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Abstract

The main focus of this thesis is the study of vanadium dioxide (VO2), a
strongly correlated transition metal oxide and how its optical properties are
affected by doping. The particular material has attracted much attention be-
cause of its near room temperature critical transition threshold of∼68�, which
is very promising for use in applications. The transition can also be induced by
photoexcitation We want to assess the possibility of use as an optical switch
in the visible regime. Two films are studied, one of VO2 and a magnesium
doped variant, in order to examine changes induced by the dopants in the op-
tical response of the system. The dynamical optical response of the materials
was accessed by time-resolved optical spectroscopy using ultrashort, fs, laser
pulses.

Magnesium substitution at the sites distorts the unit cell of both phases, di-
minishing their differences and thus facilitating the transition. We study the
dynamical response in reflection and transmission of the VO2 films using ex-
citation fluence values of 0.3, 1.0 and 2.6mJ/cm2, in an effort to capture the
material response in both phases. The films show major differences in their
response. The high fluence measurements show a decrease in reflectivity for
both films, but, a plateau value is reached within the probed time window
of 5ps in the case of the doped film. This hints at the doped system having
completed the phase transition faster. This behavior is more pronounced in
transmittivity of the films where the doped film appears to quickly evolve to-
wards a plateau. This fast, quicker than 2ps, response, in conjunction with a
non-linear change in transmittivity, appeals to applications necessitating for
ultrafast optical switching.

In addition, studies were performed on 3D photonic crystals of the woodpile
architecture, enhanced with cadmium sulfide quantum dots, in an effort to
investigate how additives affect their photonic-band-gap. These hybrid mate-
rials have photonic stop bands in the visible spectral region. Time-resolved
transmittance measurements were recorded. Upon low pump excitation a drop
in optical density is observed for a wide wavelength range below the band gap
edge. The transmittance from the woodpile structure increases. This response
is attributed to nonlinear absorption. On the other hand, excitation with high
pump intensities shows a positive change in optical density denoting a drop in
transmittance. A reduction in transmittance, implies fundamental changes in
the system’s response due to the pump. These changes could possibly originate
from a pump-induced shift of the photonic-band-gap. This ultrafast dynamical
response also hold promise for optical switching in the visible regime.
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Περίληψη

Το κεντρικό θέμα αυτής της διατριβής είναι η μελέτη του διοξειδίου του βανα-

δίου (VO2), ενός ισχυρώς συζευγμένου οξειδίου μεταβατικού μετάλλου και πως
οι οπτικές του ιδιότητες επηρεάζονται από τις προσμίξεις. Το συγκεκριμένο υλικό

έχει τύχει μεγάλης προσοχής λόγω της, κοντά στη θερμοκρασία δωματίου, κρίσι-

μης θερμοκρασίας μετάβασης του, η οποία είναι πολλά υποσχόμενη για εφαρμογές.

Η μετάβαση μπορεί να προκληθεί και με οπτική διέγερση. Θέλουμε να εκτιμήσου-

με τη δυνατότητα για χρήση του υλικού ως οπτικό διακόπτη στο ορατό. Δυο

υμένια μελετώνται, ένα VO2 και ένα με προσμίξεις μαγνησίου με σκοπό τη μελέτη

αλλαγών που επιφέρουν οι προσμίξεις στην οπτική απόκριση του συστήματος. Η

δυναμική οπτική απόκριση των υλικών εκτιμήθηκε με χρήση χρόνο-αναλυόμενης

οπτικής μικροσκοπίας με χρήση υπερβραχέων παλμών λέιζερ.

Η αντικατάσταση μαγνησίου στις ατομικές θέσεις του πλέγματος διαταράσσει

τη μοναδιαία κυψελίδα και στις δυο φάσεις, μειώνοντας τις διαφορές τους και έτσι

διευκολύνοντας τη μετάβαση. Μελετούμε τη δυναμική απόκριση από ανάκλαση

και διέλευση από τα υμένια, με χρήση ροής ενεργειών (fluence) διέγερσης 0.3,
1.0 και 2.6mJ/cm2, ώστε να καταγράψουμε τη συμπεριφορά των υλικών και στις
δυο φάσεις. Τα υμένια παρουσιάζουν μεγάλες διαφορές στην απόκριση τους. Η

μετρήσεις υψηλής ροής ενέργειας δείχνουν μείωση της ανακλαστικότητας και στα

δυο υμένια, αλλά ένα πλατό παρουσιάζεται στο χρονικό παράθυρο ανίχνευσης

των 5πς του ντοπαρισμένου δείγματος. Αυτό υποδηλώνει πως το ντοπαρισμένο

υμένιο έχει ολοκληρώσει τη μετάβαση γρηγορότερα. Αυτή η συμπεριφορά είναι

πιο έντονη στην διαπερατότητα των υμενίων, όπου το ντοπαρισμένο υμένιο φαίνε-

ται να εξελίσσεται γρήγορα προς ένα πλατό. Αυτή η ταχεία, γρηγορότερη από

2πς, απόκριση, σε συνδυασμό με μια μη-γραμμική αλλαγή στη διαπερατότητα έχει

απήχηση σε εφαρμογές που προϋποθέτουν υπερταχεία οπτική εναλλαγή.

