gold multilayer,
Si3N4 membrane, and VO2 sample (see Fig. 2.4(b)). These aperture diameters
(object and references) ratio is adequate for the relative sample and reference
beam intensities.

Fig. 2.4: Holography mask. (a) SEM of the mask-sample ensem-
ble. The object aperture is in the center of the mask surrounded by
the three reference holes. (b) Drawing from the side of the holography
mask.
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2.3.2 Samples characterization

Initial characterization of the samples was made by means of optical mea-
surements. Knowing the phase-transition temperature of the sample is vital
for imaging phase coexistence. The optical transmission was measured on a
witness sample (without the gold mask used for holography) with white-light
from a tungsten-halogen lamp (300–2600 nm) and detected with an amplified
InGaAs PIN. The hysteresis curves obtained (see Fig. 2.5) are typical of high-
quality VO2 films.

 !!

"!

#!

$!

%
&
'(

)
*+
,-
.
/

0'
)
1
2(

+2
2+
&
1
/3
)
'4
5/
6
57

89!8:!88!8;!

<-(=-')06'-/3>7

 ?-)0+1@

/A&&*+1@

Fig. 2.5: Temperature-dependent optical transmission of the
employed thin-film sample of VO2. The hysteretic behaviour
shows a width of ∼ 6 K. Courtesy of Kent A. Hallman.

Additionally, given the phase-diagram of VO2 (see Section 1.1) and the
consequent possibility that the initial phase of the sample at room temperature
is other than the generally considered M1 phase, it is crucial to verify the state
of the sample for the correct interpretation of the results obtained. This can
be done by means of a Raman scattering measurement. The corresponding
spectrum is shown in Fig. 2.6, which exhibits the characteristic peaks of the
monoclinic M1 phase [88].

Finally, before imaging the sample, X-ray absorption spectra were mea-
sured in order to find the relevant photon energies. XAS spectra across the
vanadium and oxygen L- and K -edges, respectively, were measured via trans-
mission of the thin film through the areas not covered by the gold mask, with
the incident X-ray beam parallel to the sample normal. Full spectra at temper-
atures below and above the phase-transition temperature are shown in Fig. 2.7,
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Fig. 2.6: Raman spectrum of the employed thin-film sample
of VO2 at room temperature. The observed peaks manifest the
monoclinic M1 structure. The two low-frequency modes at ∼ 190 and
∼ 220 cm−1 are ascribed to V motion, while the peak at ∼ 620 cm−1

is believed to correspond to the oxygen ions connecting the V chains
along the c-axis [88, 89]. The saturated peak at ∼ 500 cm−1 arises
from the silicon of the substrate. Courtesy of Kent A. Hallman.

while the full discussion regarding the XAS features assignment can be found in
Section 2.2.2. According to the differential spectrum, the maximum contrast
between the insulator and metallic phases can be measured with a photon
energy of 530.5 eV, the energy that probes the splitting of the d‖ band.
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Fig. 2.7: VO2 X-ray transmission spectra across the V L-
and O K-edges. The differential spectrum (purple trace) shows the
maximum contrast between the M1 and R phases at 530.5 eV, the
photon energy that probes the splitting of the d‖ band.
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2.3.3 Experimental details

The majority of the holography experiments on VO2 were realized at the
UE52-SGM undulator beamline of the BESSY II synchrotron radiation source
of the Helmholtz-Zentrum Berlin using the ALICE X-ray scattering instru-
ment [90]. This beamline provides a coherent soft X-rays beam with a flux
of ∼ 1012 photons with a spectral resolution of 0.1 eV, focused down into a
60 µm spot size. Photon energy is variable by means of a monochromator. By
placing the sample 40 cm downstream of the focus, the beam illuminating the
holography mask is approximately 200µm (vertically) x 1mm (horizontally).

The ALICE instrument is equipped with a cryostat and resistive heaters
that allow for the control of the sample temperature below and above Tc with
a stability of 0.1K. The detector, a charge-coupled device (CCD), is located
approximately 40 cm away from the sample, resulting in an angular acceptance
of 2◦. This geometry corresponds to a maximum detectable in-plane momen-
tum transfer of ∼ 90 µm−1 and a maximum spatial resolution, i.e., diffraction-
limited, of 35 nm.

Fig. 2.8: Schematic Fourier-transform holography setup. The
coherent X-rays beam is diffracted by the object and reference aper-
tures, the interference pattern of which is recorded in the far field.
After Fourier inverting the measured hologram, the real-space images
of the sample can be obtained.

Fourier-transform holograms were recorded in transmission geometry. The
experimental setup, illustrated in Fig 2.8, follows the lines of the CDI scheme
presented in Fig. 2.1, with the additional holography mask that contains the
object and reference apertures within the same plane. A central black shadow
can be seen in the recorded hologram due to the beamblock located in front
of the CCD that stops the highly intense direct beam from impinging onto the
detector. This beamblock is needed due to the fact that most detectors are not
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capable of imaging the high dynamic range encountered at low spatial frequen-
cies. As a consequence, the information close to zero momentum transfer is
lost. Details about the effects introduced by the beamblock can be found later
in this section. It is worth mentioning however, that even when no beamblock
is used, the scattering data close to q = 0 is still not reliable, as the forward
scattering gets overlapped by direct transmission from the sample. A typical
exposure time of ∼ 5 s per frame was required to record high-angle scattering,
which saturates the first Fraunhofer ring (or Airy disk) outside the beamblock.
Ten frames were accumulated at each photon energy to improve the counting
statistics in the images.

The recorded hologram in Fig. 2.8 stands as an example of the diffrac-
tion measured from the sample. The shadow of the beamblock in the center
is surrounded by the Airy rings that originate from the sample aperture with
2 µm diameter. Speckles created from the structure of the sample are visible
throughout the hologram, in addition to the fringes arising from the object-
reference interferences, as observed in the zoomed pattern. In order to recon-
struct the images, the hologram is Fourier inverted by means of computational
Fast Fourier Transformation (FFT), after first applying a Gaussian high-pass
filter to remove effects arising from the abrupt change in intensity caused by the
beamblock. This process results in the reconstruction shown in Fig. 2.8. The
four terms of Eq. 2.10 are present in this reconstruction: the object-object and
reference-reference autocorrelations form the undistinguishable pattern in the
center of the image, while the six surrounding images are the object-reference
cross-correlations from the three reference holes and their complex conjugates.
The three object images are independent and identical apart from noise. Av-
eraging them improves the image quality, and, since they have the exact same
orientation, this can be done by mere translation of the images.

Beamblock effects

As a consequence from the limited dynamic range of the CCDs used, a beam-
block needs to be placed in front of the detector in order to acquire good statis-
tics from the high-angle scattering information. The size of the beamblock is
chosen appropriately for the optimized acquisition of useful information. When
the diameter is too small, the highly intense beam at q = 0 saturates the detec-
tor limiting the data quality at higher q range, which results in reconstructed
images with a poor SNR. On the other hand, using a beamblock too large starts
blocking the information of relevant q’s, with the consequent loss of data on
the sample structure and domains. The optimum diameter is found to be the
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one that blocks approximately the first ring outside the Airy disk.

In order to understand the effects of the beamblock on the reconstructed
images, the actual transmitted intensity recorded in the CCD should be con-
sidered. Following Eq. 2.7, the measured intensity at the plane of the camera
is given by:

IM = MI, (2.13)

where M = M(X,Y ) represents the beamblock function. The reconstructed
image is, thus, obtained by Fourier transforming IM :

F−1 {IM (X,Y )} = F−1 {MI} =

+ F−1 {M (OO∗ +RR∗ +OR∗ +RO∗)} .
(2.14)

As before, the interesting term is the cross-correlation of the object with the
reference, given by:

Io = F−1 {MOR∗} = F−1 {M} ∗ F−1 {OR∗}

= M ∗ (o ∗ r)

= M ∗ o(x− dx, y − dy),

(2.15)

whereM(x, y) is the Fourier transform of the beamblock function. For the sake
of simplicity, let’s consider one dimension, where the beamblock mask can be
represented as: M = 1 − rect(2Xω), with rect(2Xω) = 1 for |Xω| < 1, being
ω the width of the mask. The resulting intensity of the displaced image of the
object is:

Io =
[
δ(x)− 1

2ω sinc
(
x

2ω

)]
∗ o

= o− 1
2ω sinc

(
x

2ω

)
.

(2.16)

In the limit of a very small beamblock, ω → 0, it has no effect and the intensity
of the object is simply Io ≈ o. For large beamblocks, several times bigger than
the object aperture, the last term in the right hand side can be considered
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nearly spatially independent, and effectively acts as a low-pass Gaussian filter
that gives the average intensity of the object. Therefore, in the reconstructed
image, the intensity obtained of each pixel is that of the real object subtracted
by the average response of the sample.

As a result from the complete loss of q = 0, the central beamblock can
be regarded as a high-pass filter on the reconstructed image that subtracts
the average transmission of the entire sample and enhances the edges of the
structure. The immediate consequence of this effect for the current experiment
is the loss of the absolute values of the transmission of VO2, directly related
to the absorption coefficient of the material. However, it is important to no-
tice that relative spectra can still be obtained, as the last right-hand term in
Eq. 2.16 cancel out when subtracting the intensities of two different pixels in
the image, as given by:

Io(x1)− Io(x2) ≈ o(x1)− o(x2). (2.17)

The absolute values of intensity recorded for each phase depend thus on the
average phase of the whole sample, which changes with temperature as the
phase fractions grow. However, the contrast between phases remains, which
allows the imaging of different phases when they are coexisting in the sample.

47



Chapter 2 Phase separation

2.4 Nanoscale phase separation during the IMT of
VO2

Holographic imaging was performed on two different samples, both fabricated
as explained in Section 2.3.2. As a first verification of the technique employed,
the comparison of the scanning electron microscopy (SEM) images of the sam-
ples with the ones measured holographically is shown in Fig. 2.9. An excellent
agreement is found between the two techniques, demonstrating the adequate
spatial resolution of holography. Although the substrate of the films is amor-
phous, there are regions of the samples where micron-sized single crystals are
formed among nanoscale crystallites. On the perimeter of these single crystals
(indicated by the dotted white line), several defects can be observed, with fea-
tures as small as 50 nm (indicated by arrows). The comparison of the spatial
resolution of the holography image with that obtained by SEM is depicted in
Fig. 2.9(b), where the line-cuts of the same feature show a comparable reso-
lution. A sub-50-nm spatial resolution is achieved with holography, consistent
with the size of the reference holes.

Fig. 2.9: Comparison of SEM with holography images. (a)
Comparison of the images obtained at room temperature with the
two techniques. The real-space image corresponds to the real part of
the complex reconstruction measured at a photon energy of 530.5 eV.
The field of view is 2 µm. (b) Line-cuts of one of the defects that
demonstrate the adequate resolution of holography for the employed
samples.

2.4.1 Metallic domain growth

According to the hysteresis curve seen in Fig. 2.5, 330K marks the onset of the
phase transformation. Heating the sample to this temperature and imaging
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with X-rays tuned to the d‖, should allow for the observation of the metallic
phase growth. Indeed, in the images shown in Fig. 2.10, bright stripes appear
across the crystals. These stripes are metallic domains observed due to the
higher transmissivity of VO2 in the metallic phase at 530.5 eV, as a result from
the loss of the d‖ absorption peak. Interestingly, these domains, while long,
can be as narrow as 50 nm. From the domains evolution with temperature, it is
clear that the nanoscale defects (pointed by arrows) nucleate the metallic phase,
which grow with increasing temperature between such defects and spanning
the single crystals. This demonstrates the role local strain plays in locally
lowering the transition temperature. In addition, thermally cycling the sample
proved that these domains are pinned, given their repeated growth in the same
locations.

300 K 330 K 338 K

360 K342 K

Fig. 2.10: Metallic domain thermal growth. The dotted white
line indicates the perimeter of a single crystal, while some of the defects
on the edges of the crystal are pointed out by arrows. The brighter
stripes, corresponding to metallic domains, grow with increasing tem-
perature spanning the single crystal, until the entire sample becomes
metallic.

A further increase of the temperature results in the growth of the metallic
filaments until the whole sample becomes metallic at 360K. Given that defects
appear as dark features in the SEM image and bright in the holography images,
indicating high transmission, they can be associated with grain boundaries
between VO2 crystallites. In fact, nucleation sites at VO2 grain boundaries are
consistent with previous work that showed how oxygen vacancies created by
strain at such locations present a decreased phase-transition energy [91].
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2.4.2 The role of phase coexistence in the IMT

The investigation of coexisting M1 and R phases during the insulator-metal
transition in VO2, as well as the potential presence of other phases, can give
insight into the role played by phase separation and electronic correlations in
the IMT. With this aim, spectrally resolved imaging at multiple X-ray wave-
lengths is performed. Ideally, extracting XAS spectra of each point in the
images would allow to identify the state of the system. However, this is not
possible due to the loss of information close to q = 0 caused by the presence
of the beamblock. In fact, when looking at Fig. 2.10, the images measured at
the initial and final states at 300K and 360K, that correspond to the mon-
oclinic M1 and R phases, respectively, show no significant differences neither
in structure nor in absolute intensity values between each other. However,
provided the sample is within the temperature range where it is not fully M1
nor R and phases coexist, the contrast between them remains and the different
states of VO2 can be thus imaged and studied. As demonstration, Fig. 2.11
shows the comparison of the differential spectrum of those measured at the
low-temperature insulating phase and high-temperature metallic phase (shown
in Fig. 2.7) with that obtained by subtracting the intensities of pixels from
the insulating and metallic domains in Fig. 2.10. A very good agreement can
be observed between them, which proves that relative transmitted intensities
from different phases on the nanoscale can be obtained by this technique.
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Fig. 2.11: Nanoscale relative spectrum of a metallic domain.
The solid line corresponds to the difference of the metallic and insulat-
ing spectra shown in Fig. 2.7, obtained by measuring the transmission
on a diode. The markers correspond to the relative spectrum of two
selected regions of a few pixels wide within the insulating and metallic
nanoscale domains shown in Fig. 2.10. The observed deviations from
one another arise from the different background drifts between the two
data sets.
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The selection of the photon energies for imaging is not arbitrary, though.
Recalling the interpretation of the XAS features in Section 2.2.2, images of the
VO2 sample are recorded at 530.5 eV, resonant to transitions into the d‖ states,
and at 529 eV, sensitive to the π∗ and dc

‖ states. Additionally, a photon energy
on the vanadium L2-edge of 518 eV is selected, since it is sensitive to the d‖
states as well [52].

Given the dichroism of the d‖ and dc
‖ states in the insulating phase of VO2,

the orientation of the sample with respect to the X-rays electric field needs to
be determined. For that purpose, images were recorded at the d‖ peak at room
temperature with different X-ray polarizations. This part of the experiment
was performed using a different sample (Fig. 2.12) in a different setup: the
MaReS end-station at BOREAS beamline [92] of the ALBA synchrotron light
source. The geometry of the setup was held the same as the one employed at
BESSY II. The X-ray polarization vector was rotated by 180◦ in 5◦ steps, and
the differential images were studied at each angle in order to find the maximum
dichroic signal (see Fig. 2.13). When the X-rays are parallel/perpendicular to
the crystals rutile c-axis, the contrast is maximum due to the anisotropy of the
d‖ peak. This difference is lost when each polarization is rotated by 45◦ with
respect to the c-axis.

Fig. 2.12: SEM of the VO2 sample used for phase-
identification analysis. Again, both the SEM and holographic im-
ages are in good agreement. As with the previous sample shown, small
crystals can be found among smaller crystallites.

Once the sample orientation is known, imaging with the photon energies
selected and the X-rays polarized along the rutile c-axis can be performed.
Images were recorded at intermediate temperatures between the M1 phase and
the complete transformation into the R phase. An RGB (red, green, blue)
colour encoding is used to create a false-colour image to investigate thereby
the changes of the above-mentioned states across the IMT. Images recorded
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Fig. 2.13: Polarization-resolved imaging in VO2. X-ray dichroic
images of VO2 measured at the d‖ peak at room temperature. The
tendency of the observed crystals is to grow along the rutile c-axis,
giving rise to the existence of defined axes within the field of view.
The dichroic images in the top row display brightest/darkest regions
for those that have the c-axis aligned mostly along/perpendicular to
the X-rays polarization. The contrast is gone when the X-rays are
rotated by 45◦/−45◦ with respect to the predominant c-axis.

at 518 eV, 530.5 eV, and 529 eV are used to encode the red, green, and blue
channels of this composite image, respectively. In this spectral fingerprint-
ing approach, it is easier to observe changes occurring in different regions of
the sample and at different temperatures. For instance, according to Gray et
al. [25], a weakening of electronic correlations precedes the structural transi-
tion. Thus, this would result in the blue channel (dc

‖) changing before the green
one (d‖), and giving rise to a change of colour in the composite image.

The resulting RGB images at four selected temperatures are shown in
Fig. 2.14. The nanoscale domains nucleate at the defects of the sample and span
the single crystals, the same behaviour as observed in Fig. 2.10. However, with
this colour encoding it now becomes evident that different regions of the sample
change in a different way with increasing temperature. At 330K, the start of
the phase transition, there is an increase in intensity of the green channel.
However, as the sample is heated further, the blue channel also changes but
in different zones of the sample. As a result, at 334K, at least three distinct
phases can be observed: the initial M1 phase and two new phases. One shows
a change in the dc

‖ state (blue channel), while the second presents the greater
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change at the d‖ state (green channel).
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Fig. 2.14: RGB colour-encoded images formed by spectrally
resolved images at the V and O edges. The images measured at
518 eV, 530.5 eV, and 529 eV are used to encode the three colour chan-
nels of an RGB false-colour image, respectively. New phases, depicted
by different colours, nucleate and grow with increasing temperature.
The dashed line delimits the selected ROI for further analysis.