Επιπλέον, έγιναν μελέτες σε τρισδιάστατους φωτονικούς κρυστάλλους μορφο-

λογίας woodpile εμπλουτισμένους με κβαντικές τελείες θειούχου καδμίου, σε μια
προσπάθεια να ερευνηθεί πως οι προσθήκες επηρεάζουν τα φωτονικά χάσματα.

Αυτά τα υβριδικά υλικά έχουν φωτονικές ζώνες αποκοπής στο ορατό. Χρόνο-

αναλυόμενες μετρήσεις διαπερατότητας καταγράφηκαν. Για χαμηλής ενέργειας

διέγερση, παρατηρήθηκε πτώση της οπτικής πυκνότητας για μια ευρεία περιοχή μη-

κών κύματος κάτω από τη ζώνη χάσματος. Η διαπερατότητα της δομής αυξάνεται.

Αυτή η συμπεριφορά αποδίδεται σε μη-γραμμική απορρόφηση. Αντιθέτως, διέγερ-

ση με υψηλή ενέργεια άντλησης δείχνει θετική αλλαγή στην οπτική πυκνότητα,

υποδεικνύοντας πτώση της διαπερατότητας. Μείωση στη διαπερατότητα υποδη-

λώνει θεμελιώσεις αλλαγές στην απόκριση του συστήματος λόγω της άντλησης.

Αυτές οι αλλαγές πιθανώς οφείλονται σε μια μετακίνηση του φωτονικού χάσματος.

Αυτή η υπερταχεία δυναμική απόκριση είναι επίσης πιθανώς χρήσιμη για οπτική

εναλλαγή στο ορατό.
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Chapter 1

Introduction

Symmetry lies at the core of our description of natural systems. It dictates the
arrangement of atoms in the microscopic scales, from which stem the macroscopic
properties of matter. Perfect structuring enhances the quality of crystalline material
properties, while imperfections give rise to new potential states.

In strongly correlated systems, it is the strongly coupled interactions between
electrons and the periodic lattice that define their properties (optical, magnetic,
chemical, etc). Systems with open d & f shells feature exotic properties as a re-
sult of ordering phenomena in the finer scales [1]. Such order is dictated by the
interactions of electronic degrees of freedom (spin, charge, orbital) with the lattice
[2, 3]. Some transition metal oxides (TMO) undergo transitions from the insulat-
ing to the metallic phase and vice versa, a result of the synergy of electronic and
structural order. The complex intrinsic nature of this class of materials renders them
highly susceptible to small alterations of external parameters (pressure, electromag-
netic field, temperature, etc), as they excite their internal degrees of freedom. Thus,
strong interactions are initiated, which, in turn, affect the delicate balance of the
esoteric degrees of freedom of the material causing a modification of the implicate
order [4]. Changes of the intrinsic symmetry of a material are accompanied by al-
terations of the electronic and structural landscape. What follows is that, one can
tailor the properties of materials, by intervening in their structural symmetry during
synthesis e.g. by controlling defects, introducing dopants, etc.

The main focus of this thesis is fixed on the study of vanadium dioxide (VO2),
a TMO where electronic correlations hold an integral part in the physical mecha-
nisms dictating the material properties. Pristine VO2 samples are studied along with
magnesium (Mg) doped variants aiming to highlight the alterations induced by the
dopants in the optical response of the system. In addition, studies were performed

1



2 1. Introduction

on 3D photonic woodpile structures enhanced with cadmium sulfide (CdS) quantum
dots (QDs). We investigate the effect of additives on the photonic-band-gap of these
hybrid structures.

To access the dynamical optical response of the material samples, time-resolved
optical spectroscopy is employed. This grants access to the phenomena manifesting
in the ultrafast timescale induced by photoexcitation with ultrashort, fs, laser pulses.

1.1 Background & Questions

This section holds concepts of solid state physics which are key for the description of
the material systems studied within the ground of this work. Subsequently, further
details on the individual samples are provided elucidating the drive for their study.

1.1.1 Solid materials

Solid state physics promotes the understanding of matter by studying the interac-
tions of the particles within solid materials. Not all rigid materials are solids, the
determinant condition for one to be classified as a such being periodicity of its atomic
arrangement. Periodicity implies symmetry and it is within the symmetric lattice
structure that the electronic Coulomb interactions act upon the individual particles.
It is thus key for the study of materials to be able to understand the Coulomb inter-
actions within the environment of solids. This is a very challenging practice due to
the high density of particles (atoms and electrons) implicated, which in solids is of
the order of ∼1023/cm3.

This, seemingly over-complicated, task is made possible due to screening effects of
the Coulomb interaction between charged particles. Screening effects lead to a more
localized character of the Coulomb forces, pertaining to a single charged particle, as
they are being screened by the other charges present in the solid, i.e. mobile/bound
carriers. This description, of a screened Coulomb interaction experienced by a single
particle in a solid, is akin to the quasiparticle concept. In the latter, the many body
aspect of the problem is shed, by means of the quasiparticle being described as an
entity consisting of the bare particle and its interaction with the averaged field of its
surrounding environment.

Though the problem remains complicated and computationally demanding, good
results are obtained with the quasiparticle description, as achieved by introducing
the Born-Oppenheimer and single-electron approximations. The former, allows for
decoupling of the degrees of freedom of the system to those of the lattice and the
electronic ones. This is due to the large difference in mass of the ions compared to
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that of the electrons, the lattice is considered practically immobile contrasted to the
motion of the much “lighter” electrons.

The computational demands are lowered further by the introduction of two more
approximations, namely, harmonic ionic motion and lattice periodicity, making the
problem of solving for the many-body system tractable. The first approximation
arises from the definition of the solid, where the ions are oscillating around the fixed
ionic sites with the oscillation amplitude being much smaller than the interatomic
positions. The second, is the Bloch theorem which imposes the lattice being periodic
both structurally, as well as, electronically. This allows for the description of the
many-body system via the electronic state band structure as calculated for the case
of a single Bloch-electron within the unit cell of the material. Within the frame-

Figure 1.1: Solid band structures: a) metallic, the conduction band is half filled,
b) semiconducting/insulating, a band gap Eg separates the filled valence from the
empty conduction band, c) semimetallic, featuring an overlap at the Fermi energy,
EF

work of these four approximations a number of qualitative and quantitative results,
regarding the properties of solids, have been successfully obtained [5]. One of the
successes of this formulation is that it provides an explanation as to why a solid
may present conducting, semimetalic, semiconducting, or, insulating behavior. The
calculated electronic band structure of the quasi-free electron features band gaps,
Egap, at the Brillouin zone (Fig.1.1). In the case of a metal the conduction band is
not completely filled, thus, the Fermi level, EF

1, lies within it (Fig.1.1a). On the
other hand, complete filling of the valence band leads to, either, the formation of a

1In a metal, EF , is the energy of the last, higher energy, electron available in the conduction
band. In a semiconductor, it lies within the band gap, specifically, in the middle, while in a
semimetal there is a band overlap in k-space at the Fermi level
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semiconductor/insulator (Fig.1.1b), or, a semimetal where there is an overlap of the
conduction and valence band in momentum space, k, (Fig.1.1c). While, in the case
of a metal (Fig.1.1a), a minute amount of energy can raise the occupation of the
conduction band, thus inciting carrier motion (i.e. a current), this is not the case for
an insulator or semiconductor (Fig.1.1b). The high energy cost, which is analogous
to the gap energy (Egap), suppresses material conductivity.

Although this treatment of non-interacting quasiparticles offers great results, it
fails to accurately predict the material properties when collective effects play a key
role in the physics of the solid.

1.1.2 Collective phenomena in solids

The single particle band theory produces poor results in cases where strong inter-
actions exist. The system may succumb to a lattice distortion due to a Peierls
instability when there is strong interaction of the electrons with the lattice, or, un-
dergo a Mott transition due to strong electron-electron correlation effects. In both
cases, a gap appears in the band structure leading to insulating or semiconducting
behavior.

The reason why the quasi-particle description fails to properly predict the prop-
erties of electrons in some solids, while, on the other hand, accurately describe their
behavior in others, is directly related to the width of the energy bands. Broad
bands imply large values of the kinetic energy and narrow ones hint at the opposite.
Consequently, valence electrons of broad-band materials will have a strong itinerant
character, lowering their energy by being delocalized over the solid. This will not
be the case for narrow band materials, the electrons in such systems will be more
localized due to their lower kinetic energy.

The wavefunctions of the itinerant electrons are successfully evaluated within the
description of a single-particle under the potential of the ions. This is the case for
conventional semiconductors where the valence and conduction bands arise from s
and hybridized p orbitals. The significant overlap of the implicated orbitals unfolds
broad bands whose corresponding large kinetic energies allow for high delocalization
of the associated electrons. On the flip side, valence electrons associated with narrow
band potentials and thus small kinetic energies, cannot be approximated by this in-
terpretation. They are, in a sense, constricted to spend more time around a specific
atomic site and consequently “feel” each other’s presence. In this case, the model
needs account for the repulsive Coulomb interactions, encountered by the electrons
by their peers as they move around the solid. These effects will result in the wave-
functions being localized near specific ions at the sites [1], they are accounted for
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by use of Mott-Hubbard Hamiltonians and are discussed in greater detail in section
1.1.2.2.

Each of the two scenarios highlights a different aspect of the wave-particle duality
of the electrons. Their itinerant behavior can be interpreted within the wave-like
picture, where the electron is delocalized over the solid. In the second case, where
the electron can be thought of as “sitting” atop an ion, the particle-like picture can
be adopted, to describe the situation of the wavefunction being confined near an
atomic site [1].