To understand the growth of these three phases, a finer temperature scan
is performed and the analysis is focused on the small single crystal indicated
by a dashed line in Fig. 2.14, the new region of interest (ROI). To amplify
the changes, an additional threshold is applied to each colour channel. Due
to the loss of the absolute intensity values of each phase and the effective
subtraction of the average intensity of the sample caused by the presence of the
beamblock, when the temperature is increased and the metallic phase fraction
grows, a manual adjustment of the threshold is required to ensure the contrast
is not lost for each temperature. An upper threshold is also applied to each
colour channel in order to move the white regions (corresponding to defects
and boundaries of the crystals in Fig. 2.14) into the red channel of the new
RGB composites formed by the binary images.
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300 K 330 K 332 K

334 K 335 K

337 K 338 K 339 K

340 K 346 K 360 K

333 K

500 nm

Fig. 2.15: Threshold images of domain growth in VO2 of the
single crystal outlined in Fig. 2.14. Growth starts from defects
(red) and the striped phase formed by the M2 and R phases is seen
at ∼ 334 K. The diamond and cross markers are the ROIs used in
Fig. 2.16.

.

The resulting images at some key temperatures are presented in Fig. 2.15.
Initially, at room temperature, the sample is predominantly black within this
colour-coding scheme, indicating that the crystal is in the M1 phase, whereas
the red spots correspond to defects. As the sample is heated, the new phases
(green and blue) nucleate at the boundaries and defects of the single crystal.
At 334K, a striped pattern is formed by the green and blue channels, which
is already visible in Fig. 2.14, before the green channel dominates the region
at higher temperatures. This phase growth is captured in Fig. 2.16(a), which
displays the volume fraction of the blue and green regions as a function of tem-
perature within the ROI. Both phases start to nucleate at similar temperatures
and grow, before the green area dominates.
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Fig. 2.16: Temperature-dependent growth of two phases in
VO2. (a) The volume fraction of the M2 phase peaks at ∼ 335 K
before the whole sample becomes metallic. As indicated by the dashed
line, the growth of the R phase is in good agreement with the optical
transmission shown in Fig. 2.5. (b) Temperature dependence of the
local transition pathway of the two regions marked in Fig. 2.15. The
area marked with the cross shows a direct transition from M1 to R,
while that marked with a diamond transitions via the M2 phase at a
slightly higher temperature.

.

The green regions, which probe changes in the d‖ states, can be easily
identified as the metallic R domains, the one that dominates at high temper-
atures. If, as discussed in Section 2.2.2, the dc

‖ states are probing electronic
correlations, and changes in these precede the structural transition, all the
green regions should first turn blue. However, this is not the case, as most
regions present a direct transition from the initial M1 to R, without any in-
termediate changes. Only in some spatially distinct areas, the intermediate
blue domains are observed. This is highlighted in Fig. 2.16(b), which shows
the phase of two selected nanoscale areas (∼ 50 nm, depicted with symbols in
Fig. 2.15) as a function of temperature. The region marked with the cross
follows a direct M1-to-R transition, while the one marked with the diamond
goes through an intermediate phase.

This behaviour suggests that the loss of correlations is not the driving
mechanism for the insulator-metal phase transition. In the light of these new
results, the two different transition temperatures reported by Gray et al. [25]
for the electronic and structural transitions correspond instead to regions of
the sample taking different pathways towards the metallic phase.

As strain appears responsible for nucleating the phase transition, and con-
sidering VO2’s phase diagram, the blue regions can be assigned to the mono-
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Fig. 2.17: Local transition pathways within the phase diagram
of VO2 of two different nanoscale regions of the sample. Areas
in the sample that support higher strain transforms from the insulat-
ing M1 to the metallic R phase by going through the intermediate
insulating M2 phase.

.

clinic M2 phase, which is frequently observed in macroscopically strained sam-
ples. This interpretation, in which regions of the sample follow different local
pathways from the M1 to the R phase, is schematically depicted in Fig. 2.17.
This assignment is further justified by recent DFT calculations of the M2 den-
sity of states, which show anisotropic changes in the dxz and dyz orbitals [93],
the ones that form the π∗ states. This results in polarization-sensitive changes
in the vicinity of the d‖ XAS feature. However, the triclinic insulating phase
cannot be excluded.

2.4.3 Discussion

The presented spatially resolved measurements suggest a new interpretation
of the insulator-metal phase transition in VO2 thin films. Nanoscale defects
existing in the sample modify the strain environment, locally reducing the
phase-transition temperature for the M1-to-R transformation. Due to the large
volume difference of the rutile phase, a new strain field is generated that can
in turn also nucleate the M2 phase. Both phases, M2 and R, continue to grow
and form a striped-phase pattern due to the interaction of the strain field. This
phenomenon has also been observed in larger nanobeam single crystals [27, 40,
65, 94]. As the temperature is further raised, a complete transformation of the
M2 to the R phase occurs. The temperature separation observed in Fig. 2.16(b)
between the formation of M2 and R domains, of ∼ 5 K, is in good agreement
with the shift in temperature observed by Gray et al. [25].
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In some respects, observation of the M2 phase is unexpected, as the sam-
ples used have no epitaxial strain arising from the substrate to move the mate-
rial away from typical M1-to-R pathway. However, this is explained by the role
nanoscale defects play in locally modifying the strain environment, which can
dramatically modify the phase transition in VO2 and in correlated materials
in general.

This interpretation can also account for previously reported XAS observa-
tions, in which irreversible changes in the vicinity of dc

‖ were reported during
thermal cycling the sample [82], as a stabilization of the M2 phase at room tem-
perature due to a change in the local strain field. Nevertheless, the transition
temperatures and growth patterns will depend on the local distribution, which
is sample specific. In the measurements reported here, the observed domain
patterns were repeatable after thermal cycling the samples, again suggesting
that strain derived from extrinsic defects is the dominant mechanism, pinning
domain walls and giving rise to the observed structure [95].
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2.5 Conclusions

The reported imaging experiment during the insulator-metal phase transition
in VO2 presents no evidence for decoupled electronic and structural transitions,
where the weakening of electronic correlations gives rise to the existence of a
monoclinic metallic phase. Instead, these results demonstrate that the phase
transition can be explained in terms of phase separation into the known phases
of VO2 and the different transition pathways among them.

This work shows that soft X-ray resonant holographic imaging can be used
to image domain growth on the nanoscale, providing polarization- and energy-
resolved measurements of samples that have a heterogeneous response. As
phase separation is a common property of correlated materials, this technique
will be vital in understanding the role played by defects in the electronic and
structural properties of them. Furthermore, the main advantage becomes ap-
parent when combining holography with ultra-short X-ray pulses generated by
free-electron lasers as the light source. The first attempts of imaging domain
growth on the nanoscale over a wide field of view in VO2 with femtosecond
time resolution are described in Appendix A.
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3 | The role of heat in the phase
transition of VO2

This chapter describes the effect laser-induced heating and the recovery
dynamics of VO2 may have on the photo-induced phase transition. Sec-
tion 3.1 provides an introduction about the threshold-like behaviour of
VO2, which can be affected by the recovery dynamics. These are stud-
ied in Section 3.2 under different experimental conditions, followed by
a measurement of the threshold fluence required to drive the ultrafast
transition when probed with different optical wavelengths in Section 3.3.
The conclusions of the chapter are discussed in Section 3.4.
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3.1 Introduction

Many materials that exhibit a light-induced phase transformation do so when
the energy density of the employed pump laser exceeds a specific threshold [96,
97]. In VO2, threshold fluences in the range of 4.6–7mJ cm−2 have been re-
ported for the photo-induced transition with 800-nm laser light at room tem-
perature [45, 47–49, 54, 56]. In the linear absorption regime, this excitation
density corresponds to 10% of the vanadium atoms.

In VO2, there are generally three different regimes in the photo-induced
phase transition as a function of pump fluence, as depicted in Fig. 3.1, which
can be observed in optical as well as in X-ray experiments. For fluences below
the threshold, the response is linear with fluence. Above threshold, a sharp
change occurs, which results in a significantly larger dependence of the ma-
terials properties on increasing fluence. Finally, above the saturation fluence,
the response exhibits a weak dependence on excitation density. The below-
threshold regime can be interpreted as the sample in the insulating phase,
where the pump fluence values are not sufficient to induce the phase transi-
tion. Just above threshold, but below the saturation regime, the response is
mixed, with both fast and slow dynamics observed. Most likely, this results
from only a small part of the probed volume transforming instantly into the
metallic phase. Thermal diffusion of heat then results in nucleation and growth
of metallic domains [98]. Increasing the pump fluence leads to a more rapid
transition, until saturation is reached, where the whole probed volume has been
transformed and optical or X-ray-probed properties do not further change.

Fig. 3.1: Fluence-dependent optical/X-ray response during
the photo-induced phase transition of VO2. The three regimes
observed are characterized by the values of FTH and FS, which are the
threshold and saturation fluences, respectively.
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Recently, the threshold fluence values for triggering the phase transition in
VO2 have been employed as evidence for the existence of a transient metal-like
monoclinic phase. Through ultrafast electron diffraction experiments, Morri-
son et al. provided evidence for the existence of not one, but two threshold
fluences for the phase transition [51]. Above 2mJ cm−2, they observed slow
(1.6± 0.2 ps) dynamics of the measured diffraction peaks intensity, which sug-
gested a valence charge density reorganization within the monoclinic struc-
ture. The fast melting (310± 160 fs) of the V-V dimerization, and hence the
structural phase transition, was found to occur above a threshold fluence of
9mJ cm−2. The authors complemented these results with fluence-dependent
time-resolved IR transmittance measurements that showed a metal-like re-
sponse for fluences below the required 9mJ cm−2 for the crystallographic tran-
sition. As a result, they suggested the presence of an intermediate monoclinic
phase with metallic properties existing in the intermediate fluence regime be-
tween the two thresholds reported.

The observation of different thresholds through pump-fluence dependent
studies for the onset of the metallic state and the structural distortion stands
as evidence for supporting the decoupled nature of the phase transition in VO2,
as well as the existence of an intermediate monoclinic metallic state. While
structure-sensitive probes, such as electron [50, 51, 56] and X-ray [45] diffrac-
tion, have provided fluence threshold values within the range 4–8mJ cm−2,
metallic-like behaviours have been measured by exciting the sample with flu-
ences as low as in the 1–2mJ cm−2 range [51, 99, 100].

However, determining the absolute excitation strength necessary for driv-
ing the transition is a challenging task which has been approached by several
different techniques in the past. The difficulty of experimentally measuring
accurate fluence values, together with variations arising from different types of
VO2 samples and technique-dependent probed volumes, causes the comparison
of threshold fluences to have a limited validity.

The high sensitivity of threshold fluences on external parameters was al-
ready observed in the early pump-probe measurement conducted by Cavalleri
and co-workers in 2001 [45], where the pump threshold fluence in VO2 was
found to strongly depend on the initial base temperature of the sample. This
effect was subsequently reported by the group of Leitenstorfer et al. [48, 49]
through multi-THz probe pulses. They measured a decrease of the threshold
fluence and a longer-lived photo-induced conductivity upon raising the sample
temperature towards TC. Furthermore, the energy required to drive the tran-
sition optically was found to be the same as the energy difference between the
metallic and the insulating phase at a given initial temperature, that is, the
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energy necessary to thermally drive the transition, in agreement with previous
experiments [56].

While the coincidence of the thermal and photo-induced phase transition
thresholds seems to suggest a common pathway for both processes, some re-
search groups claim that this is not the case. Instead, they attributed this
effect not to a thermal nature of the phase transition, but to a softening of the
insulating phase near threshold caused by the existence of metallic precursors
at temperatures closer to TC that facilitate the metallic phase growth [47]. Ad-
ditionally, other experiments based on time-resolved THz spectroscopy [101],
which compared a phase transition triggered by laser-induced heating to ther-
mal predictions, found that, although these coincide near room temperature,
there is a strong divergence of the observed thresholds from thermal predic-
tions at low temperature. They measured a metallic-like conductivity when
exciting the sample with fluences below those necessary to thermally drive the
transition.

The temperature dependence of the threshold fluence in [47–50, 56] was
observed by deliberately heating the sample in situ. Threshold fluences are
normally determined by scanning the response of the material to increasing
pump fluences. However, in these experiments, which assume the sample al-
ways recovers back to its ground state, the initial temperature of the sample
is assumed to be always the same. Yet, due to the repetitive nature of pump-
probe measurements, this premise results not necessarily true. Laser-induced
heating can in fact lead to heat accumulation when the repetition rate of the
laser pulses is too high for the material to fully recover back to the ground
state before the next pulse arrives. When this is the case, the system may
be driven towards a new quasi-equilibrium temperature that is higher than
the initial one and depends on the fluence with which the sample is excited.
Consequently, the responses at different fluence values cannot be compared to
each other, as these are relative to different base temperatures.

The recovery of VO2 samples in pump-probe measurements has been dis-
cussed by a few experiments. In the femtosecond electron diffraction experi-
ments conducted in 2007 by Baum et al., the repetition rate of 1 kHz was found
sufficient for a single crystal of VO2 held at room temperature to completely
recover to the initial monoclinic phase [56]. Nonetheless, in the later UED mea-
surements led by Morrison et al. in 2014 on free-standing thin-film samples,
a repetition rate of 50Hz between pump pulses was necessary for the samples
to relax back to the ground state [51]. More recently, in a femtosecond XUV
transient absorption spectroscopy study of 2017, Jager et al. had to take an
extra measure to avoid heat accumulation, as the minimum feasible repetition
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rate of 100Hz in their experimental setup was comparable to the inverse time
for heat dissipation in the thin-film samples employed. With that aim, the
sample mount was rapidly rotated normal to its surface, so that subsequent
pump pulses did not impinge on the same region of the film. In 2018, the same
group provided theoretical simulations for estimating the rate of heat buildup
between laser pulses in particularly heat-sensitive VO2 samples under vacuum
conditions. They showed how, even at low repetition rates of 100Hz, after the
first six pulses the temperature of the material had already raised above TC.
As a result, all subsequent probe pulses measured the response of the metallic
instead of the insulating phase.

In order to understand the different recovery time scales found for single
crystals and thin films it should be noted that the time scales for heat dis-
sipation are set by the temperature gradient generated in the sample by the
laser pulses. In absorbing samples, the penetration depth of laser light is gen-
erally of a few hundred nanometers, leading to temperature gradients on these
length scales for thick samples, such as single crystals. This results in recovery
times on the nanosecond time-scales for thermal diffusivities of 10−5 m2s−1.
However, for free-standing thin-films, which are thinner than the absorption
length, there is no thermal gradient into the depth of the material. Therefore,
heat transport can only occur in the transverse direction. The thermal gradi-
ent on this plane is set by the pump spot-size, of the order of a few hundreds of
microns in X-ray and electron diffraction experiments such as those mentioned
above. This results in recovery times that are six orders of magnitude longer,
within the millisecond regime. Ideally, all measurements would be performed
on single crystals to avoid heat accumulation issues. This is not always possi-
ble, though, as the extremely short penetration depths of electron and X-rays
makes necessary the use of free-standing samples for this type of experiments.

Despite the interplay between temperature and optical excitation being
acknowledged by the few above-mentioned experiments, the precise relation-
ship between them remains still mostly unknown, and the distinction between
thermal and non-thermal transitions results hindered by the high tempera-
tures at which the experiments are generally performed. Understanding the
time scales required for the samples to recover is crucial for the correct execu-
tion of time-resolved pump-probe measurements. Unfortunately, laser-induced
heat buildup and the consequent fluence-threshold sensitivity to external pa-
rameters have been mostly neglected, which may have result in apparently
contradictory results over the course of the past 50 years of studies of the
insulator-metal phase transition of VO2.

In order to give insight into the influence of laser-induced heating on driv-
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ing the insulator-metal phase transition, a thorough study is presented in the
following sections of the different experimental parameters that affect the phase
transition threshold by means of long-delay time-resolved optical experiments
on thin film samples. These measurements are complemented by the fluence-
dependent change in transmission of the sample in femtosecond time scales
probed with different wavelengths, to determine the existence of decoupled
thresholds within the phase transition.
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3.2 The recovery dynamics of a thin film of VO2

As previously explained, according to literature, the type of free-standing thin
films of VO2, as those employed for the work of this thesis, exhibit total re-
covery times of the order of tens of milliseconds. The aim of this work is to
measure the exact times required for the samples to relax back to their initial
state. Typically, pump-probe setups involve the use of mechanical delay stages
for controlling the arrival times of the pump and probe pulses to the sample.
However, using stages longer than several nanoseconds becomes impractical,
as the required lengths are too large. As a result, a different approach needs to
be adopted for the measurement of recovery times in the millisecond regime.

Here, a combination of ultrashort-laser pulses with a CW light source was
employed for the measurement of long dynamics. The experimental setup,
which follows a typical pump-probe configuration, is schematically depicted in
Fig. 3.2. The pump pulses have a time duration of approximately 40 fs cen-
tred at a wavelength of 800 nm, the repetition rate of which can be varied by
integer division of the highest 5 kHz. The probe is a continuous-wave helium-
neon (HeNe) laser with a central wavelength of 632.8 nm used to monitor the
transmission of the sample after photo-excitation. The transmitted light is
recorded by a high-bandwidth silicon balanced amplified photodetector con-
nected to a LeCroy oscilloscope that provides a maximum bandwidth of 4GHz
and 40GS s−1 sampling rate. This way, a long-range time-resolved signal can
be measured, limited by the electronics of the employed detector and oscillo-
scope. The ultimate temporal resolution is limited though by the RF output
bandwidth of the photodetector of 1MHz. The HeNe probe is split into two
beams that follow different paths before impinging on the detector. One mea-
sures the transmitted light from the sample while the other acts as a reference.
The sample is held inside a liquid-nitrogen cryostat that allows measurements
at lower temperatures at pressures in the order of 10−6–10−8 mbar.

Given the long time scales dynamics measured here, the contributions
to the response of the system can be considered mostly thermal, as in the
microsecond regime, electrons have already transferred their energy to the lat-
tice. Therefore, as demonstrated throughout the next sections, the dynamics
measured with this experimental setup can be understood in terms of heat
transport within the sample and temperature differences. In the following
section, the time traces measured under different experimental conditions are
presented.
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Fig. 3.2: Optical pump-probe experimental setup. The trans-
mitted intensity from the sample is recorded by a balanced photo-
diode, the output of which is the difference between the transmission
and the reference source.