1.1.2.1 Peierls transition

Systems with half filled bands are prone to a structural Peierls instability [5], [6].
The system sees the possibility to further lower its electronic energy by modification
of the lattice. In the initial structure the sites are equidistant (distance α, Fig.1.2a
top of left graph), EF lies at the energy of the single electron occupying the bottom
of the band which extends to the edges of the first Brillouin zone (±π/α). If every
second site is displaced by an equal distance the periodicity of the lattice is doubled
to 2α, thus lowering the symmetry (Fig.1.2a top of right graph). This doubling of
the unit cell brings the edge of the first Brillouin zone at half of that of the initial
structure (at ±π/2α) and also offers another electron to the electronic configuration.
The system then may open a band gap at ±π/2α and completely fill the bottom
band, thus becoming an insulator, if the energy gain is larger than that required
to rearrange the atomic positions. This structural phase change is termed Peierls
transition, while the process of the atoms forming dimers is called dimerization. It is
an example of strong interaction with the lattice, being mediated by electron-phonon
coupling.

1.1.2.2 Electronic correlations, the Mott transition

What defines the itinerant or localized behavior of electrons is the ratio of the
Coulomb repulsion energy over the available kinetic energy, i.e. the bandwidth,
U/W [1, 5]. In materials with narrow bands, the small amount of available kinetic
energy tips the scale toward localization of the associated electrons to the respective
atomic sites. Hence, a particle-like description is more suitable than a wave-like one
[1]. Moreover, the longer time spent on the atomic site by the electrons results in
increased significance of the electron-electron correlations, thus baring the possibility
to describe their motion as that of individual particles.

In these scenarios, the ratio U/W becomes larger, the electrons need expend more
of their kinetic energy to overcome the Coulomb potential and delocalization over
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Figure 1.2: Peierls-, Mott- transition. a) Allowing for lattice distortions may lead to
insulating behavior due to Peierls instability, b) synergetic effects of screening and
Coulomb interactions may lead to a Mott insulator depending on the ratio of U over
W

the solid may become energetically less favorable. The electrons then show a more
localized character. What was realized by Mott [7, 8] is that, delocalization of the
valence electrons will become unfavorable as U/W increases, reaching a point where
the electrons will be localized. In a crude description, the electrons will remain fixed
on their respective atomic positions, lacking the kinetic energy to overcome the re-
pulsive Coulomb potential due to the presence of the other electrons at neighboring
atomic sites. Systems where all the electrons near the Fermi level become localized
in this manner behave as insulators. Though the description of an electron sitting on
an atom as a particle is a naive representation of reality, it underlines the basic mech-
anism of what is called a Mott insulator. Theoretical description of this transition
is provided within the framework of the Hubbard model [9–11]. Here, only electrons
in a single band are considered, in what is called a tight-binding model, which views
the system as a lattice of single level atoms constructed by Wannier orbitals at the
sites [1, 12–14]. The model Hamiltonian is

HHubb = Ht +HU + µN (1.1)

where
Ht = −t

∑
〈ij〉

(c†iσcjσ +H.c.) (1.2)

HU = U
∑
i

(ni↑ −
1

2
) · (ni↓ −

1

2
) (1.3)

and
N ≡ U

∑
iσ

n̂iσ (1.4)
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with µ being the chemical potential, c†iσ and ciσ the creation and annihilation
operator of the electron at site i with spin σ respectively, while, n̂iσ is denoting the
number operator, i.e. n̂iσ ≡ c†iσciσ. The kinetic energy operator Ht can be calculated
by estimation of the orbital overlap t and the on-site Coulomb repulsion, introduced
by HU , via calculation of U (termed the Hubbard U).

In order to get a better understanding of the phenomena under discussion, one
needs to delve into the intricate interactions pertaining to systems with narrow bands,
namely, transition metals and their oxides.

1.1.3 Transition Metal Oxides

Strong correlations are observed in materials with half-filled d and f valence bands.
The latter exist in some rare earth elements and actinides, these materials are outside
of the scope of this thesis, so their properties will not be explored here. The former
configurations exist in elements which are termed transition metals, these include
the elements in the rows of the periodic table from Sc to Ni, Y to Pd and La to Pt,
while noble elements (i.e., Cu, Ag, Au) are included as well, as are also (Zn, Cd, Hg)
[5].

Properties of d-orbitals: In order to understand why correlation effects are pre-
sented specifically in d-band materials, a few considerations need be made regarding
the associated orbitals and relevant charge transfer properties of the d-shells.

The size of d-orbitals is smaller than that of those of comparable energy belonging
to the s and p shells, they are thus interior to the s-orbitals though far enough from
the nucleus so as to remain active. The reason behind the smaller spatial extend
of the d-orbitals can be readily understood, by considering the case of the atomic
wavefunctions of 3d shells of transition metal elements, as is the case of vanadium
(V), which is the focus of this work. The angular momentum quantum number
associated with d shells is ` = 2. Due to the restriction ` = n− 1 these are the only
wavefunctions with ` = 2, since s and p shells have a principal quantum number
of n = 1 and n = 2 respectively. This angular dependence of the 3d wavefunctions
imposes them being orthogonal to those of shells where n 6= 3. As a result, the
associated orbitals can remain absent of nodes and need not extend far away from
the nucleus [1]. Two direct implications of the above are that, the bandwidth will
have moderate values as a result of the small radius of the wavefunctions, and also, the
electron-electron correlations due to Coulomb repulsion will be strong, the strength
of the interaction increasing for narrower bands and higher occupation [5]. It is
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the overlap of the d-orbitals of adjacent atoms that defines the width of the bands.
As the radius of the particular orbitals is relatively small compared to the distance
between the atoms in the lattice, the overlap will be small and thus, the formed
bands narrow. In the case of transition metal oxides, as is VO2, the bands get even
narrower due to the presence of ligand atoms in between the transition metal ones.
This indirect transfer, mitigated by the ligands (oxygen atoms), will further reduce
the width of the band as, in these cases, the overlap is among the wavefunctions of
the oxygen p- and transition metal d- orbitals (i.e. orbital hybridization) [12]. The
orbital overlap can be estimated by

t ∼
∫
drχ∗L(r−R)

h̄2∇2

2m
χL′(r−R′) (1.5)

with χL(r−R) representing the wavefunction of the Wannier orbital at site R.
The correlation strength is defined by the Coulomb repulsion between electrons

emerging due to localization at the orbitals. Its maximum value will correspond
to the state of a fully occupied orbital by two electrons of opposite spin, it can be
obtained via

U ∼
∫
drdr′|χL(r−R)|2Usc(r− r′)|χL(r′ −R)|2 (1.6)

where Usc is the factor accounting for electron-electron interactions considering also
screening effects by the other electrons.

Equations 1.5 and 1.6 are central to understanding the phenomena, since they
provide the magnitude of the electron kinetic energy and Coulomb repulsion in the
solid, respectively. Electrons in conventional semiconductors have kinetic energy
values in the order of 10–20eV [15]. This is not the case for materials with narrow
bands where equation 1.5 predicts values of a few electron-volts [1]. Furthermore,
the potential energy due to Coulomb repulsion of two electrons interacting at a site,
as calculated by equation 1.6, is of the same order, i.e. a few electron-volts [1, 16].
These energy scales hold much value as they enable quantification of the competing
forces in the solid. In the case of conventional semiconductors, the bands formed are
broad due to the strong overlap of the hybridized s- and p- orbitals, this implies large
kinetic energies for the associated electrons. An order of magnitude difference exists
between the kinetic energy and Coulomb repulsion in these materials, the latter can
be thus neglected and the electrons are treated as non-correlated [17]. On the other
hand, in materials with narrow bands the kinetic energy is of the same order of the
Coulomb interaction (U ∼ a few eV ), the electrons will then assume either a more
itinerant or localized character depending on the ratio U/W , the extreme case being
localization at the sites accompanied by a Mott transition [12].
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Figure 1.3: Representation of a Yukawa
potential. As the electrons spend more
time around the ionic site, due to atomic
rearrangement, the Coulomb potential
(light shaded lines) narrows, assuming
the shape of a screened Coulomb (aka
Yukawa) potential (black lines). The hor-
izontal lines portray how the binding en-
ergy of the associated d-electron moves to-
wards the Fermi level (EF ) as the system
evolves from its initial state, τ0, to when
the ion is effectively screened,τs

Screening: What has not been suffi-
ciently stressed yet is the contribution
of screening. In the description provided
above it is introduced by Usc in equation
1.6, which accounts for the screening ef-
fect from other electrons present in the
solid.

Had we not introduced this term, but
instead, calculated the Hubbard U (eq.
1.6) by use of the unscreened interaction
Uunsc(r− r′) = e2/|r− r′| we would have
obtained values in the order of tens of
eV [1, 12].

The role of screening is central to the
Mott transition as it controls the width
of the atom’s attractive potential. An
electron at an outer shell experiences
a modified, less attractive, force from
the positively charged nucleus, due to
the shielding provided from the negative
charge of the electrons at inner shells.

Within a solid, where there is a large
number of charged particles, the elec-
trons will have a tendency to move away
from local excess negative charges and
close in on positive ones. It is this carrier
reorganization process that is termed
screening and is responsible for modi-
fying the landscape of Coulomb interac-
tions experienced by the carriers [18]. Its
effect on the balance between delocalization of the electrons over the solid, or, lo-
calization at the sites, can be understood by considering an attractive potential due
to a positively charged ion screened by the presence of mobile electrons in its vicin-
ity (Fig.1.3). This case of screened Coulomb interaction can be understood within
the framework of a Yukawa potential. As the electrons spend more time around
an ionic site the attractive potential gets narrower and the number of bound states
decreases to the point where they are not supported at all. The latter corresponds
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to the case of a metal where the electrons are delocalized over the conduction band.
As the number of available carriers is decreased, the screening effect diminishes and
the attractive potential becomes progressively wider, to the point where it supports
bound states. At this stage, electrons formerly delocalised in the conduction band,
will tend to localize at the sites. This in turn will reduce the screening further, to
the extreme point where all electrons are localized and the solid undergoes a phase
transition to an insulator [7, 8].