Case 1: 50Hz, room temperature, air

As a first step, the recovery of a thin-film sample is studied at atmospheric
pressure and room temperature when excited by pump pulses at a repetition
rate of 50Hz, as 20ms has been reported enough time for the sample to re-
cover [51]. A total time range of 50ms was recorded with the oscilloscope at
a sampling rate of 1MSs−1, which provides a temporal resolution in the mi-
crosecond regime. The photodetector was balanced to a zero amplitude for
the transmission of the sample without excitation. The resulting time traces
obtained by exciting with different fluences are shown in Fig. 3.3(a), where it
can be seen how the sample is excited every 20ms and recovers back to the
ground state before the next pump pulse arrives.

By looking into a shorter time range, the detailed traces can be studied,
as displayed in Fig. 3.3(b). Three pump fluence regimes can be extracted from
these measurements. At low fluences and below the phase transition threshold
(Fig. 3.3(c)), the transmission is reduced immediately after photo-excitation,
followed by an exponential recovery. The starting of the photo-induced phase
transition can be clearly seen, when the sample is excited with higher fluences,
by the emergence of an increase in transmission (Fig. 3.3(d)). Further increas-
ing the excitation density leads to a saturation regime, where the amplitude of
the signal no longer increases as the whole probed sample volume has already
transformed into the metallic phase (Fig. 3.3(e)). As expected, the elapsed
time between photo-excitation and full recovery gets elongated as the pump
fluence is increased. However, under the present conditions, the repetition rate
of 50Hz appears to be sufficient for the sample to recover between pulses, at
least up to the damage threshold of the sample.
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3.2 The recovery dynamics of a thin film of VO2

Fig. 3.3: Time traces at 50Hz repetition rate, room temper-
ature, atmospheric pressure. (a) Total temporal range measured.
(b) Zoomed-in temporal window of 2ms, where it can be appreci-
ated how the response changes for increasing fluences. Time traces
measured after pump excitation in the below-threshold regime ((c)),
above the threshold fluence in (d), and in the saturation regime in
(e).
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Case 2: 50Hz, room temperature, vacuum

Interestingly, when analysing the response of the sample to photo-excitation
under identical pump-probe conditions but with the material held at 10× 10−7 mbar,
as opposed to the atmospheric pressure of the previous case, the behaviour is
quite different. Figure 3.4(a) shows the time traces measured over the entire
time range of 20ms. It can be easily observed how, as the pump fluence is
increased, the response of the sample has not enough time to recover within
the employed repetition rate. Figures 3.3(c) and 3.4(b) were measured with
the same excitation of 4.1mJ cm−2, however, in the latter, the response am-
plitude is about the same, but the recovery time is significantly longer (note
the different time range) due to the lack of thermal transport between the air
and the sample in vacuum conditions. Also, the threshold fluence appears to
be lower than 6.5mJ cm−2, as in Fig. 3.4(c), after an excitation of 5.1mJ cm−2

the sample has already started to switch into the metallic phase. From these
time traces, the threshold fluence is found at ≈ FTH = 4.5 mJ cm−2. It should
be noted that, even at these low fluences, the transmission is non-zero at neg-
ative time delays, and becomes positive above ≈ FTH = 10.5 mJ cm−2. This
suggests, as observed in Fig. 3.4(d), that the sample is still in the metallic
phase when the next pump pulse arrives.
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3.2 The recovery dynamics of a thin film of VO2

Fig. 3.4: Time traces at 50Hz repetition rate, room temper-
ature, in vacuum. (a) Fluence-dependent recovery of the sample
within the 20ms between pump pulses. Time traces measured af-
ter pump excitation in the below-threshold regime in (b), above the
threshold fluence in (c), and in the saturation regime in (d).
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Case 3: 50Hz, 90K, vacuum

As reported in literature [47–49, 56], the threshold fluence depends on the base
temperature of the sample. This is tested now by keeping the same pump-probe
conditions from the previous case, but lowering the temperature of the sample
to 90K. As shown in Fig. 3.5, the resulting behaviour is quite different, and
heat accumulation effects are not as dramatic, if present. Figure 3.5 displays
again the time trace corresponding to a low excitation density of 4.1mJ cm−2,
which shows a recovery time of the same order as that exhibited in Fig. 3.4.
The amplitude of the signal is slightly larger in this case, which could be due
that at this fluence, when the sample was held at a base temperature of 294K,
some small fractions of the probed volume have already transformed into the
metallic phase. Fig. 3.5(c) shows the response just after the start of the phase
transition, which appears to occur at ≈ FTH = 15.5 mJ cm−2, a much higher
value than in the previous cases. Also, at 20.8mJ cm−2 (Fig. 3.5(d)), the
saturation regime has not been reached yet, as opposed to the previous cases.

72



3.2 The recovery dynamics of a thin film of VO2

Fig. 3.5: Time traces at 50Hz repetition rate, 90K, in vac-
uum. (a) Fluence-dependent recovery of the sample within the 20ms
between pump pulses. Time traces measured after pump excitation in
the below-threshold regime in (b), above the threshold fluence in (c),
and in the saturation regime in (d) .

73



Chapter 3 The role of heat in the phase transition of VO2

Case 4: 500Hz, room temperature, air

From the three cases presented before, it can be concluded that the opti-
mum conditions for performing pump-probe measurements on free-standing
thin films is with a laser pump repetition rate of 50Hz and the sample held
in air. Nonetheless, these conditions are not always feasible, especially when
working at external facilities, such as synchrotrons and FELs, where the sample
chamber and laser settings are not tunable. Many of the experiments conducted
on VO2, both within this thesis (see Chapters 4 and A) and reported in liter-
ature, are in fact carried out in this type of facilities, where the sample needs
to be maintained under vacuum conditions, or there exists a lower limit for
the laser repetition rates due to experimental constraints, for instance. There-
fore, it is worth considering the consequences of these possible scenarios for the
thermal recovery of the films employed.

Figure 3.6 presents the temporal response of the sample held at atmo-
spheric pressure, but excited with a repetition rate of 500Hz. For this fre-
quency, a total time range of 5ms was recorded at a sampling rate of 10MS/s.
At low fluences (Fig. 3.6(a)), the recovery rate seems to be of the same order as
in Case 1, in air conditions. The start of the phase transition, though, is found
at ≈ FTH = 5.2 mJ cm−2, slightly lower, which stands as an indication for some
DC heating. This is evidenced by the fact that above ≈ FTH = 21 mJ cm−2,
fractions of the sample are still in the metallic phase when the next pump pulse
arrives (Fig. 3.6(d)). The fluence range in which the insulator-metal transition
can be probed is quite large, though.
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3.2 The recovery dynamics of a thin film of VO2

Fig. 3.6: Time traces at 500Hz repetition rate, room temper-
ature, at atmospheric pressure. (a) Fluence-dependent recovery
of the sample within the 2ms between pump pulses. Time traces
measured after pump excitation in the below-threshold regime in (b),
above the threshold fluence in (c), and in the saturation regime in
(d).
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Case 5: 500Hz, 90K, vacuum

An alternative scenario corresponds to the situation where the sample needs
to be maintained in vacuum. Not surprisingly, in the light of results from Case
2, it is not possible to measure the photo-induced insulator-metal transition in
vacuum at room temperature, as laser-induced heating at this repetition rate
permanently switches the sample into the metallic phase already at very low
fluences. This can be partially overcome by lowering the base temperature, so
that the induced heat is not sufficient to induce the transition.

The response of the sample held in vacuum at 90K and excited with a
frequency of 500Hz is displayed in Fig. 3.7(a), where a quite different behaviour
can be immediately appreciated. The heat build-up appears already at low
fluences, as shown in Fig. 3.7(b), identifiable by the linear-like behaviour within
the repetition rate employed, consequence of the short time range allowed for
the exponential to grow. Because of this heat effect, the phase transition is
induced at a fluence threshold of ≈ FTH = 4.7 mJ cm−2 and not at a higher
value than in case 4, as it would be expected for a lower base temperature.
When the initial temperature of the sample is above TC, excitation leads to a
further growth of the metallic volume, as seen in Fig. 3.7(d).

These two last cases represent a possibility for measuring the photo-
induced insulator-metal dynamics when the experimental setups do not allow
working under optimum conditions, namely, low repetition rates and atmo-
spheric pressure. Despite the presence of heat accumulation, the phase transi-
tion can still be probed within a limited fluence range.

76



3.2 The recovery dynamics of a thin film of VO2

Fig. 3.7: Time traces at 500Hz repetition rate, 90K, in vac-
uum. (a) Fluence-dependent recovery of the sample within the 2ms
between pump pulses. Time traces measured after pump excitation in
the below-threshold regime in (b), above the threshold fluence in (c),
and in the saturation regime in (d).

3.2.1 Threshold fluences comparison

Traditionally, in ultrafast measurements, the threshold fluence for the phase
transition in VO2 has been defined as the value at which the amplitude of the
system response at an arbitrary time delay of 1 ps starts to become nonlinear
with fluence [48, 54, 56]. Here, an analogous analysis is performed of the
fluence-dependent change in transmission to determine the threshold value for
the phase transition. In these long-dynamics measurements, the response in
the picosecond time scales is not available, though, and is evaluated instead at
1 µs after photoexcitation.

In Fig. 3.8, the response amplitude at 1 µs time delay is displayed as a
function of fluence for Cases 1-4 from the previous section. The four traces
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share a common behaviour consisting of a linear dependence at low fluences
with negative slope, followed by a nonlinear regime where the signal switches
to a positive change in transmission. The dashed traces correspond to linear
fits of the responses below and above threshold, the intersection of which is
defined as the starting point for the phase transition. The values for the flu-
ence thresholds obtained by this method are listed in Table 3.1. Noteworthy,
there is a difference of more than 10mJ cm−2 between the measurements per-
formed in vacuum, with a difference in the base sample temperature of 200K.
Interestingly, while above threshold the rate of increase in transmission per
fluence unit is of the same order for all the cases, below threshold two different
trends can be distinguished. The rate of decrease in transmission per mJ cm−2

in the measurements performed at atmospheric pressure is faster than those
conducted under vacuum. This points towards different cooling rates for each
ambient conditions, and will be further detailed in the following sections.
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Fig. 3.8: Fluence-dependent transmission change at 1 µs for
Cases 1-4.
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3.2 The recovery dynamics of a thin film of VO2

Case Below FTH FTH Above FTH
∆I/F (x10−2) (mJ cm−2) ∆I/F (x10−2)

50Hz, 294K, air -0.026 ± 0.001 6.6 1.52 ± 0.03
50Hz, 294K, vac. -0.04 ± 0.02 5.1 2.5 ± 0.1
50Hz, 90K, vac. -0.042 ± 0.001 15.3 1.7 ± 0.1
500Hz, 294K, air -0.022 ± 0.005 6.2 1.72 ± 0.08

Table 3.1: Fit results from the fluence dependent change in
transmission.

3.2.2 Thermal model

As mentioned before, the long time scales dynamics and the experimental re-
sults presented above point towards thermal contributions as the main aspects
for understanding the observed behaviours. Therefore, with the aim of having
a quantitative understanding of the recovery dynamics observed under dif-
ferent experimental conditions, the transmission of the sample upon different
excitation densities can be simulated via a temperature-dependent model.

In order to simulate the sample response, the dependence of transmis-
sion upon time after photoexcitation is required. As already known and mea-
sured, the transmission of VO2 follows a hysteresis curve with temperature
(see Fig. 2.5), which can be mathematically modelled as an error function cen-
tred at TC. On the other hand, the temperature of the system is assumed
to follow Newton’s law of cooling, in which the temperature rate of change is
proportional to the difference between the temperature of the system and its
surrounding. This way the dependency of transmission upon time can be cal-
culated. The equation for simulating the change in transmission as a function
of temperature is the following:

I(T ) = A+BT + C
1
2

[
erf
(
T − TC
Tw

)]
, (3.1)

where the 1/2 factor corresponds to the normalization of the error function of
width Tw, the term A+ BT accounts for the effect of carrier dynamics in the
low-fluence response, that is, at low temperatures before entering the hysteresis
loop. The equation for the temperature rate of change as a function of time is
split into two regimes that correspond to the insulating and metallic phases,
which are assumed to change at TC − 2Tw (reached at time t′0), the point
where the two hysteresis branches are separated as portions of the sample are
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transformed into the metallic phase. The equation for the sample temperature
as a function of time results as:

T (t) =

Ti + 1
2

(
1 + erf

(
t−t′0
tr

))
∆T ′e

t−t0
τ1 , for t > t′0

Ti + 1
2

(
1 + erf

(
t−t0
tr

))
∆Te

t−t0
τ2 , for t0 < t < t′0,

(3.2)

where Ti is the initial temperature, ∆T is the increase of temperature induced
by the pump excitation (from Ti to Tf ) at t0, ∆T ′ = TC − 2Tw − Ti at t′0,
the normalized error function is used to model the rising edge of width tr,
and τ1, τ2 are the time constants of the cooling rates in the insulating and
metallic phases, respectively (the model parameters can be seen in Fig. 3.9).
Combining these equations, I(t) can be obtained. Moreover, this model allows
the calculation of the temperature rise at negative times delays arising from
heat accumulation, if any, when the sample does not fully recover back to the
initial temperature.

Fig. 3.9: Simulated dynamic response to photo-excitation via
a temperature model (a) Simulated transmission as a function of
temperature as described by Eq. 3.1. (b) Sample temperature as a
function of time according to Eq. 3.2. (c) Resulting time-dependent
transmission through combination of (a) and (b).
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3.2 The recovery dynamics of a thin film of VO2

As an example, I(T ), T (t), and the resulting I(t) are simulated in Fig. 3.9
for excitation just above the threshold fluence. Figure 3.9(a) represents the
dependence of change in transmission upon temperature described by Eq. 3.1.
The values of TC = 340K and Tw = 4.6 are extracted from the sample char-
acterization shown in Fig. 2.5. Figure 3.9(b) displays the temperature as a
function of time as interpreted in Eq. 3.2 for an initial increase in temperature
of 42K. And the resulting transmitted intensity as a function of time is rep-
resented in Fig. 3.9(c), where the distinct feature observed at t′0 is considered
as the time it takes for the system to re-enter into the insulating phase after
it has been excited into the metallic phase.

3.2.3 Quantitative results of the recovery dynamics of VO2

Atmospheric pressure conditions

Figure 3.10 shows the results obtained from the application of the temperature-
based recovery model to the temporal response of the sample measured with
a repetition rate of 50Hz at room temperature and atmospheric pressure. An
excellent agreement can be found between theoretical and experimental traces.
According to this model, the measured threshold fluence of 10.5mJ cm−2 cor-
responds to excitation of the sample to a temperature of 334.5K. The largest
discrepancies can be found at higher pump fluences, specifically in the tempo-
ral width of the response at times t > t′0. The main origin for this lies mostly
in the fact that this model does not account for the different paths followed by
the sample when heating and cooling caused by the hysteretic nature of VO2.

The calculated parameters are shown in Fig. 3.11. The temperature
reached by the sample presents a linear dependence with fluence at low ex-
citations, up to TC − 2Tw, point at which increasing fractions of the probed
volume are transformed into the metallic phase. The temperature increase
with fluence is slowed down in this region as part of the absorbed energy ac-
counts for the latent heat of VO2. The linear behaviour is expected to be back
above TC + 2Tw, which lies just at the limit of Fig. 3.11(a). On the other
hand, the initial temperature (Ti) remains constant at 295K, which stands as
a clear indication for the complete recovery of the sample for each fluence. In
Fig. 3.11(b), the characteristic times of the dynamics are shown. The time con-
stant for the cooling rate for the insulating phase (τ1) is found to be of 0.61ms.
However, both the onset of the insulating phase, defined as t′0 in the previous
section, and the characteristic time of the recovery rate of the above-threshold
dynamics (τ2) are found to increase with higher fluences. This is not surprising
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Chapter 3 The role of heat in the phase transition of VO2

Fig. 3.10: Simulated dynamic response to photoexcitation at
50Hz, room temperature, and atmospheric pressure. (a) Ex-
perimental time traces obtained by increasing pump-fluence excita-
tion. (b) Theoretical time traces obtained by application of the ther-
mal model. Measured (coloured lines) and simulated (black dashed
lines) in the below-threshold regime in (c), above the threshold flu-
ence in (d), and in the saturation regime in (e).

as, within this temperature range, the sample is expected to be formed by a
mixture of insulating and metallic domains. At temperatures above Tc + 2Tw,
τ2 is stabilized to a value of ≈ 2.5ms. t′0, on the other hand, keeps growing
with increasing fluence, as expected for recovering from higher temperatures.

82



3.2 The recovery dynamics of a thin film of VO2

Fig. 3.11: Thermal model parameters for the dynamic re-
sponse at 50Hz, room temperature, and atmospheric pres-
sure. (a) The maximum attained temperature by the sample upon
photoexcitation (Tf ) grows with increasing fluence, while the initial
temperature (Ti) remains constant at room temperature. (b) Char-
acteristic times of the recovery rates in the insulating phase (τ1), of
0.61ms, and in the metallic phase (τ2), stabilized to a value of 2.5ms.
The time it takes for the system to relax back into the insulating phase
(t′0) increases with fluence above the threshold.
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Vacuum conditions

An analogous analysis is performed for the dynamics measured with a repe-
tition rate also of 50Hz, but with the sample held under vacuum conditions
at a base temperature of 90K (Case 3 in Section 3.2). The calculated traces
are displayed in Fig. 3.12. Again, a very good agreement between the simula-
tions (dashed lines) and the experimental results is observed, and the threshold
fluence measured under these conditions, of 15.3mJ cm−2, corresponds to ex-
citation to a temperature of 334.5K, as in the previous case.

Fig. 3.12: Simulated dynamic response to photoexcitation at
50Hz, 90K, and vacuum conditions. (a) Calculated time traces
obtained by application of the thermal model. Measured (coloured
lines) and simulated (black dashed lines) in the below-threshold regime
in (b), above the threshold fluence in (c), and in the saturation regime
in (d) .
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3.2 The recovery dynamics of a thin film of VO2

Figure 3.13 shows how ambient conditions lead to significant different re-
sults. Whereas the final temperature achieved by the sample at each excitation
fluence follows a similar behaviour than in the previous case measured in air,
with a linear increase followed by a slower growth above the fluence threshold,
the initial temperature does not stay constant at the base 90K set by the cryo-
stat. As shown in Fig. 3.13, the time constant for relaxation in the insulating
phase (τ1) is found to be of 6ms, a factor of ≈ 10 slower than at atmospheric
pressure conditions, while τ2 stabilizes to a value of 22ms in the metallic phase.
Such long recovery times within this 20ms period lead to heat accumulation
that results in an increasing temperature rise. Noteworthy, this phenomenon
was not apparent when first looking at the measured traces in Fig. 3.5, as
compared with the obvious case in Fig. 3.4. However, a careful analysis of the
data demonstrates that ultrashort laser pulses can induce a static temperature
increase of up to 100K for an excitation fluence of 24mJ cm−2.

It is worth noticing that, in a typical pump-probe measurement under
these experimental conditions, where the differential signal between the pumped
and unpumped sample is measured, this heating effect could be easily over-
looked for intermediate fluences, when a partial volume has permanently switched
into the metallic phase, as it is only reflected in a decrease in amplitude of the
signal.

Fig. 3.13: Thermal model parameters for the dynamic re-
sponse at 50Hz, 90K, and vacuum conditions. (a) Both the
maximum attained temperature by the sample upon photo-excitation
(Tf ) and the initial temperature (Ti) grow with increasing fluence. (b)
Characteristic times of the recovery rates in the insulating phase (τ1),
of 6ms, and in the metallic phase (τ2), stabilized to a value of 22ms.
The time it takes for the system to relax back into the insulating phase
(t′0) increases linearly with fluence above threshold.
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3.2.4 Pump spot-size effect

The measurements presented in cases 1-5 were performed under identical laser
conditions, with the exception of the specified changes. It has been shown how
different pump repetition rates, ambient pressure conditions and initial temper-
ature, can result in the VO2 thin film providing a significantly different response
for the same excitation density. This is directly related to the heat transfer
velocity within the material after a certain amount of energy is deposited by
the pump laser pulse. Now, the effect of modifying the pump spot-size area
on the resulting temperature change rates is investigated. With that aim, the
transmission of the sample is probed immediately after photoexcitation, at a
time delay of 1µs, with Gaussian-shaped pump beams of different area sizes
on the film. Both cases shown in Fig. 3.14, at room temperature and 90K,
were measured with two different pump spot-sizes: 93.4 µm× 85.1 µm and
289.2 µm× 261.9 µm, which result in excited areas on the sample of 0.006mm
and 0.059mm, respectively. This factor of ≈ 9.5 is reflected in the fluence de-
pendence of the transmission change after photoexcitation. In Figs. 3.14(a)

Fig. 3.14: Comparison of the fluence-dependent transmission
change at 1 µs after excitation with pump pulses of different
spot-sizes. Both under atmospheric pressure (a) and vacuum condi-
tions (b), for a smaller pump spot-size, higher fluences are required
for triggering the phase transition.

and 3.14(b), it can be seen how the threshold is shifted towards higher fluences
for the smaller pump spots, with a value of 10.5mJ cm−2 and 26.4mJ cm−2

for air and vacuum conditions, respectively. This effect can be understood by
considering that cooling rates in the sample are dictated by the temperature
gradient generated in the film upon photoexcitation. Given the sub-100-nm
sample thickness, heat transport can only occur in the transverse direction.
Therefore, larger spot-sizes lead to smaller temperature gradients and longer
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3.2 The recovery dynamics of a thin film of VO2

cooling times. As a result, a smaller increase of fluence is necessary to achieve
the same temperature rise.

Here, the theoretical temperature model is applied to these results. The
respective comparison is represented in Fig. 3.15. Consistently with what seen
for the fluence-dependent transmission, where it was shown how larger spot-
sizes result in lower threshold fluence values, in Fig. 3.15(a) the dependence
of the maximum attained temperature upon excitation density increases in a
slower fashion when the spot-size is smaller. Therefore, the characteristic times
for the relaxation dynamics (Fig. 3.15(b)) are not the same for every fluence.

Fig. 3.15: Comparison of the thermal model parameters for
excitations with different pump spot-sizes. (a) While in both
cases the initial temperature (Ti) remains constant at room tempera-
ture, Tf exhibits a slower increase with fluence for excitation with a
smaller spot-size. (b) Characteristic times of the recovery rates in the
insulating phase (τ1) and in the metallic phase (τ2).
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Case FTH TTH τ1
(mJ cm−2) (K) (ms)

50Hz, 294K, air 6.6 334 0.65
50Hz, 294K, vac. 5.1 335 6
50Hz, 90K, vac. 15.3 334.5 6
500Hz, 294K, air 6.2 - -
50Hz, 295K, air 10.5 334.5 0.61
(9x smaller pump)

Table 3.2: Correspondence of threshold fluence and temper-
ature. While the required fluences are not the same for triggering the
phase transition under different experimental conditions, the threshold
temperature do coincide.

3.2.5 Discussion

Table 3.2 summarizes the threshold fluences measured within the different ex-
perimental cases. As it can be seen, they strongly depend on experimental
factors, such as the ambient conditions (atmospheric pressure or vacuum),
pump laser repetition rate, base temperature, and even the pump spot-size
on the sample. Nonetheless, when simulating the dynamics with a simple
temperature-based model, it is encountered that all the values correspond to
excitation to a temperature in the range of 334–335K. This value is lower than
the defined TC (of 340K for this sample), but it corresponds to the beginning of
the hysteresis behaviour of the transmission upon temperature, where the heat-
ing and cooling branches have split and fractions of the sample have already
started to switch into the metallic phase. On the other hand, in a high-quality
single crystal with a characteristic sharper transition, the threshold fluence is
expected to coincide with TC.

The results presented here display a good agreement between the recovery
dynamics of the photo-induced phase transition in VO2 and those simulated by
a solely thermal model. This way, the temperature-dependent fluence threshold
is merely the consequence of requiring a larger amount of energy to be absorbed
for reaching the temperature of ≈ 334K, rather than for achieving a critical
carrier density for collapsing the band-gap, as hole photodoping should not
depend on the base temperature of the material. Furthermore, in view of
these new results, the divergence from thermal predictions reported at low
temperatures in [101], in which the transition could be triggered by lower
fluences than the corresponding to the difference in thermodynamic energies,
may have a simpler explanation. Considering this experiment was conducted
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3.2 The recovery dynamics of a thin film of VO2

on a thin film under vacuum conditions, the observed effect could arise from
heat-accumulation that had already raised the temperature of the sample from
its initial base.

The thermodynamic energy required for inducing the phase transition in
VO2 is given by the expression ETH = Cv∆T + HL, where Cv and HL are
the heat capacity and latent heat, respectively. Assuming that in the photo-
induced phase transition all the absorbed pump-pulse energy is transformed
into heat, the minimum incident fluence for thermally inducing the metallic
state can be calculated with FTH = ETHd/(1 − R), where d is the sample
thickness (since it is thinner than the penetration depth), and R, the reflec-
tivity of VO2 at 800 nm (of 0.28). With a latent heat of 235 J cm−3 [102] and
integrating the heat capacity over the desired temperature range [102], the op-
tical thresholds for inducing the transition are calculated to be ≈ 4mJ cm−2

and ≈ 8.5mJ cm−2, for base temperatures of 295K and 90K, respectively.

The values measured here for the photo-induced transition are somewhat
higher than these, an effect that might be related to superheating phenomena
found to occur in many first-order phase transitions. It should be noted as well,
though, that the thresholds measured at microsecond time-scales are expected
to be generally higher than those obtained when measuring the response of
VO2 to photo-excitation within the picosecond regime, as volume expansion
processes have an effect on the dynamics. This simple calculation represents a
lower limit for the energy required for driving the transition, as many factors
are neglected, in particular those specific to the employed sample. However,
in none of the cases measured here the transition is photo-induced by exciting
the sample with a lower fluence than that required by thermodynamics.

The strong dependency of the threshold fluence on experimental parame-
ters hinders the utility this value can have for characterizing the phase transi-
tion process. It is important to notice that, despite these measurements being
carried out in the millisecond regime, the fact that the system does not re-
cover fast enough has a major effect also on femtosecond time-scales as a result
from the repetitive nature of pump-probe measurements. As a final step in
the investigation of threshold fluences, motivated by the claim that probing
the photo-induced phase transition with different wavelengths leads to dis-
tinct thresholds, the fluence-dependent transmission of a thin film of VO2 is
measured after photoexcitation employing photon energies in the visible and
mid-infrared regime.
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3.3 Threshold-fluence measurements in the
visible-MIR regime

In the experiments performed by Morrison et al. mentioned at the beginning
of this chapter, 5-µm-wavelength laser pulses were employed to probe the elec-
tronic band-gap, which was found to collapse without the need of a structural
distortion [51]. This claim was based on the fact that the threshold value for
the closing of the band-gap was lower than that found by means of the struc-
tural probe provided by electron diffraction. Nonetheless, in light of the new
information presented so far regarding the dependence of threshold fluences on
so many external parameters, such important claim is now tested.

The photo-induced phase transition is probed here with a selection of pho-
ton energies that lie both below and above the band-gap of VO2 (≈ 0.6 eV).
Whereas the shorter wavelengths are mainly sensitive to changes in the den-
sity of states above the insulating gap, and the regime around 800 nm has been
shown to probe the structure through phonons measurements, the signal pro-
vided by energies well below the band-gap, such as 5µm, are expected to probe
the emergence of metallic-like conductivity from the intragap electronic states.
The observed suppression of transmission at these lower photon energies im-
mediately after strong photo-excitation has been taken as indication for the
closure of the band-gap and the onset of a Drude-like response of free electrons
in metallic VO2 [48, 51, 100].

The pump-probe measurements presented here were performed by exciting
the thin film of VO2 with an 800 nm pump laser at a repetition rate of 100Hz
and probed with laser pulses of different wavelengths ranging from the visible
to the mid infrared regime generated by difference frequency generation from
the signal and idler beams of an IR optical parametric amplifier (OPA) (see
Fig. 3.16). The sample was held at room temperature under atmospheric
pressure conditions. The transmitted intensity was recorded by a photo-diode
connected to the same oscilloscope as in the previous experiment. Additionally,
the response of the sample was tested under these experimental conditions to
check for a complete recovery between laser pulses.

It is worth mentioning that fluence determination is always accompanied
by experimental uncertainties, mostly arising from small errors in spot-size
measurements, losses in absorption/reflection at different angles of incidence,
and sample inhomogeneities. Moreover, as seen in previous sections, experi-
mental parameters may have major effects on the thresholds observed for the
phase transition. Therefore, the importance of these results does not focus
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Fig. 3.16: MIR pump-probe experimental setup. The sample
is excited with 800 nm pump pulses at 100Hz and probed with wave-
lengths generated by an OPA, in the mid infrared and visible regime.

on the absolute values obtained, but on the relative differences between four
measurements performed in the same experimental setup under the same con-
ditions. Additional measures were taken to ensure that every probe deposited
the minimum and equal power on the sample, as due to the nature of the
frequency conversion processes, its efficiency is highly wavelength dependent,
which results in different wavelengths having different intensities. This step is
vital, as probe pulses can also act as a heating source in the same way the pump
does, especially since they are typically focused to a much smaller spot-size.

Figure 3.17 displays the fluence-dependent differential transmission mea-
sured at 1 ps after photo-excitation employing the following wavelengths: 680 nm
(1.82 eV), 1.375µm (0.90 eV), 1.890 µm (0.66 eV), and 5 µm (0.25 eV). As per-
formed for the fluence scans displayed in Fig. 3.8, the threshold values are
defined as the intersection of the linear fits represented by the dashed lines for
each wavelength. The results are collected in Table 3.3. As observed, all the
values obtained lie within the range of 4.0–4.6mJ cm−2.

No significant differences can be observed neither in the fluence-dependent
transmission behaviour, nor in the obtained threshold fluences. No evidence for
the emergence of a metallic state at lower fluences can be extracted from these
results and hence the claim for decoupled electronic and structural transitions
have no support from this experiment. Instead, a single threshold value is found
to describe the photo-induced phase transition in VO2, which is assigned to
the M1-R transition.
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Fig. 3.17: Fluence-dependent transmission change at 1 ps in
the visible-MIR regime. .

λ (µm) FTH

0.680 4.6
1.375 4.5
1.890 4.0
5 4.4

Table 3.3: Threshold fluences in the visible-MIR regime. Val-
ues of the threshold fluence of the photo-induced phase transition ob-
tained by probing with different wavelengths.
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3.4 Conclusions

This chapter has shown that the slow recovery dynamics of VO2 are vital
for the correct interpretation of threshold measurements, not only on the long
time-scales measured here, but also on the femtosecond regime, as a result from
the repetitive nature of pump-probe measurements. Heat buildup effects are
of particular importance in experiments performed on free-standing thin films,
where the lack of material that can act as a heat sink limits the rate of thermal
diffusion. It is important to note, though, that the experimentally crucial
quantities, such as the time it takes for the system to return to equilibrium
conditions after excitation, are connected to the extrinsic properties of the
experiment, rather than to intrinsic properties of VO2. As a result, the recovery
times of the investigated material should always be verified before conducting
the final measurements.

On the other hand, from the physics perspective, this study has demon-
strated that a simple thermal model is able to accurately reproduce the experi-
mental observations on the recovery dynamics of VO2. The agreement between
experimental results and simulations is striking considering that the behaviour
within the hysteresis region, which is non-trivial, is not included in the model.
This further reinforces the existence of a common pathway for the thermal and
photo-induced phase transitions.

The strong dependency of the threshold energy densities on experimental
parameters and ambient conditions makes difficult the comparison of thresh-
old values obtained from different measurements. Despite being reported in
literature, laser-induced heating has mostly been neglected. While several ex-
periments have considered heat buildup from the use of high laser repetition
rates, the effect of pump spot-sizes, or working under vacuum or atmospheric
pressure conditions has been generally ignored. As a result, it is highly proba-
ble that the reported discrepancies on VO2 from the past years arise from such
wrong practice when interpreting the threshold values of the transition. More-
over, in this chapter it has been shown that when performing pump-probe mea-
surements employing different probe wavelengths but with a maximum control
over external parameters, the differences between thresholds are vanished.

Interestingly, the results obtained by Morrison et al., in which they claim
the existence of a monoclinic metallic state, were based on the comparison
of threshold fluences measured with ultrafast electron diffraction, sensitive to
structural changes, and with a 5µm probe, sensitive to the band-gap. However,
UED was conducted in vacuum while the IR experiment was carried out at
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atmospheric conditions. The work presented in this chapter demonstrates,
though, that changing the ambient conditions of the experiment can lead to
significant different results due to the 10 times lower recovery rate for the
thin-film samples under vacuum. As a result, despite not being obvious in the
measured dynamics, heat buildup and the consequent temperature rise can
be significant high, making seriously difficult the direct comparison of fluence
values from both data sets.

As a natural conclusion from the results presented in this chapter, the
measurement of threshold values should not be employed as evidence for claims
on the nature of the phase transition in VO2, or any materials presenting a
first-order photo-induced transformation. While these concerns are particularly
significant for free-standing thin films, they are minor for single crystals, in
which their bulky nature is expected to provide a sufficient heat sink. Yet, the
recovery of thin films on substrates should still be considered, as thermal flow
between sample and substrate may limit heat dissipation.
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4 | Structural dynamics across the
phase transition

This chapter presents time-resolved measurements of the insulator-
metal phase transition of VO2 in the soft and hard X-ray regimes with
the aim of studying the role played by phonon dynamics in the transfor-
mation. Section 4.1 summarizes the key results published in literature
on the structural transition of VO2. Sections 4.2 and 4.3 present the
results obtained by means of time-resolved soft X-ray absorption spec-
troscopy and ultrafast X-ray total scattering, respectively. The insight
on lattice dynamics across the IMT obtained from both techniques pro-
vide a new description of the phase transition. The chapter ends with
conclusions in Section 4.4.
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4.1 Introduction

The exact role played by lattice dynamics in the ultrafast insulator-metal phase
transition in VO2 is currently still under debate. On one hand, phonon inter-
actions are regarded as the main force that drives the transformation in a
Peierls-mediated scenario. On the other hand, the lattice distortion is con-
ceived as a side effect, consequence of the charge redistribution resulting from
strong Coulomb forces acting within a Mott-physics picture. The main respon-
sible mechanism may be reflected in discernible differences in the dynamics of
the phase transition. In this regard, Cavalleri and co-workers suggested that
by watching the transition directly, the nature of the driving mechanism could
be revealed [46].

Generally, solid-solid crystallographic transitions where the system un-
dergoes a symmetry change are characterized by a more symmetric high-
temperature phase with respect to the low-temperature phase. Furthermore,
the low-symmetry phase can be obtained from the high-symmetry phase by
distorting the crystal structure along specific phonon coordinates at a partic-
ular wavevector. Such is the case in VO2, with the rutile phase displaying a
greater symmetry than the M1 structure, and the phase transition expressed by
modes at the R-point of the rutile structure [103]. To date, the ultrafast phase
transition has been assumed to be displacive along this specific phonon coordi-
nate. However, more recently, an alternative transformation pathway, resulting
from disorder, has been suggested based on equilibrium measurements [104].
Understanding the type of transformation followed represents a key factor for
the complete comprehension of the properties exhibited by the material, and
opens up new directions for the efficient control of them.

In a displacive phase transition, the frequency of a specific phonon mode
continuously decreases as the phase transition is approached, known as phonon
softening, until the frequency reaches a zero value at Tc. A zero-frequency
phonon implies an unstable lattice structure. A new mode hardens again below
the phase transition as the system finds the new, displaced, equilibrium posi-
tions of the lower-symmetry phase. During this process, the atoms are shifted
in a coherent motion following the soft vibrational mode that links the low-
and high-symmetry structures. In contrast, in an order-disorder transition,
the atoms move from one structure to the other in an incoherent way with
no well-defined wave vector to conduct the transformation. Instead, diverse
pathways can be followed by the atoms, to arrive to the same final destination.
In this case, no phonon softening at any wavevector characterizes the phase
transition. Notably, in both processes the average atomic positions may follow
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a trajectory along the same coordinate between both symmetries, as illustrated
in Fig. 4.1.