The efficiency of screening in transition metals depends on the respective energy
distance of the 4s and 3d bands, a large difference in energy leading to weak screen-
ing effects and vice versa. In transition metals these bands are not well separated,
thus screening is efficient. Efficacious screening, together with the fact that, though
their bandwidth is small, it is not extremely narrow, prohibit transition metals from
assuming a localized character [1]. This is not the case for transition metal oxides. In
these compounds screening is further reduced because the 4s and 4p bands lie higher
from the d band, diminishing the screening effect from the respective electrons in
the bands, this causes the bandwidth to become even narrower in these materials.
The ratio U/W, critical for the transition, is thereby further increased.

Crystal field splitting: It is the presence of oxygen ligands in transition metal
oxides which alters the electronic landscape further by splitting the levels and me-
diating charge transfer effects, making the system prone to localization. Within the
solid, the degeneracy of the 3d levels is lifted by the crystal field of the ligand atoms.
The total angular momentum of ` = 2 of 3d orbitals corresponds to five-fold degen-
eracy for each spin, which is doubled by the inclusion of both spin states to a total
ten-fold degeneracy. The typical arrangement of such compounds is that of each ion
being surrounded by six oxygen atoms forming an octahedron (Fig.1.4a). Under the
influence of the octahedral crystal field the degeneracy is partially lifted, with the d
orbitals, now separated in energy, forming the six-fold degenerate t2g and four-fold
degenerate eg orbitals [2, 3].

Orbitals pointing towards the ligand atoms will lie higher in energy as they will
experience stronger Coulomb repulsion than those pointing between them [1, 4].
Hence, the dx2−y2 and d3z2−r2 orbitals, comprising the eg manifold, will have higher
energy than dxy, dyz and dzx of t2g due to the orientation of their wavefunctions, along
the direction of the bond between transition metal and oxygen ions (Fig.1.4b), which
t2g orbitals avoid2 [2, 4, 19]. Still, the existence of degenerate levels in the system

2Usually, the orbitals associated with the t2g and eg states are dxy, dxz, dyz and d3z2−r2 , dx2−y2

respectively, see reference [4]. Due to a different choice of coordinate system in the work of Eyert
[19] there is a change in nomenclature (Fig.1.4b). The t2g manifold in the figure consists of dx2−y2 ,
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Figure 1.4: Field splitting and orbitals. a) The 5 fold degenerate atomic 3d levels are
split under the effect of the octahedral field into lower t2g and higher eg manifolds.
Their degeneracy is further lifted by the Jahn Teller distortion, sketched at the
bottom of the graph. b) Associated orbitals in the rutile unit cell, adapted from
reference [19]

hints at an unstable structure, provided that further reduction of the energy can
be achieved by adaptation of a less symmetric coordination [2, 20, 21]. This lifting
of the degeneracy by lowering of the crystal symmetry is known as the Jahn-Teller
effect and is frequently induced in materials with partially filled, degenerate, t2g and
eg orbitals.

Occupancy of the electronic states will control screening efficiency, as well as,
charge transfer properties in the transition metal oxides. Orbital occupancy will
determine which orbitals are involved in the case of low energy excitations by con-
trolling the position of the Fermi level. A distinction is made here between early
(light) and late (heavy) transition metal oxides, the former being compounds involv-
ing light transition elements (Ti, V, Cr, etc) and the latter heavy ones (Ni, Cu).
The basis for this categorization is the fact that in early transition metal oxides
the Fermi energy lies within the lower energy t2g band, while in the heavy ones it
crosses the higher energy eg band. In addition, the level of the oxygen p changes
with respect to that of d, the levels are closer in late transition meta oxides (TMOs)
than it is for early ones. This means that in early TMOs the hybridization between
TM 3d t2g and the oxygen p orbitals is weak, in contrast to the strongly hybridized
eg to p orbitals in late TMOs [12]. Weaker hybridization should be expected in
the case of early TMOs since the orbitals of the contributing, partially filled, t2g
orbitals point away from the ligand atoms contrary to the ones of the eg band.

dxz, dyz orbitals
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Figure 1.5: Degrees of freedom in octahe-
dral environment. The crystal field of the
O ligands in the octahedral arrangement
and electronic correlations among the d-
electrons give rise to a multitude of possi-
ble ground states. The macroscopic elec-
tronic and optical properties of such sys-
tems is dictated by the coupling of spin,
orbital and charge degrees of freedom. Or-
bitals taken from [4]

The degree of p-d band hybridiza-
tion, i.e. the orbital overlap tpd
(Eq.1.5), is paramount for the sys-
tem’s behavior as it will determine the
charge transfer properties of the sys-
tem.