Fig. 4.1: Transition mechanisms between the M1 and R
phases of VO2 upon photoexcitation. In a coherent displacive
transition, the V ions collaboratively reshuffle their positions along
the reaction coordinate towards the rutile structure. The disorder-
ing mechanism has no well-defined wavevector, and the V ions move
towards the high-symmetry structure in a spatially incoherent fashion.

Initial symmetry analysis of the metallic rutile phase of VO2 suggested that
the crystallographic phase transition could be explained in terms of a phonon
at the Brillouin-zone boundary, specifically at the rutile R-point, that softens
on cooling towards the phase transition within a displacive process [103, 105,
106]. Rutile zone-boundary R-points are equivalent to zone-center Γ-points of
the monoclinic phase. Therefore, the modes relevant to the structural tran-
sition belong to a low-energy optical branch of the M1 phase that becomes a
transverse acoustic branch in the rutile structure. Specifically, the phonons
of the insulating phase often ascribed to the dimerization and rotation of the
vanadium atoms are Ag modes at ∼ 5.9THz and ∼ 6.7THz, which soften signif-
icantly, in the high-temperature phase, to frequencies in the 2–4THz range [46].
In order to measure the modes away from the Brillouin-zone center, probes with
finite momentum are necessary.

Traditionally, the most powerful method for this has been inelastic neutron
scattering (INS), which allows the study of lattice dynamics through phonon
dispersion in several crystals. However, due to the extremely large incoherent
cross-section of neutron scattering for vanadium, large single-crystals are re-
quired. The difficulty in growing sufficiently wide crystals, together with the
tendency of such crystals to fracture across the phase transition, has made
of INS a very challenging technique for studying VO2. As a result, for many
years the comprehension of lattice dynamics has relied mainly on Raman spec-
troscopy [107, 108], together with other indirect approaches able to probe
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the evolution of phonons across the IMT, such as acoustic waves measure-
ments [109]. These early measurements reported very different spectra for the
monoclinic and rutile structures of VO2. While the low-temperature phase
appears to be characterized by sharp peaks at distinct phonon frequencies,
the high-temperature phase consists of a broad frequency band [107, 108, 110].
This broadening stands as a signature of the heavy damping of phonons, which
was attributed to strong electron-phonon coupling in the metallic phase that
reduces phonon lifetime [107].

To overcome the limitations of Raman measurements and optical probes
in general, only sensitive to modes at the Γ-point, a different approach was
adopted, which exploited the larger penetration depth and higher photon mo-
mentum of hard X-rays to measure thermal diffuse scattering (TDS) [110].
The presumed softening of the R-point rutile phonon modes should give rise to
an enhanced diffuse scattering across the corresponding regions of reciprocal-
space. This experiment provided the first experimental observations compati-
ble with such a phonon softening. The evidence was, though, hindered by the
poor data quality from that time.

As a result, the VO2 phase transition, as well as most ultrafast solid-solid
transitions, has been generally considered as a chemical reaction, in which
the system evolves along a reaction coordinate that links the two structures,
corresponding to the wavevector of the rutile soft phonons. More recently,
time-resolved studies of the structural transition based on ultrafast electron
and X-ray diffraction gave support to the displacive description of the phase
transition [45, 51, 56]. The coordinated atomic motion along a well-defined
wavevector was found to limit the speed of the photo-induced transition leading
to the so-called structural bottleneck [46], introduced in Section 1.3.

Until recently, mapping the entire phonon dispersions across the Brillouin
zone had remained an unsolved challenge. But in 2014 a new experiment
conducted by Budai et al. shed light into this issue. By combining inelas-
tic X-ray and neutron scattering on small single-crystals and powder samples,
respectively, they achieved the first detailed picture of the lattice dynamics
over a wide q-region across the phase transition in VO2, supported by first-
principles DFT-based phonon simulations [104]. This study showed how the
structural transition is accompanied by large changes in the phonon spectrum
over extended regions of the q-space. In particular, the modes of the mono-
clinic optical branches appear to soften abruptly when transforming into the
rutile acoustic branches, with an energy drop from ∼ 25meV to ∼ 12meV. The
lattice potential in the high-temperature phase was found to be largely anhar-
monic, leading to a great increase of phonon entropy in the metallic phase.
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Calculations concluded that phonons account for approximately two thirds of
the total entropy raise across the transition from M1 to R that eventually sta-
bilizes the metallic phase. Notably, no zero-frequency modes were found at
the R-point across the phase transition, disproving previous suggestions of a
soft-mode transition at this wavevector [106, 110].

These recent results confirm early proposals about high phonon entropy
responsible for stabilizing the metallic phase [111]. Considering phase stability
as achieved by minimizing the Gibbs free energy, within this thermodynamic
description, the phase transition results from the competition between mini-
mizing the electronic energy in M1 by V-V dimerization, and maximizing the
entropy arising from soft anharmonic phonons in the metallic phase. Further-
more, the absence of phonon condensation close to Tc and the abrupt softening
point towards an order-disorder type of transition, rather than a displacive
process as generally believed.

As well as changing the existing view of the equilibrium phase transition,
this work also challenges the current interpretation of the ultrafast transition.
If there is not one specific mode responsible for the phase transition, it is hard
to argue that it should proceed at a defined structural bottleneck time scale.
However, it is also not obviously clear what limits the time scales when the
transition is driven by disorder. Therefore, the fast electronic time scales re-
ported by some previous studies could still be the result from lattice dynamics.

In order to shed light on the role played by phonon dynamics in the photo-
induced insulator-metal phase transition in VO2, the lattice evolution across
the IMT is probed employing different methods. First, changes in the crys-
tal field upon photoexcitation within the monoclinic and rutile structures are
studied by means of time-resolved soft X-ray absorption spectroscopy within
picosecond time scales. For deeper insight into the dynamics, these results are
combined with femtosecond optical spectroscopy and coherent phonon genera-
tion, capable of probing phonons response near the Brillouin-zone centre with
sub-50-fs temporal resolution. Finally, through an ultrafast hard X-ray diffuse
scattering technique, femtosecond phonon dynamics over extended q-regions
of reciprocal space are investigated, providing the first measurements on the
momentum-dependent phonon spectrum changes across the phase transition.
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4.2 Time-resolved X-ray absorption spectroscopy

As presented in Section 2.2.2, XAS is a particularly useful technique for study-
ing the insulator-metal phase transition in VO2, as it is both sensitive to elec-
tronic and structural degrees of freedom, and is element specific. Extending
this technique to the time domain can thus give insight into the evolution of
these features across the IMT. Specifically, the XAS signal results from tran-
sitions from localized core states (initial states) into unoccupied levels of the
conduction band (final states). In general, a time-resolved XAS signal can re-
sult from transient changes in either the initial or the final states, or both. Yet,
in the soft X-ray region, where this work is carried out, the picture is simplified
by the existence of large screening in the core states, so that changes in these
initial states caused by photo-excitation or phase transitions are minimal, and
any measured signal can be attributed to modifications of the final states alone.
This is not the case, though, for measurements performed with lower-energy
photons, such as XUV and optical frequencies, which gives soft XAS a distinct
advantage over other techniques.

With regard to the final states, two phenomena can drive changes in them.
Firstly, a redistribution of the electronic population within an unmodified band
structure may block transitions into previously unoccupied states, or allow
transitions into previously occupied ones. In the XAS signal, this results in
changes predominantly affecting the spectral region that probes states near the
Fermi energy. Alternatively, final states can be altered by changes in the band
structure or crystal field, which can modify the distribution and density of the
unoccupied states. This may not result in localized spectral changes in the
XAS signal, but in broader modifications. Therefore, XAS spectra can probe
both electron and state dynamics.

The first time-resolved XAS experiments on VO2 were conducted by Caval-
leri et al., first on the picosecond [98] and later on femtosecond time scales [112],
along the vanadium L- and oxygen K -edges with approximately 4 eV spectral
resolution. The range of probed photon energies was therefore limited, which is
of particular concern given that the relevant XAS features, that show changes
across the IMT, are typically 1 eV wide. To date, further time-resolved studies
in this important spectral region have not been performed.

The aim of this study is to probe the evolution of these XAS features across
the photo-induced insulator-metal phase transition. The work is focused on the
absorption features at the oxygen K -edge, as these have been proven essential
for obtaining information about various aspects of the phase transition of VO2,
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such as the role of electronic correlations [44, 83], the existence of a monoclinic
metallic state [25], the presence of other insulating phases [93], and to image
phase separation with high spatial resolution, as performed in Chapter 2.

4.2.1 Experimental details

The time-resolved XAS measurements were carried out at the FemtoSpeX facil-
ity (UE56/1 ZPM beamline) of the BESSY II synchrotron radiation source [113,
114]. The employed samples, 75-nm-thick polycrystalline VO2 thin films de-
posited onto 150-nm-thick free-standing Si3N4 membranes by PLD, have the
same characteristics as those utilized in the holography experiments presented
in Chapter 2 (see 2.3.2). During the experiments, the films were maintained
under ultra-high vacuum conditions. Laser pulses of 50 fs duration and 800 nm
central wavelength excited the sample, and soft X-rays from the isolated hybrid
bunch in the normal multi-bunch pattern were gated to probe the response of
the sample in transmission. The achieved temporal and spectral resolution
were of ∼ 75 ps and ∼ 1 eV, respectively. At this beamline, the monochromator
is optimized for the best compromise between flux and resolution of the X-ray
pulses, hence the high spectral bandwidth.

High-resolution spectra measured at low and high temperatures obtained
at the UE52-SGM beamline are displayed in Fig. 4.2(a). The relevant XAS
features are clearly visible, with the small red-shift in the metallic phase of
the π∗ states probed at 529 eV, and the presence of an extra peak at 530.5 eV
due to the split of the d‖ band (detailed description of the XAS features can
be found in Section 2.2.2). Such features are washed out in the spectra mea-
sured at the FemtoSpex beamline due to the lower spectral resolution, as seen
in the dashed trace in Fig. 4.2(b). A good agreement between both measure-
ments can be found when comparing the low-resolution with the high-resolution
spectra after convolution with a Gaussian function of 1 eV width. The small
discrepancies observed are related to the fact that the FemtoSpeX facility is
not optimized for static spectral measurements and can be more affected by
background drifts. Despite the relatively low energy resolution, the two major
absorption peaks can still be distinguished, and these spectra represent a factor
of four improvement over previous time-resolved XAS [98, 112].

As shown in Chapter 3, heat accumulation can become significant when
measuring free-standing thin-films under vacuum conditions, as the recovery
of the sample between pump laser pulses is severely limited. Therefore, it is
not possible to work at the usual repetition rate of 3 kHz of the FemtoSpeX
facility. According to results presented in 3.2.3, an ideal measurement setup
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(a) (b)

π* dǁ

σ*

Fig. 4.2: X-ray transmission spectra of VO2 at the O K-edge.
(a) The high spectral resolution of 0.1 eV of the spectra obtained at
beamline UE52-SGM allow for the clear distinction of the π∗, d‖, and
σ∗ states. (b) The low-temperature spectrum with 1 eV resolution
measured at the FemtoSpeX beamline is in good agreement with the
M1 trace in (a) after convolution with a 1-eV-width Gaussian function.

would require laser repetition rates of less than 50Hz for a complete recovery of
the sample at room temperature under vacuum conditions. However, this was
not feasible at the FemtoSpeX facility because low repetition-rates have a very
strong impact on the signal-to-noise ratio of the experiment, and the active
beam stabilization of the pump laser required a minimum repetition rate of
600Hz. Therefore, as a compromise, the pump laser repetition-rate was set to
RL = 600Hz, with the additional cooling down of the sample to a temperature
of 90K, which limits the induced temperature rise.

Fig. 4.3: Timings of the pumped and unpumped probe signals.
While all the X-ray pulses from the bunch pattern impinge on the
sample, only those labelled as IP and IU are detected within the pump-
probe measurements to be afterwards compared to each other.

At this reduced pump frequency, the collected data suffers from much
lower statistics. With the aim of improving the signal-to-noise ratio of the
experiment by reducing noise from slow drifts and fluctuations in the detection,
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extra measures were taken in the data acquisition process. Two X-ray pulses
from the pulse train were used to probe the sample, giving rise to the pumped
and unpumped signals. At this beamline, the pump laser is synchronized to a
fraction of the repetition-rate of the synchrotron light source, which is RS =
1.25MHz. In the following, the pumped signal, IP, corresponds to the X-ray
pulses that are timed with respect to the laser pulse, in the sense that the
pump arrives to the sample at a controllable temporal delay within a window
of ± 1 ns of the X-ray probe (see Fig. 4.3). On the other hand, the unpumped
signal, IU, corresponds to the detected X-ray pulse that arrives at a time
1/RL − 1/RS ' 1.666ms after the previous pump pulse, or 800 ns before the
next. The transmission from these two X-ray pulses, IP and IU, is recorded
by means of gated detection. 1.666ms corresponds, then, to the maximum
possible delay between pump and probe, which, in the ideal case, results in
the unpumped channel probing the same state as that found when the laser
is blocked. By doing so, any long-lived effects that could exist in the sample,
in particular as a consequence of heat, are probed by the unpumped channel,
which detects the new steady state of the sample immediately prior to the next
excitation pulse.

4.2.2 Transient XAS spectra

Different transient signals were observed in the XAS spectra when exciting the
sample with increasing pump fluences. In the following, the spectra are dis-
played in the differential form of transmission, i.e., ∆T/T = (IP − IU)/IU, to
better reflect the change in the sample before and after excitation. Figure 4.4
shows the transient differential spectra measured within a pump fluence range
of 1–18mJ cm−2. It can be seen that the largest changes occur at two different
photon energies: 529 eV and 530.5 eV, with negative and positive changes, re-
spectively, in comparison to the ground unpumped state. Recalling Chapter 2,
these energies probe transitions into the π∗ and d‖ bands. The dependency
of these states upon pump excitation is displayed in Fig. 4.5, where it is clear
how both states start to change concomitantly above a threshold fluence of
3mJ cm−2, and the signals increase in amplitude up to 4.4mJ cm−2. After
this point, they begin to decrease until no transient change is observed at
5mJ cm−2. Interestingly, raising the pump excitation above this level results
in a different change of the XAS spectra, which show a signal at 530.5 eV
that gradually increases in amplitude with opposite sign with respect to the
low-fluence signal.
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Fig. 4.4: Fluence dependent XAS spectra of VO2 measured
at +400 ps. The amplitude of the changes in transmission increases
up to a pump fluence of 4.4mJ cm−2, where it reaches its maximum
before decreasing until no transient change is observed at 5mJ cm−2.
The traces are offset for clarity.
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Fig. 4.5: Fluence dependence of the π∗ and d‖ states. Above
a threshold of 3mJ cm−2, the amplitude of the change of both states
start increase with fluence. After reaching 4.4mJ cm−2, they are re-
duced and there is no significant change already at 5mJ cm−2. For
higher fluence, at 530.5 eV a signal with opposite sign with respect to
the low-fluence signal is visible.

In order to understand this fluence-dependent behaviour, the full differen-
tial transient spectra at two crucial pump excitations are compared in Fig. 4.6
with the static differential spectrum. For a better comparison in terms of spec-
tral resolution, the latter is calculated from the convolved static insulating and
metallic spectra. A very good agreement is found between the static and tran-
sient spectra measured at 4.4mJ cm−2. A decrease of the d‖ and an increase
of the π∗ states can be observed, which correspond to a transition from the
insulating M1 to the metallic R phase. Thus, from this it can be inferred that
exciting with low fluences above a threshold of 3mJ cm−2 induces the IMT.
The discrepancy at the edges of the spectra coincide with those found between
the equilibrium spectra in Fig. 4.2.

In Fig. 4.5, below 3mJ cm−2, no dynamics are observed above the level of
signal-to-noise. At such low fluences, no structural transition is driven, hence
no changes in the band structure and state dynamics are expected. Still, elec-
tron dynamics in the form of charge redistribution may be present after photo-
excitation. This should primarily affect the conduction-band edge, probed with
photon energies around 529 eV. The fact that no changes are observed in the
present data suggests that either the carriers have already scattered their en-
ergy to the lattice on a much faster time-scale than the current resolution, or
that the sensitivity of the experiment is not sufficient to probe such signal.
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Fig. 4.6: Comparison of transient and static spectra. The
differential transient transmission spectra measured at +400 ps at
the oxygen K -edge display a different behaviour when excited by
4.4mJ cm−2 (red trace) and by 18mJ cm−2 (purple trace). The light-
red trace corresponds to the calculated differential spectrum of the
static spectra in Fig. 4.2(a) convolved with a spectral resolution of
1 eV.

On the contrary, when exciting with 18mJ cm−2 (purple trace in Fig. 4.6),
the transient spectrum displays a negative change in transmission with respect
to the unpumped channel, that peaks around 530 eV, suggesting a different
state is induced. Recalling the results presented in Chapter 3, the conditions
under which this experiment was performed are not ideal for a complete recov-
ery of the sample at high fluences to the ground state between pump pulses,
so the sample remains above TC. Therefore, above a fluence of 6mJ cm−2,
the transient XAS signal is lost because the insulator-metal phase transition
cannot be induced once the material is already in the metallic phase. And the
signal that emerges above 18mJ cm−2 corresponds to photo-excitation of the
metallic phase. Further proof of the nature of the high-fluence data will be
discussed in Section 4.2.3.

The temporal evolution of these observed changes is presented in Fig. 4.7,
which represents three typical resolution-limited transient signals. The increase
in transmission after photo-excitation at 530.5 eV and decrease at 529 eV are
expected for the insulator-metal phase transition. The initial responses are
resolution-limited, but, in the hundreds of picoseconds measured, they show
no subsequent evolution, suggesting that the whole sample volume has trans-
formed with no further growth of the metallic phase or thermal diffusion. The
same can be said about the time scan measured with 18mJ cm−2 in terms of
temporal resolution, although this signal cannot be reconciled with the IMT,
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Fig. 4.7: Time delay scans at 529 eV and 530.5 eV. The time
traces of the changes in the d‖ and π∗ states display the corresponding
positive and negative responses when pumped with low fluence. At
530.5 eV there is a change of sign of the photo-induced changes in
transmission.

but with the photo-excited rutile phase.

In view of the presented data, it is worth considering whether these spectra
can represent an intermediate monoclinic metallic phase that emerges between
the M1 and R phases. The spectrum of such a state would result in an absorp-
tion peak at 530.5 eV due to the split d‖ band characteristic of the monoclinic
structure, and an energy shift of the π∗ states, as they account for the metallic
behaviour by crossing the Fermi level. Therefore, the differential XAS signal
would display spectral shifts at 529 eV, with no changes in the 530.5 eV fea-
tures [25]. However, by observing Fig. 4.5, both spectral features appear to
change at the same fluence, strongly suggesting that the electronic and struc-
tural transitions are occurring concomitantly. Nonetheless, the possibility for
the monoclinic metallic phase originating at an intermediate fluence within the
range ∼3.4–3.6mJ cm−2 and/or having a shorter life than the temporal reso-
lution reported here, as suggested by previous ultrafast experiments [48, 51],
cannot be completely excluded.

Summarizing, three fluence regimes can be defined in this experiment. For
fluences below 3.4mJ cm−2,the sample is initially in the insulating phase and
the photo-excited M1 is probed. For fluences within the range 3.4–4.4mJ cm−2,
the phase transition is induced, and hence the M1-to-R transition probed.
Finally, above 4.4mJ cm−2, the photoexcited R phase is measured.
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4.2.3 Heat effects in the structural transition

In order to determine the role played by laser-induced heat in the phase tran-
sition, the pumped and unpumped channels are analysed independently. As
mentioned before, in ideal experimental conditions, the unpumped channel
should probe the same state as if the laser was blocked, so it should never
change regardless the excitation power. Moreover, this state should coincide
with that probed by the pumped channels at negative time delays. This is
not the case, though, in this experiment. Figure 4.8 shows the transient XAS
spectra as measured by the pumped and unpumped probes separately. This
way it can be observed how the trace pumped with 4.4mJ cm−2, correspond-
ing to the transient metallic phase, matches that of the unpumped channel
when the sample is excited by 18mJ cm−2. This proves that the differential
signal found at this pump fluence reported in the previous section results from
photo-excitation of the metallic phase.
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Fig. 4.8: Transient XAS spectra of the insulating and metallic
states. For a pump fluence of 4.4mJ cm−2 the phase transition is
induced, with the unpumped channel probing the M1 and the pumped
channel probing the R phase. For a higher fluence of 18mJ cm−2, the
unpumped channel matches the spectrum of the metallic phase.

The transmitted intensities as a function of fluence of both channels, mea-
sured at positive and negative time delays, are plotted in Fig. 4.9. Figure 4.9(a)
shows that at positive delay time, the pumped channel shows a decrease in
transmission at 3.3mJ cm−2, corresponding, as already seen before, to the IMT
probed at 529 eV. However, the unpumped channel shows an abrupt change as
well for a higher pump fluence, of 4.4mJ cm−2. On the other hand, at negative
time delays for the pumped signal, both channels decrease at once at the same
fluence of 4.4mJ cm−2. This variation of the unpumped channel can thus ac-
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count for the reduced differential signal above 4.4mJ cm−2 in Figures 4.4 and
4.5.

This demonstrates that, above such threshold, the steady-state properties
of the material have changed due to laser-induced heat. As a result, for fluences
above this value, at a repetition-rate of 600Hz, the average temperature of
the sample has been raised from 90K by almost 300 degrees to lie above the
insulator-metal transition temperature.

(a) (b)

Fig. 4.9: Transmission as a function of fluence in the pumped
and unpumped channels. (a) At positive time delays, a transient
signal is observed in the pumped channel for fluences above 3mJ cm−2.
From 4.4mJ cm−2 on, the differential signal is reduced as the un-
pumped transmission changes as well. (b) At negative time delays,
no differential signal is observed, but both channels change at the same
fluence of 4.4mJ cm−2.

4.2.4 Transient optical response under equivalent conditions

In order to show that under these experimental conditions the material is truly
in a long-lived metallic state for high pump fluences, complementary optical
pump-probe measurements are performed under equivalent experimental con-
ditions. However, measuring a real lattice-related response by means of optical
measurements is a challenging approach. Whereas soft X-rays are capable of
directly probing the crystal field, optical approaches are mainly sensitive to
the overall density of valence states. Therefore, the results are always ambigu-
ous in the sense that they can only probe the band structure in an indirect
way through the dielectric function measurement. This hinders the separation
of a metal-like signature resulting from a truly metallic response consequence
of a band-gap collapse, and that arising from the presence of free carriers in
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the conduction band due to photo-excitation but within an insulating band
structure.

A method to overcome this difficulty and probe the structural changes
associated to the IMT with an optical pump-probe measurement lies on probing
the lattice potential through the generation of coherent optical phonons. This
experiment was conducted in the optical laboratory at ICFO, employing the
white-light generation setup shown in Fig. 4.10. The sample was maintained
at 90K in a cryostat under high-vacuum and the laser repetition-rate was set
to 500Hz. Note that the standard repetition-rate of 5 kHz of the optical laser
can only be lowered by integer numbers, hence the speed discrepancy between
the X-ray and optical measurements.

Fig. 4.10: White-light generation pump-probe optical setup.
The sample, held in a cryostat, is excited with 800-nm pump laser
pulses and probed by white-light pulses generated through a sapphire
crystal. The transmitted intensity is recorded by a CCD camera inside
a spectrometer.

Coherent phonon generation

In an absorbing material, photons from the pump pulse in the near-UV, vis-
ible, and near-IR regime couple to valence electrons, photoexciting them into
previously unoccupied states. Such electronic charge redistribution within the
solid generates a force onto the lattice. The restoring forces experienced by the
ions upon their perturbation are dictated by the superposition of the phonon
modes of the lattice potential. When the force is generated by an impulse-like
excitation, with a duration shorter than the period of the phonons, coherent
motions of the lattice are induced. Given that phonons modulate the dielectric
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function of the material, these vibrations can be measured in the time domain
through the transient reflection or transmission of the solid. When the sym-
metry of the system changes, as it happens upon a structural transition, the
number and frequencies of the modes also typically change. This way, phonon
modes can be employed as a signature of the current phase of the system.

In 2012, Wall et al. demonstrated how this process can be exploited to
measure the temporal evolution of the phonon spectrum during the insulator-
metal phase transition of VO2 [57]. They found how, by exciting the ma-
terial with sufficiently intense pump pulses, the phonon modes characteristic
of the monoclinic M1 phase dramatically collapse, an indication of the ultra-
fast modification of the entire lattice potential symmetry. This also suggests
that, whereas in equilibrium the changes in ionic positions and in the phonon
spectrum are concomitant processes, out-of-equilibrium the lattice potential
may change before the ions have time to reach their new equilibrium positions.
Thus, such a strong perturbation of the lattice potential may become enough
for driving the system into the rutile phase. This way, the state of the system
can be probed in a non-equilibrium situation.

The transient response of the sample at 600 nm is shown in Fig. 4.11(a).
When the VO2 film is excited by low fluences (2.2mJ cm−2, light-red trace), the
ions in the M1 symmetry vibrate around their equilibrium positions, giving rise
to the observed coherent phonons oscillations. Increasing the pump excitation
to 5.8mJ cm−2 (red trace) causes a strong suppression of the phonon modes,
indicative of the change in the lattice potential symmetry and the subsequent
insulator-metal phase transition [57, 115]. At even higher fluences (dark-red
trace), the optical response changes dramatically in two manners. Firstly, an
offset is present at negative time delays, which indicates that the system is
not in the equilibrium ground state when the pump pulse arrives. Secondly,
the transient response follows a spike-like behaviour near zero time delay, a
characteristic response of the metallic phase of VO2. This can be confirmed by
looking at the high-temperature pump-probe trace presented in Fig. 4.11(b).
For this measurement, the cryostat temperature was maintained at 360K, well
above TC, keeping the sample in the equilibrium metallic phase. The excited
rutile phase shows the same spike-like response.

Noteworthy, an excellent agreement exists between the fluence regimes of
the XAS and the optical measurements. At low fluences, there is no observ-
able XAS signal in Fig. 4.5, as the lattice structure has not changed, and M1
modes can be seen in the optical traces. In the intermediate fluence regime,
the phonons suppression coincides with the changes in the π∗ and d‖ states,
which are all signatures of the insulator-metal and structural transition. At
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Fig. 4.11: Transient optical response at 600 nm. (a) Pump-
probe traces measured with 800 nm pump-600 nm probe under similar
experimental conditions as the time-resolved XAS. For low pump flu-
ences (2.2mJ cm−2), the oscillations of the M1 modes can be observed,
which are suppressed when the sample is excited by higher fluences
(5.8mJ cm−2), as expected for the M1-R transition. Above 8mJ cm−2,
the trace shows an offset at negative time delays and the transient re-
sponse of the excited metallic state, indicating the sample has been
heated above TC. (b) Transient response of the equilibrium metallic
phase, obtained by maintaining the sample at 360K, well above TC.

high fluences, the optical response shows an excited metallic behaviour, which
confirms the previously presented interpretation of heat as the responsible for
changing the steady-state properties of VO2, raising the temperature of the
sample above TC. The excited rutile phase in the soft X-ray data appears as a
change close to 530 eV, and will be further discussed in the following section.
The small variations in threshold fluences between the two data sets arise from
the different laser repetition-rates, slightly lower for the optical measurements,
as already explained. This provides some more time for the sample to recover
between pulses, and, therefore, a reduced temperature rise for the same fluence.

4.2.5 The photo-excited metallic state

Having established that at high excitation densities the pump-probe signal
originates from the metallic phase, the reported transient absorption of the
photoexcited metallic phase constitutes the first observation ever of such a
signal in the soft X-ray regime.

In the metallic phase, the d‖ band, located in the same energy region as
the π∗ states, is no longer split. Therefore, given the spectral position of the
photo-excited rutile-phase signal, the system is treated as if only consisted of
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the π∗ states for simplicity. For a better comprehension, Figure 4.12 schemat-
ically depicts the band structure formed by the π∗ states, probed with photon
energies close to 529 eV, and the corresponding XAS signal that results from
it, along different states of VO2. Panels 4.12(a) and 4.12(b) illustrate the in-
sulating M1 and metallic R phases, respectively. In the former, the π∗ states
constitute the minimum of the conduction band, which lies just above the
Fermi energy, and gives rise to the lower edge of the first absorption peak in
the XAS spectrum. Upon transformation into the metallic phase, the π∗ states
move below the Fermi energy, leading to a red-shift of the absorption edge.
This provides the existence of new states in the insulating gap, which results
in an increase in absorption, or a decrease in transmission, close to 529 eV, as
observed both statically and dynamically in Fig. 4.6. Notably, this change is
not related to carrier dynamics, but a consequence of a modification of the
band structure, as it occurs both in and out of equilibrium.

A reasonable question arises, though, about whether the signal observed
in the transient excited metallic phase is due to a change in charge distribution,
or, on the contrary, to a change in the density of states (DOS) and band struc-
ture. The first scenario is illustrated in Fig. 4.12(c), with a purely electronic
response in which an increase of the electronic temperature leads to the de-
population of previously occupied states below the Fermi energy, while states
above it become partially filled. Such a process is translated into a bipolar
XAS feature close to 529 eV, as these photon energies probe states close to the
Fermi energy. Specifically, below the initial edge, absorption increases (trans-
mission decreases), given that X-rays can now probe lower-energy states that
are less populated than they were before photoexcitation. Likewise, a small
region above the Fermi level decreases in absorption (transmission increases),
because previously empty states become now populated. These XAS features
are not observed, however, in the transient spectra measured in the metallic
phase in Fig. 4.6, but only an increase in absorption is observed at these photon
energies.

The alternative scenario is represented in Fig. 4.12(d), with a change in
the bandwidth of the π∗ states. Such a process is consistent with the significant
broadening of this band that occurs across the insulator-metal transition [13,
21]. A π∗ band broadening results in an increase in absorption (decrease in
transmission) above the Fermi energy, as new states at the top of the con-
duction band become available. This process might result counter-intuitive
considering that thermal disorder and expansion reduces orbital overlap and,
hence, bandwidths. However, this interpretation is in agreement with the re-
cent experiment by Budai et al. [104] explained in Section 4.1, which showed
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how the phonon anharmonicity of the rutile phase is decreased when increasing
further the temperature away from the phase transition. Thus, phonon modes
stiffen on heating, which actually reduces vibrational disorder. Interestingly,
spectral weight is not conserved in this spectral region during such process,
which also implies a change in hybridization with oxygen 2p or with other
vanadium 3d levels, such as the d‖ states. Further theoretical calculations are
required for a definitive conclusion on this matter, which still represent a chal-
lenge nowadays. Yet, recent demonstrations that the properties of VO2 can
be captured through DFT in equilibrium [21] suggest that such studies might
become available in the near future, even for complex materials as VO2.
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Fig. 4.12: Photoexcited metallic-state model. The scheme rep-
resents the density of states (DOS) probed by soft X-rays (SXR)
through different states of VO2 (for simplicity, only the π∗ band is
considered). (a) In the monoclinic insulating phase, absorption first
occurs into the unoccupied states, separated from the Fermi level by
the band-gap. (b) In the rutile metallic phase, the π∗ states move
below the Fermi level and XAS absorption occurs for lower energies
than in the M1 case. (c) A hot electronic state in the photo-excited
metallic phase reduces occupation below the Fermi level and enhances
it above, resulting in an increase in absorption at low photon energies
and a decrease at higher ones. (c) Band broadening of the photo-
excited metallic phase enables more absorption at higher photon en-
ergies without shifting the start of the absorption process.
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4.2.6 Discussion

The results obtained here by means of time-resolved XAS are not in general
agreement with those reported by Cavalleri and co-workers [98, 112]. However,
it is important to notice that the samples employed for this work are of similar
thickness than those used by Cavalleri et al. Therefore, the issue of the limited
recovery of free-standing thin-film samples between pump pulses might have
also affected those initial measurements. Those experiments were conducted
at room temperature, with a repetition rate of 1 kHz and laser fluences of
25mJ cm−2, which are significantly higher than those reported here. As a
result, it appears highly probable that the pioneering measurements of the
insulator-metal phase transition in VO2 by time-resolved XAS were in fact
conducted on the photoexcited metallic state, and did not, thus, reflect the
dynamics of the IMT.

This work also presents the transient state of the metallic rutile phase upon
photo-excitation in the soft X-ray regime for the first time. The results remark
the major difference existing between the nature of this phase and the insulating
one, which does not show any transient response at these time scales and
photon energies. Moreover, the response of the rutile phase to photoexcitation
agrees with the thermal response, which shows stiffening of the acoustic phonon
branches when heating the system [104]. Such lattice hardening is a reflection of
the reduced phonon anharmonicity and, thus, entropy in the material, which
may lead to an increase in the states overlap and hybridization, causing an
increase in absorption in the π∗ states. However, the temporal resolution in
the picosecond time-scales of this experiment is not sufficient to investigate the
dynamics immediately after photo-excitation. In the following section, hard
X-rays are employed to probe the lattice evolution across the phase transition
with femtosecond temporal resolution.
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4.3 Time-resolved hard X-ray diffuse scattering of
VO2

As discussed in the introduction of this chapter, lattice disorder plays an es-
sential role in the equilibrium phase transition of VO2. Yet, the importance of
disorder in the ultrafast transition remains still unexplored. The main reason
for this is that the techniques that can probe disorder on the ultrafast time
scales have only recently been developed.

Current methods to probe the lattice have focused on Bragg scattering,
which is a technique widely applied for the study of crystallographic structures.
However, the advent of FELs has allowed in recent years to move beyond this,
and measure not only Bragg peaks, but the total X-ray scattering arising from
the sample, that is, including diffuse scattering. Non-equilibrium lattice dy-
namics can be investigated thereby within a typical pump-probe experimental
setup in which X-ray pulses of sub-100-fs duration act as the probe. In order
to understand the benefit from measuring this total X-ray scattering, a brief
introduction of the concepts involved in the technique is given now.

When a monochromatic X-ray beam is diffracted from a periodic struc-
ture, such as a crystal, the constructive interference of the scattered beams
from atomic planes gives rise to the so-called Bragg peaks. However, when
density fluctuations are present within the lattice, the amplitude of such peaks
is reduced, and the ‘lost’ intensity is redistributed into the inter-peaks back-
ground in the form of diffuse scattering. In that sense, diffuse scattering arises
by departures from perfectly periodic arrays of atoms, the causes of which are
wide, ranging from defects to thermal motion. The latter generates the so-
called thermal diffuse scattering (TDS), which results from the population of
phonon branches caused by the jittering of atoms around their equilibrium po-
sitions at non-zero temperatures. Larger displacements lead to more scattered
X-rays. It is important to notice that, although the presence of defects also
results in diffuse intensity, these scatter light elastically, while phonons do it
inelastically. Whereas elastic Bragg scattering techniques measure the average
atomic positions, providing thereby information on the long-range order, in-
elastic diffuse scattering is capable of probing the short-range structural order
through the disorder of the system.

The total X-ray scattering approach adopted here exploits both features:
discrete Bragg peaks and the diffuse scattering among them, allowing thereby
the measurement of dynamics involved in the structural phase transition at all
length scales. Such a technique is suitable for distinguishing between the two
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types of structural transitions presented at the beginning of this chapter. Dis-
placive and order-disorder processes give rise to different total X-ray scattering
patterns, as schematically illustrated in Fig. 4.13. If increasing the temperature
above TC induces a displacive process, the vanadium atoms arranged in dimers
collectively change their positions driven by spatially coherent vibrations of
phonons with wavevector at the rutile R-point. At low temperatures, defined
Bragg peaks, corresponding to the M1 structure, can be observed. When the
temperature is increased towards TC, the diffraction peaks decrease in intensity
as the V ions move away from their original positions until no M1 peaks are
visible above TC. This ‘lost’ intensity is transferred among peaks, that is, while
the amplitudes of the M1 peaks get weaker, those of the R peaks get stronger.