Charge-transfer energy: With the
bands being split and shifted in
energy due to the ligand crystal
field, further constrictions are im-
posed on the mobility of the elec-
trons by way of the overlapping or-
bitals. Since the direct overlap of
d-orbitals of nearest neighbor atoms
is considerably small, the electrons
of d levels move through the metal-
ligand hybridized orbitals (2p levels
of oxygen). An energy scale that
need be taken into account to es-
timate how mobile the charges are,
is the charge transfer energy, ∆.
It is defined as ∆=ed−ep, where
ed and ep are the average positions
of the respective bands. What is
of interest is how ∆ compares to
the orbital overlap of the associated
bands, represented by the integral
tpd. If ∆ is large the effective hop-
ping among metal ions, teff=t

2
pd/∆, is

small.

Orbital order: The inherent complex nature of transition metal compounds, roots
on the coupling of their charge, spin and orbital degrees of freedom (Fig.1.5). Since
the orbital and spin degrees of freedom are active in TMOs, a number of potential
arrangements and orientations of orbitals will unfold, giving rise to a corresponding
number of competing, ground states [2, 4]. Coupling of the spin and orbital degrees of
freedom will establish the orbital order which in turn affects charge mobility over the
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solid.

Figure 1.6: Mott vs Charge Transfer in-
sulator. Energy levels for (a) a Mott-
Hubbard and (b) a charge-transfer insu-
lators. Hybridization of p- and d- orbitals
raises the p-band towards EF

The existence of a plethora of com-
peting configurations makes the sys-
tem susceptible to phase transitions,
which lead to exotic properties as is
the colossal magnetoresistance in man-
ganite compounds [2, 22, 23]. The in-
fluence of orbital order is highlighted
in a recent density functional theory
(DFT) theoretical treatment of per-
ovskite oxides [24]. In the study,
the physical properties of the 3d ma-
terials were successfully predicted by
minimizing the total energy of anti-
ferromagnetic and paramagnetic phases
via lowering of the crystal symme-
try.

With the phenomenology as established
by the above considerations the fol-
lowing qualitative conclusions can be
drawn. In early TMOs, as is the case
of VO2 which is the object of study in
this work, a weak hybridization exists
with the ligand atoms due to the ori-
entation of the t2g orbitals. In addition,
the bandwidth is small compared to the
large value of ∆ due to significant sep-
aration of 2p to d bands. Then, though
the interatomic Coulomb repulsion Udd is smaller than ∆ it can still be larger than
the bandwidth, i.e. Udd > t2pd/∆. A Mott insulator is thus formed, with the sepa-
rated upper and lower d-bands (the Hubbard bands) being separated by an energy
gap, Eg, set by the scale of Udd (Fig.1.6a) [1]. Strong hybridization of the eg orbitals
with those of the ligands, results in smaller scale of ∆ versus Udd in late TMOs. In
cases where ∆ is larger than the bandwidth (i.e. ∆ > W ) an insulator is obtained
termed charge transfer insulator where, in this scenario, the scale of Eg is set by ∆
(Fig.1.6b) [1, 12, 25].
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1.1.4 Photonic Crystals

The effects of periodicity on the behavior of materials is not constricted to the finer
scales. When certain criteria are met, band gaps may arise due to macroscopic
geometric characteristics, rather than periodicity of the atomic arrangement.

When considering the electron as a wave traveling within a periodic potential
formed by the periodic atomic forces of the lattice, the allowed and forbidden states
(bands and gaps correspondingly) can be understood as originating from construc-
tive/destructive interference in k-space. A similar behavior, of allowed and forbidden
energy bands, is observed for the case of electromagnetic (EM) waves propagating
through periodic structures of alternating, high and low, dielectric constants (e.g. di-
elecric/air). Such materials are termed Photonic Crystals (PCs), they are fabricated
such that their lattice constant is comparable that of the EM wave, their period usu-
ally ranging from less than a micron, up to a centimeter or more [5]. The forbidden
bands emerge from destructive interference of light being reflected multiple times at
the interface of the alternating materials of different dielectric constants (i.e. refrac-
tive indices). The wavelengths which propagate through the PCs are called modes
and are the ones that form the allowed bands, in contrast to the non-propagating
modes which form the so called photonic band gaps.

Many PCs of different geometries exist, fabricated usually by drilling patterns in
an appropriate substrate, or, by techniques as direct laser writing [5, 26].