Alternatively, in an order-disorder transition (Fig. 4.13(b)), the atoms
move from the low- to the high-symmetry structure in an uncorrelated manner,
with no defined wavevector. The intensity of the Bragg peaks also decrease
in intensity when warming towards TC, but, whereas in the displacive case a
peak at a particular Bragg angle disappears because the atoms have reshuffled
their positions, in this type of transition, the peak vanishes due to a lack of
constructive interference at this wavevector. In this case, the ‘lost’ intensity is
transferred both to the R peaks and the diffuse scattering, which results in the
former not getting quite as intense as they would be in a displacive process.
Additionally, the uncorrelated disorder leads to large-amplitude motions of the
vanadium ions that still scatter the impinging X-rays, giving rise to extended
diffuse scattering across reciprocal space. Distinguishing these two scenarios
by means of Bragg scattering alone can be considered a nearly impossible task,
as to do so, an extremely large number of Bragg peaks needs to be measured
with good signal-to-noise ratio.
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Fig. 4.13: Total X-ray scattering for displacive and order-
disorder transitions. (a) In a displacive transition, diffraction peaks
decrease in intensity as the phase transition is approached due to the
cooperative motion of the V ions towards their new positions in the
rutile structure (red crosses). Above TC, no intensity is recorded at
that particular wavevector, as the V ions have shifted into their new
rutile positions. (b) In an order-disorder transition, the lack of co-
herence motion of the V ions when approaching the phase transition
leads to a reduced Bragg peak amplitude, but X-rays are still reflected
incoherently into a diffuse background. Above TC, the positions of the
V ions can be found at any point within the red circles.

4.3.1 Ultrafast disordering of vanadium dimers

Time-resolved XDS measurements were carried out at the XPP end-station [116]
at the Linac Coherent Light Source (LCLS) X-ray FEL, using 1.5 eV pump
pulses and 9.5 keV probe pulses on high-quality single crystals of VO2. Com-
plementary measurements were performed at beamline BL3 of SACLA FEL
under the same conditions. The laser repetition rate was set to 120Hz and the
sample was held in air, although enclosed in a helium purge box to reduce air
scattering of the X-rays, which can be of similar magnitude as the diffuse in-
tensity. A sketch of the experimental setup is illustrated in Fig. 4.14. In order
to match the penetration depth of the optical pump and X-rays probe beams,
a grazing-incidence geometry was adopted. The X-rays impinged on the sam-
ple at an angle of 0.5° and the pump laser was incident at 2.3°. Scattered
X-rays were recorded with a large-area detector, a Cornell-SLAC Pixel Array
Detector (CSPAD), which allowed for the measurement of extended q-regions
of reciprocal space.
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Fig. 4.14: Scheme of the experimental setup for time-resolved
XDS. The sample was mounted at grazing incidence to match the
pump and probe penetration depths. Rotations around the sample
normal enabled the measurement of different regions of the total scat-
tering pattern. A zero ϕ angle corresponds to the beam incident along
the rutile c-axis. The upper left insert shows a polarized-light mi-
croscopy image of the VO2 single crystal used in the experiment. The
light and dark patches correspond to M1 twin domains.

The sample mount was connected to a heating stage to measure the total
X-ray scattering patterns of the insulating and metallic equilibrium phases of
VO2. Figure 4.15(a) shows the static TDS patterns for the monoclinic struc-
ture measured at room temperature, characterized by the presence of Bragg
peaks at defined wavevectors. When heating the sample above TC, the scatter-
ing dramatically changes, as can be seen in false-colour plot of the differential
TDS between the 353K pattern and the M1 displayed in Fig. 4.15(b). This is
dominated by the suppression of Bragg peaks of the M1 phase (blue negative
spots) and the emergence of a strong rectangular-shaped diffuse feature. Simu-
lations of the change in total scattering based on the equilibrium force constants
obtained via DFT calculations are capable of reproducing these TDS patterns,
and indicate that the rise of diffuse scattering originates from the soft trans-
verse acoustic phonons of the rutile phase that correspond to the vanadium ions
that dimerize in the monoclinic phase [104]. The calculated thermal difference
(panel (c)) is in excellent agreement with the measurements, reproducing the
loss of M1 peaks and the diffuse scattering enhancement. More interestingly,
when photo-exciting the sample in the saturation regime, the X-ray scattering
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recorded after 350 fs, displayed in 4.15(c), shows a strong resemblance to the
thermal changes in 4.15(b). Notably, the regions where the diffuse intensity is
strongly enhanced are confined to those expected for the equilibrium metallic
phase. This shows that, on this rapid time scales, not only has the long-range
symmetry of the crystal changed, as indicated by the fast suppression of the
M1 peaks, but also the vanadium atoms have already adopted a rutile-like
displacement distribution.

Fig. 4.15: Total X-ray scattering patterns of the low- and
high-temperature structures. (a) In the thermal M1 phase, the
scattering pattern is dominated by the tails of three Bragg peaks. The
small amount of diffuse scattering is an indication that the vanadium
dimers are tightly bound, with only small-amplitude oscillations of the
bond lengths and angles. (b) In the thermal difference R-M1 TDS,
Bragg peaks are lost and there is a large increase of diffuse scatter-
ing with a box-like shape. (c) The scattering pattern recorded 350 fs
after photo-excitation with 20mJ cm−2 shows a dramatic suppression
of the M1 peaks and a strong increase of diffuse scattering. Remark-
ably, this is enhanced in the same regions as those in the equilibrium
metallic pattern. (d) The simulated differential pattern obtained with
the equilibrium force constants extracted from DFT calculations is in
excellent agreement with (b).
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Notably, observing the temporal evolution of the Bragg peaks and the
momentum-dependent diffuse scattering intensities displayed in Fig. 4.16, it
becomes apparent that the decrease of the former and the increase of the lat-
ter occur on the same time scales, as soon as 50 fs after photo-excitation, the
experimental time resolution. This proves that local disorder happens as fast
as the loss of the long-range M1 symmetry, which indicates that the transition
is dominated by disordering of the vanadium ions rather than by a coherent
atomic motion along a single wavevector. The resemblance to the diffuse distri-
bution of the equilibrium rutile phase is found to be achieved at 150 fs, showing
little subsequent changes after this point. Remarkably, the time scales for the
structural transition appear to be at least twice as fast as previously reported
transition velocities from ultrafast X-ray diffraction measurements [51, 56].

Fig. 4.16: Time dependence of the Bragg peaks and diffuse
scattering. Data from the Bragg peaks is normalized to the pre-
time zero amplitude for both experiments and calculations with no
further scale factors. The traces are in excellent agreement with AIMD
simulations (solid lines). The diffuse scattering data is obtained from
integration over the boxed area in Fig. 4.15(c), and compared to the
variance of the V positions extracted from AIMD simulations.
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Ab initio molecular dynamics (AIMD) simulations of the photo-induced
phase transition were performed to gain better insight into the dynamics ob-
served. With this aim, the effect of laser photoexcitation is modelled as a
prompt increase in the electronic temperature of the system within 1 fs. The
structural transition fromM1 to R was found to show a threshold-like behaviour
with Tel, above which the V dimerization is lost, as well as the twisting angle
of the V atoms. This provides the electronic temperature value required to
drive the phase transition, and hence to be included in the AIMD simulations.
To simulate the effect of the laser pulse, at each time step of 1 fs, the charge
redistribution resulting from the temperature jump is used to calculate the
force constants on the atoms by means of DFT calculations (same method as
in [104]). From the ionic positions extracted, both the time-dependent Bragg
and diffuse scattering intensities were calculated, represented by the solid lines
in Fig. 4.16. An excellent agreement can be observed in terms of the time scale
dynamics and the amplitude changes.

The effect of changing the electronic temperature by photoexcitation is
also simulated on the change in V-V bond lengths, schematically represented
in Fig. 4.17(a). At negative time delays, the monoclinic dimerization pattern
is represented by the bimodal initial distribution formed by the short dimer-
ized bonds (2.50Å) and the long bonds (3.16Å) along the rutile c-axis. After
the abrupt transition, both distances merge into the same value, leading to
the equidistant configuration expected for the rutile structure. Interestingly,
similar dynamics are observed for the twisting angle, suggesting that changes
in bond lengths and angle occur concomitantly and within less than 300 fs, as
opposed to previous results based on Bragg scattering analysis alone [56], and
other reported scenarios in which the V-V melting was claimed to be decoupled
from the vanishing of the twisting angle, leading to an intermediate monoclinic
metallic phase [42]. As a result from AIMD simulations, the bonding dynam-
ics change on very fast time scales consistent with those found for the diffuse
scattering rise.

Contrary to displacive processes, in which the normal frequencies of the
driving phonons limit the speed of the transition, here the vanadium atoms
adopt a rutile-like displacement distribution faster than the oscillation period
of any of the relevant modes, and much faster than the time required for a
cooperative unit cell rearrangement. This implies that the energy from the
laser pulses is transferred extremely rapid to the lattice, which can only occur
if the system finds itself beyond the harmonic motion regime. The AIMD
simulations show, in fact, that the interatomic potential induced by photo-
excitation is strongly anharmonic and flat, allowing for the vanadium atoms

125



Chapter 4 Structural dynamics across the phase transition

to adopt large displacements about their average positions in the rutile phase,
as illustrated in Fig. 4.17(b). This uncorrelated motion stands actually as the
origin of the high phonon entropy of the equilibrium metallic phase previously
reported [104, 111].

Fig. 4.17: Lattice potentials and V-V bonding upon photo-
excitation. (a) At negative time delays, the V bond lengths are
divided in short and long distances, corresponding to the M1 dimer-
ization. After photo-excitation, they quickly collapse to one distance
corresponding to the rutile chains of equidistant V atoms. (b) Lo-
cal potentials along the reaction coordinate dramatically change af-
ter photo-excitation. The M1 phase is characterized by a double-well
potential that corresponds to the V-V dimers. The large-amplitude
vibrations induced by above-threshold fluences lead to a sudden lift-
ing of the two minima, stabilizing the rutile flat anharmonic potential.
(The actual simulations can be found in [117].)

These measurements, confirmed by simulations, demonstrate that the
photo-induced phase transition in VO2 is of the order-disorder type, driven by
an ultrafast change of the lattice potential that suddenly disorders the vana-
dium dimers and yields large-amplitude rutile-like uncorrelated motions of the
V ions. The flat dispersiveless transverse acoustic phonon branches in which
this results proves that the transformation does not follow a single well-defined
wavevector, but proceeds without spatial coherence.

4.3.2 Fluence dependence of the structural transition

As mentioned above, the AIMD simulations predict a threshold-like behaviour
of the M1 structure when varying the electronic temperature of the system.
Namely, above ∼2900K, the short and long V-V bonds abruptly collapse to
the same value, while the twisting angles become 180°, resulting in a rutile-like
structure. This is consistent with the first-order nature of the phase transi-
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4.3 Time-resolved hard X-ray diffuse scattering of VO2

tion, and hence, with the existence of a laser fluence threshold for triggering
the process. Experimentally, the intensity of both the Bragg peaks and the
diffuse scattering show a threshold-like behaviour with pump fluence, chang-
ing abruptly above ∼ 5mJ cm−2, as displayed in Fig. 4.18. The Bragg peak
decreases linearly in intensity with absorbed fluence below the threshold, after
which the change is more rapid until saturation. In fact, the dynamics are
clearly different below and above threshold, as shown in Fig. 4.19. At low
fluences, the response of the Bragg peak’s intensity is modulated by coherent
oscillations of the 5.7THz phonon mode of the M1 phase, which are lost by in-
creasing the fluence above threshold, in agreement with optical measurements
in Fig 4.11 and in [57]. On the other hand, the prompt rise of diffuse scattering
above ∼ 5mJ cm−2 indicates that the vanadium ions only adopt the rutile-like
distribution above a critical fluence, which is the same for the loss of long-range
order.

Fig. 4.18: Pump fluence dependence of the diffuse scattering
and an M1 Bragg peak. (a) The (-1, 2, 0) M1 peak amplitude,
visible in Fig. 4.15(a), presents a linear decrease in intensity for flu-
ences below a threshold ∼ 5mJ cm−2, after which the change is rapid
until saturation. (b) The mean diffuse scattering, integrated over the
squared box in Fig. 4.15(c), shows an abrupt rise above a similar value
of ∼ 5mJ cm−2. The grey dots represent the background, taken as the
mean intensity measured at low scattering angles.
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Fig. 4.19: Below- and above-threshold dynamics of a M1
Bragg peak. Coherent phonon oscillations can be observed for low
fluences, which are well fitted by a 5.7THz phonon mode. At higher
fluences, the Bragg intensity is strongly suppressed and the oscillation
is lost.

As explained in Chapter 3, the existence of different threshold fluences
for changes in the optical and structural probes has been provided as evidence
for the existence of a transient metallic monoclinic state. From the results of
Chapter 3, though, it was concluded that the threshold for different wavelength
probes is the same, at least within the optical regime. Here it has been demon-
strated that scattered X-rays directly probe the evolution of the lattice across
the phase transition. Therefore, if the threshold measured for the structural
transition were higher than that encountered with optical probes sensitive to
free carriers, this could be proof for the metal-like monoclinic phase. With
this aim, the fluence thresholds for the structural transition of the same type
of single crystal as that employed in the XDS experiment is also measured
and is shown in Fig. 4.20. The optical measurements were conducted with
a 800 nm probe at a pump repetition rate of 1 kHz, with the sample held at
room temperature and atmospheric pressure. The threshold is found to be
of ∼ 6.3mJ cm−2. This value is in good agreement with the threshold found
by means of hard X-rays considering the different experimental conditions. In
particular, the XDS measurements were performed in a grazing configuration,
where the large angle of incidence requires additional reflectivity factors to ac-
count for the absorbed fluence. This may result in extra discrepancies between
the measurements in the two experimental setups.

As a result, no decoupling of the change in optical and structural proper-
ties can be determined from these results. Instead, the insulator-metal phase
transition is characterized by a single fluence threshold, above which the elec-
tronic and structural properties change abruptly due to the rapid disorder of
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4.3 Time-resolved hard X-ray diffuse scattering of VO2

Fig. 4.20: Pump fluence dependence of the optical response.
A VO2 single crystal, probed with 800 nm, gives a threshold fluence
of ∼ 6.3mJ cm−2.

the vanadium ions. Such pump laser threshold appears to be directly related
to the electronic temperature of the system, which is transferred to the lattice
in less than 100 fs, leading to a dramatic change of the potential symmetry.

4.3.3 Discussion

These results lead to a new description of the photo-induced phase transition
in VO2, in disagreement with several previous reports. Traditional symmetry
considerations and analysis based on Bragg scattering data alone have led to
the general conception of a conventional soft-mode transition driven coherently
by phonons of well-defined wavevector that limit the speed of the transition,
without considering the role played by fluctuations and entropy. As a result,
the ultrafast community attempted to solve the “Mott vs Peierls” competition
by separating the two types of transitions in the time domain, considering that
electronic correlations should act faster. The results presented in this the-
sis strongly challenge this rather simple interpretation, as the instantaneous
change of the lattice potential induced by photoexcitation causes the V ions to
quickly vibrate as if they were in the rutile phase within at most 50 fs. This is
reflected in the prompt emergence of the diffuse scattering signal characteristic
of the flat anharmonic rutile potential, which, considering that it is dominated
by low-energy acoustic phonons, means that such “slow” modes are respond-
ing in a non-equilibrium situation in much shorter time scales than those set
by their equilibrium frequencies. Therefore, a photo-induced phase transition
driven in an ultrafast fashion is no longer necessarily an electronic-driven pro-
cess.
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Still, the rapid excitation of vanadium ions into the rutile potential ob-
served here is faster than other disorder-driven transformations [97, 118]. The
non-equilibrium order-disorder transition time scales are dictated by the time
required for the ions displacements to become uncorrelated and reach a quasi-
equilibrium distribution. The dynamics observed in this experiment are fast
due to the relatively short distances between the V positions in the M1 and
the R structures, found to be of 0.24Å. The average vanadium velocity at
room temperature is 3.8Åps−1, which means that they could traverse such
distance in approximately 60 fs. The speed of the transition is, thus, mainly
limited by the initial velocity distribution of the ions. The broader the initial
thermal distribution, the less it takes for the vibrations to reach the final large
amplitudes.

The rapid disordering and evolution to the quasi-equilibrium rutile struc-
ture is enabled by the strongly anharmonic lattice, which leads to a great
phonon entropy that ultimately stabilizes the metallic phase. These observa-
tions of the ultrafast phase transition are interestingly in accordance with the
thermal transition described by Budai et al. [104]. Remarkably, the induced
lattice potential of both the thermal and ultrafast transition can be described
by a hot-electron distribution within the DFT framework, without the need of
additional strong Hubbard electronic correlations parameters. As a result, the
in- and out-of-equilibrium transformations appear to follow the same pathway
towards the high-temperature metallic phase.
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4.4 Conclusions

The results presented in this chapter obtained by probing the structural re-
sponse of VO2 across the insulator-metal phase transition demonstrate that
the conventional conception of this extensively studied phenomenon needs to
be re-addressed.

On one hand, the XAS experiment presented here stands as the first time-
resolved measurement of the phase transition of VO2 in the soft X-ray regime,
as the pioneering results of Cavalleri et al. were most likely conducted on
the metallic state of VO2 due to heat-accumulation-related issues. Here it is
shown how simple steps can be taken for measuring the insulator-metal phase
transition at reasonable repetition rates, which should be considered in future
similar experiments performed on thin films samples with lack of a heat sink.
Extending these measurements to the femtosecond time domain will enable
the study of charge dynamics immediately after photoexcitation within the π∗

and d‖ states. This could be achievable at FELs, which would also benefit the
measurements due to their lower operating repetition rate.

On the other hand, the ultrafast total X-ray scattering measurements re-
veal that the traditional idea of the molecular movie, in which information
about the atomic positions as a function of time is obtained through elastic
Bragg scattering, provides an incomplete picture of the microscopic physics. In
order to obtain insight into the forces that drive atomic motion, the inelastic
components of the scattering signal are also essential, shedding light on the
entropy of the system. Yet, the high photon momenta together with the fem-
tosecond temporal resolution required for studying such lattice dynamics are
currently only achievable in X-ray FELs. As a secondary outcome, thus, this
work also reflects the importance of large-scale facilities development for inves-
tigating these complex materials, in which entropy and lattice anharmonicity
are believed to play a major role.

From the theoretical perspective, the missing component of DFT calcu-
lations for understanding the properties of transition metal oxides like VO2
has traditionally been considered to be related to electronic correlations. Yet,
most models of the so-called correlated materials do not include anharmonic
phonon interactions either. Works by Eyert [21] and Budai and coworkers [104]
have recently demonstrated that DFT can effectively reproduce the physics of
VO2 provided the right hybrid functionals are employed, without the need of
adding strong Hubbard electronic correlations. AIMD simulations within the
DFT framework are capable of accounting for anharmonic effects and ade-
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quately describe the properties of VO2 in a non-equilibrium situation as well.
As a result, lattice anharmonicity may be the missing component for a complete
understanding of complex materials that present such strong electron-phonon
coupling. The development of these theoretical approaches may result, in the
near future, in a complete description of XAS transient spectra and a definitive
assessment of the physics behind the observed photoexcited metallic state.

The two experiments presented here provide results in good agreement
with each other. The rapid energy transfer within 100 fs from electrons to the
lattice when photoexciting VO2 above threshold supports the interpretation
given for the transient XAS features observed of the photoexcited insulating
and metallic phases based on changes in the crystal field rather than charge
dynamics, as electrons have already transferred their excess energy to the lat-
tice at the longer picoseconds time scales measured. Furthermore, this strong
electron-phonon coupling, which is ultimately responsible for driving the phase
transition, is manifested in the π∗ states broadening of the photoexcited metal-
lic stated probed by time-resolved XAS.

As a final remark, it is worth noting that none of the results reported here
suggest the existence of a transient monoclinic state with metallic properties,
as previously reported by structural time-resolved studies [51, 56]. The rapid
dynamics of changes in both Bragg peaks and diffuse scattering observed within
50 fs makes it unlikely that the reason for not measuring a transient monoclinic
metallic XAS spectra is the short-lived nature of it. Moreover, the pump
fluences required for triggering the transition appear to be the same when
probing the optical and structural properties, which disproves previous results
attributing a lower threshold for the emergence of metallic-like properties and
a higher one for the structural distortion. In conclusion, all evidence provided
here suggest instead a direct transformation from the M1 to the R phase within
an order-disorder process via the same pathway for both the ultrafast and
thermal transitions.
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The insulator-metal phase transition of vanadium dioxide has been an active
area of research for the past 50 years. The central issue has been focused
on whether electron-electron interactions or electron-phonon coupling are re-
sponsible for triggering the phase transformation. Several experimental and
theoretical studies have provided contradictory results, which challenged even
more the understanding of the physics behind this process. One of the main
open questions is the existence of a monoclinic metallic phase of VO2. Whether
such a transient state emerges during the phase transition, either dynamically
or in equilibrium, has been actively investigated over the past years. The in-
terpretation of the experimental results is hindered by the use of various types
of samples (single crystals, thin films, free-standing, nanobeams), which can
exhibit very different behaviours.

In an attempt to unify previous investigations in a single scenario that
explains the inconsistencies and provides a new understanding of the phase
transition, an extensive and complete study of the phase transition of VO2 was
carried out in this thesis, both in and out of equilibrium. To do so, this thesis
exploited light of wavelengths spanning an ultra-broad spectral range, from the
mid-IR to hard X-rays, which has enabled the examination of samples from the
atomic to nanometer length scales, and from the femtosecond to microsecond
time scales.

The outcome of this research strongly suggests that when appropriate care
is taken, the results obtained from different measurements can be combined in
a consistent way. In doing so, the conclusions reached is that there is no
transient monoclinic state with metallic properties, neither in equilibrium nor
out of it, and that the ultrafast phase transient transition is consistent with a
phonon-mediated process, just like the thermal transition.

135



Chapter 5 Conclusions and outlook

More specifically, the achievements and findings from this extensive re-
search are summarized in the following.

In Chapter 2, a holographic imaging technique that exploits the use of
resonant soft X-rays is applied for the first time to study the thermal insulator-
metal phase transition. This method can track the onset and evolution of phase
separation with increasing temperature, with a clear visualization of the growth
of nano-sized domains. Thanks to the capability of the technique to resolve
polarization- and energy-dependent XAS features, the heterogeneous response
of the material can be distinguished in terms of the electronic and structural
degrees of freedom. Defects are found to play a major role in the phase trans-
formation, as they are responsible for modifying the local strain environment,
leading to the formation of additional insulating phases, such as the mono-
clinic M2. Nucleation of the different phases occurs at subsequent tempera-
tures, which can explain the different transition temperatures found by other
studies, which were assigned, probably due to their lack of nanoscale spatial
resolution, to decoupled electronic and structural transitions. The major ad-
vantage of holography is the feasibility of combining this imaging approach with
ultrashort X-ray pulses from FEL sources to directly visualize the nanoscale
dynamics of the photo-induced phase transition in real-time with sub-100 fs
temporal resolution. This experiment stands, thus, as the first step towards
dynamical imaging, and the experimental challenges needed to be overcome to
achieve this are presented in Appendix A.

In analogy to the claim of different transition temperatures that trigger de-
coupled electronic and structural transitions, the existence of different thresh-
old fluences for the photo-induced phase transition has also been reported.
Motivated by this, in Chapter 3 the effect of laser-induced heat on the phase
transition is investigated. To do so, a semi-ultrafast approach is applied, based
on the use of a continuous-wave laser source for probing the sample response af-
ter photoexcitation. This way, the recovery dynamics in the millisecond regime
could be measured. The threshold fluence of the phase transition is found to
be dramatically dependent on the experimental conditions. External factors,
such as the pump laser repetition rate and spot-size, holding the sample in
air or vacuum, and even the probe fluence (not always negligible) can lead to
need of longer times for the sample to relax back to the ground state, resulting
in heat accumulation that raises the initial temperature of the sample. In-
terestingly, these long-time dynamics can be reproduced by a simple thermal
model. Furthermore, in this chapter it has been demonstrated that, when the
experimental conditions are strictly controlled, the threshold values obtained
by probing the electronic band-gap (mid IR) and the structure (visible) are the
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same, indicating there is only one photo-induced transition in VO2.

The sensitivity of soft X-rays within the oxygen K -edge to the structural
distortion of VO2 observed in Chapter 2 was again exploited in Chapter 4 to
probe the evolution of the crystallographic structure during the photo-induced
phase transition on picosecond time scales. Again, in agreement with the
findings from the previous chapter, the XAS features that exhibit changes
across the phase transition do so above the same threshold fluence, displaying
no decoupled processes. These time-resolved measurements of the insulator-
metal phase transition of VO2 in the soft X-ray regime turned out to be the first,
as previous attempts were hindered by laser-induced heat effects, now clear
from the studies of Chapter 3. Furthermore, this experiment provides the first
time-resolved XAS measurement of the transient state of the metallic phase
upon photoexcitation, which exhibits a lattice potential stiffening through the
broadening of the π∗ band. The phonon spectrum dynamics were measured in
the femtosecond time scales by means of ultrafast hard X-ray total scattering.
This experiment demonstrated that, as it occurs in the thermal transition
in [104], the photo-induced process is also driven by the entropy of the system
provided by a strong electron-phonon coupling. The phonon spectrum was
found to adopt the rutile-like symmetry in less than 50 fs (resolution-limited),
much faster than the time scales set by their equilibrium frequencies, leading to
a new description of the phase transition in terms of an order-disorder rather
than a displacive process.

A new physical description of the phase transition of VO2

In this new description of the insulator-metal transition, the atoms displace-
ments towards their new equilibrium positions is dictated by their initial ther-
mal velocity distribution. This also gives an explanation for the temperature
dependency of the threshold fluence reported in Chapter 3. For lower base tem-
peratures of the sample the initial thermal distribution becomes narrower, and
therefore, more energy density is required for the ions to achieve the rutile-like
large-amplitude oscillations that provide the entropy that stabilizes the metal-
lic phase. As a result, the threshold fluence is higher at lower temperatures.

Regarding the question about the possible different mechanisms lying be-
hind the thermal and ultrafast phase transitions, there is enough evidence
from the different experiments performed in the scope of this thesis to suggest
a common pathway for them:

• The recovery dynamics of the photo-induced phase transition are well
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described by a simple thermal model that only accounts for the difference
in temperatures within the system.

• The threshold fluences measured, although different under diverse exper-
imental conditions, are always higher than the thermodynamic energy
required for thermally inducing the phase transition.

• The phonon entropy-driven phase transition found in equilibrium in [104]
is perfectly compatible with the findings of the ultrafast XDS experiment
in Chapter 4.

• The phonon stiffening found when heating the R phase in [104] is also
observed when photo-exciting the metallic state in the time-resolved XAS
measurements in Chapter 4, reflected in the broadening of the π∗ states.

Although several claims have been made for the existence of a monoclinic
metallic phase and, hence, for the electronic nature of the phase transition,
the evidence provided has been mostly indirect, based on decoupled transition
temperatures and threshold fluences. As a whole, this thesis has shown that
the apparent decoupled transitions can be explained by experimental factors,
rather than by truly intrinsic properties of VO2.

It is important to notice that the suggestion of VO2 as a typical Mott
insulator, in which electronic correlations are the main responsible for the
exhibited properties, first arose due to the failure of band-theory-based DFT
calculations in correctly describing the ground state of VO2. However, this the-
sis has demonstrated that with the later advances in theoretical simulations,
such descriptions have become possible, both statically and out of equilibrium.
This, together with the suggested transition mechanism, which challenges the
simple conception of fast processes being necessarily of electronic nature, dis-
credit the foundations for electron-electron interactions as the main trigger for
the phase transition of VO2. Instead, a Peierls distortion driven by the com-
petition between the lower enthalpy of the insulating phase with the higher
entropy of the metallic state is perfectly compatible with the observations and
new calculations of the light- and thermally induced phase transitions.

Outlook

While this work has provided a thorough examination of the phase transition,
there are still many further avenues for investigation:

• While bulk single crystals are expected to recover within the repetition
rates generally employed in pump-probe measurements, this is not the
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case for free-standing thin films. Equivalent measurements as those con-
ducted in Chapter 3 are required to study the dynamics of thin films on
substrates.

• Whereas in Chapter 2 the reversibility of the domain landscape was estab-
lished after thermally cycling the sample, the process of domain recovery
after ultrafast photoexcitation remains still unknown. In order to include
this parameter in the thermal model of Chapter 3, a combination of soft
X-ray holography with a femtosecond optical laser could be employed for
imaging the domain distribution before and after photo-excitation. Such
reversibility would stand as a key point for the light-control of VO2 for
technological applications.

• Extending the time-resolved XAS experiments to the femtosecond time-
scales would reveal the dynamics of the relevant states involved in the
phase transition, namely, the d‖ and π∗ states, immediately after pho-
toexcitation.

• Ultrafast XDS measurements with a higher temporal resolution could
reveal the fundamental time scales of phonon response. This crucial
question is relevant not only for the understanding of VO2, but of every
material undergoing structural transitions in which lattice entropy plays
a major role.

• The model proposed in Chapter 4 for an order-disorder phase transition
in VO2 predicts slower temporal dynamics of the transformation when the
sample is held at lower base temperatures. Conducting the same ultrafast
XDS measurements at ∼ 100K could easily verify this behaviour. If true,
and VO2 reaches in fact a crossover point into a displacive transition, this
would open up new options for coherent control of the phase transition,
as the lower temperatures could be exploited for reducing the impact
from disorder.

• Conducting pump-probe experiments in doped or highly strained sam-
ples would enable the measurement of the M2-R phase transition, and
compare the transient dynamics with those observed in the M1-R tran-
sition.

All these approaches could be implemented in a very near future. Having a full
comprehension of the mechanism behind the insulator-metal phase transition
in VO2 will shed light into the physics behind the exotic properties of other
complex materials, such as high-temperature superconductors. Furthermore,
the techniques and concepts developed in this thesis can be used to study the
transient response of other materials in order to build a unified picture on how
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their properties can be controlled on demand.
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A | Towards time-resolved
holography

The work in this thesis provides a thorough study of the properties of VO2
and the insulator-metal transition. Employing such a wide range of techniques
makes this a very complete investigation, as they enable to probe the different
degrees of freedom interacting across the phase transition in VO2. The ultimate
goal of this research has been to extend the holographic imaging technique to
the time domain in order to directly visualize the photo-induced phase transfor-
mation in real time. This approach would combine all the knowledge acquired
from the results of previous chapters in a single experiment sensitive to elec-
tronic and structural degrees of freedom, and merging high spectral, spatial,
and temporal resolution.

While the experiment presented in Chapter 2 provided a description of
phase separation and domain growth during the thermal phase transition, the
aim now is to determine how these phases dictate the dynamics of the ultrafast
phase transition of VO2, both extrinsic, in the form of grain boundaries and
interfaces, as well as intrinsic, in the form of phase coexistence.

The extremely bright and ultrafast X-ray pulses delivered by free-electron
lasers offer a unique opportunity to implement lensless imaging techniques into
a pump-probe setup. Femtosecond imaging with the use of FELs as the probe
source has already been exploited for more than ten years [119–121]. Further-
more, the Fourier-transform holography technique presented in Chapter 2, in
transmission geometry, has also been successfully performed in the femtosec-
ond time domain by collaborators of this work [122, 123]. This method is
expected to offer numerous advantages over previous time-resolved imaging
experiments on VO2 using optical techniques [124]. On one hand, the avail-
able temporal resolution is higher, and, on the other hand, it will allow for
the simultaneous probing of electronic and structural features, while providing
element specificity. This chapter briefly presents the first attempts made to
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perform time-resolved holographic imaging on VO2 together with the reasons
for the unsuccessful results and corresponding solutions.

The measurements were carried out at the SXR end-station [125] at the
Linac Coherent Light Source X-ray FEL, using 800 nm pump pulses and soft
X-ray probe pulses with energies across the vanadium L- and oxygen K -edges
and sub-100 fs temporal resolution. The focusing and, hence, fluence of the
X-ray pulses is tunable, and the large photon flux of this beamline enables also
to measure in the single-shot regime. The samples are free-standing thin films
mounted on the same mask-sample ensemble described in Section 2.3.1, which
was enclosed within a vacuum chamber and connected to a heating stage. The
images are recorded by a CCD camera in the same geometry as in the static
experiment, so that a spatial resolution in the sub-50-nm range over a wide
field of view of 2 µm is expected. Figure A.1 shows the holography images
obtained at this beamline, proving the feasibility of the experiment.

Fig. A.1: Comparison of the SEM with the holographic image
obtained at LCLS. (a) SEM of the sample. (b) Image of the sample
measured at room temperature by holographic imaging.

The reason for not achieving success in imaging the femtosecond dynamics
of domain formation is twofold. Firstly, the initial attempts were carried out
before the study in Chapter 3 of the recovery dynamics of these free-standing
thin films of VO2. As a result, despite the relatively low pump-laser repetition
rate, of 120Hz, it has been demonstrated in this thesis that under vacuum
conditions, a repetition rate as low as 50Hz leads to an increase of the initial
temperature of the sample. This, together with the fact that X-ray pulses were
generally tightly focused to ensure enough photon counts on the sample area for
high-quality images, caused the combination of the pump and probe pulses to
excite the sample with much higher fluence than that considered. As a result,
the initial state of the sample was not the insulating phase, but it was most
likely already permanently switched into the metallic state. It is important to
note that domains are only distinguishable within the coexistence region, and
this range is a relative narrow range of temperatures or, in this case, pump

142



fluences. Therefore, a strict control over the excitation densities is required for
observing the right dynamics.

On the other hand, once the heat accumulation issue was minimized, the
second problem arose, related to sample morphology. The samples employed
in the static imaging experiments, grown by pulsed laser deposition, consist
of regions with micron-sized crystals among smaller nanoscale crystallites, as
shown in Figs. 2.9 and 2.12. The domain growth was found indeed in these
larger crystals within the films. However, most of the samples employed for
this experiment at LCLS present a different topology. Figure A.2 shows the
SEM images of some of the samples used. Image in Fig. A.2(a) corresponds
to a sample grown by sputtering deposition, and Figs. A.2(b), (c), and (d) to
samples obtained by PLD processes. As it can be observed, the only film that
exhibits larger crystals, on micrometer length scales is (d), which belongs to
the same batch as those employed in the static imaging experiments. And, in
fact, this is the only one where metallic domains are visible. In the other sam-
ples, with a more uniform polycrystalline structure and hence, much smaller
grains, it is not possible to observe domain growth with this 50-nm-resolution
technique.

Fig. A.2: SEM image of a thin sample used for time-resolved
holography. (a) Sample grown by sputtering deposition. (b), (c),
(d) Thin-film samples grown by pulsed laser deposition.
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Although the unsuccessful attempt, negative results should also be re-
garded as positive findings. Imaging domain growth with holography requires
samples that are formed by crystallites relatively large with respect to the field
of view, so that domain sizes, which generally span the sizes of the crystals,
lie above the experimental resolution provided by the holography setup. Fur-
thermore, the phase transition threshold under the specific laser and vacuum
conditions needs to be properly calibrated, as the fluence region in which do-
mains are expected to be visible is quite narrow. Having these parameters
determined, it will be possible to successfully image domain dynamics in real
time across the photo-induced phase transition in VO2 in a very near future.
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Abbreviations

AIMD Ab Initio Molecular Dynamics
CDMFT Cluster Dynamical Mean- Field Theory
CDI Coherent Diffraction Imaging
DFT Density Functional Theory
DOS Density Of States
FEL Free-Electron Laser
FFT Fast Fourier Transform
FTH Fourier Transform Holography
IMT Insulator-Metal Transition
LDA Local Density Approximation
MD Molecular Dynamics
MIR Mid InfraRed
OPA Optical Parametric Amplifier
ROI Region Of Interest
SEM Scanning Electron Microscopy
SXR Soft X-Ray
TMO Transition-Metal Oxide
UED Ultrafast Electron Diffraction
XAFS X-ray Absorption Fine Structure
XAS X-ray Absorption Spectroscopy
XDS X-ray Diffuse Scattering
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