1.1.5 Doping effects

Since our description of solid materials rests on the periodicity of the lattice, so,
it should not come as a surprise that material properties will be sensitive to devi-
ations from the crystal symmetry. Indeed, apart from acting as scattering centers,
lattice defects are responsible for the creation of midgap impurity states. These
bound states, formed within the gap due to the perturbative potential of the defects,
strongly affect carrier concentration in the valence and conduction bands, signifi-
cantly increasing the conductivity [5]. Furthermore, the introduction of impurities
in the lattice alters the forces acting upon the matter constituents involved and may
thus lead to structural modification. This in turn changes the physical properties,
by affecting the delicate balance of the coupled degrees of freedom.

1.1.6 Phase Transition of vanadium dioxide

Crystallographic & Electronic Structure: In VO2, the Fermi level crosses the
d bands, it is thereby classified as an early TMO. Upon heating, the system un-
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dergoes a reversible first order transition from an insulating, monoclinic (M1), to
a higher symmetry, metallic, rutile (R) phase [27]. The particular compound has
attracted much attention on account of its near room critical transition temperature
(Tc ∼68�), which is very promising for use in applications and easily accessible in
experiments. Two indirect band gaps exist, a relatively small one (∼0.6eV) related
to excitations among the d-bands and a higher energy ∼2eV gap, corresponding to
the energy between the, lower, oxygen p-bands and the empty d-bands of the insu-
lating phase. The latter, is related to the optical behavior of the visible part of the
spectrum3 [28].

Figure 1.7: Structural arrangement of VO2 phases. Vanadium and oxygen atoms are
depicted by red and blue balls respectively. On the left panel, the solid lines sketch
the unit cell of the monoclinic, M1, structure, while the dashed lines draw two unit
cells of the rutile, R, arrangement for comparison. Red lines indicate the tilted V
pairs. The right panel shows the two unit cells of the corresponding R arrangement
by solid lines, whereas a single unit cell of the monoclinic phase is drawn by the
dashed lines. The middle panel shows a superposition of the two structures (R-
phase appears in grayscale) and the octahedral arrangement of the oxygen atoms
(blue shaded surfaces). Adapted from reference [18]

The orientation of the oxygen (O) octahedron surrounding V atoms is shown in
the central panel of Fig.1.7 (blue areas), along with the monoclinic and rutile unit cell
arrangement (left and right panel respectively). The lattice constants, as obtained
by X-Ray diffraction experiments [31–34] are gathered in Table 1.1.

3It has been shown that sample morphology affects the band gap values. Single crystals and
thin films show a band gap ∼2.5eV [28], nanocrystalline films ∼1.8eV, [29] while the value ∼2.8eV
of polycrystalline films is similar to that of bulk samples [30]
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Structure Space Group a (Å) b (Å) c (Å) β (°) Volume (Å3)
M1 P21/c, No. 14 5.75 4.53 5.38 122.6 118.2
R P42/mnm, No. 136 4.55 2.85 – 59.1

Table 1.1: Space group and lattice constants of monoclinic, M1, and rutile, R, VO2,
collected from [19, 27, 31–35]

The panels of Fig.1.7 encompass the main aspects of the structures and highlight
their differences. The gray shaded circular areas in the middle panel indicate the
position of V and O atoms in the R phase, superimposed by the red and blue ones
corresponding to the positions of the atoms in the M1 phase. It is evident that, as
the symmetry is lowered from the R to the M1 phase by reduction of the tempera-
ture, there is a small deviation in the position of the oxygen atoms resulting in minor
changes of the octahedral structure. On the other hand, the V atoms show a larger
deviation as they dimerize with their neighboring atoms to form dimer chains along
the rutile cr axis. The dimerized V-V pairs are indicated by red lines (left panel)
which are tilting away from the cr axis of the rutile structure. This structural defor-
mation and symmetry reduction to the M1 phase comes with an effective doubling
of the unit cell. In the R phase, the unit cell contains 2 V and 4 O atoms, these
numbers are doubled to 4 and 8 for V and O respectively in the M1 phase.

These alterations in the atomic arrangement are interwoven with changes of the
constituent forces among the atoms of the lattice. This changes the phononic foot-
print of the material in each phase. The low temperature M1 phase, supports eighteen
(18) active Raman phonon modes [36, 37] which disappear as the material is heated
to the more symmetric R phase, to be substituted by four (4) modes at different
frequencies [37].

The structural phase change [38] is accompanied by a change in the electronic
structure [39], which, as the system is raised thermally to the R arrangement, mani-
fests in a rise in conductivity spanning almost five orders of magnitude [40, 41]. This
is characterized as an insulator-to-metal transition (IMT) though it must be pointed
out that VO2 portrays a conductivity change from ∼10−1 to ∼103Ω−1cm−1. Com-
pared to conductivity values of good insulators (∼10−20Ω−1cm−1) and conductors
(∼105Ω−1cm−1) we see that VO2 portrays rather a semiconducting than insulating
behavior and a poor metallic one [28]. The phase transition is referred to as an
insulator-to-metal one for simplicity.
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Figure 1.8: Electronic band structure of
VO2. When undergoing the IMT, the d‖
bands merge at EF and the π? energy is
lowered

Sixty years have past since the electronic
[39] and crystallographic [38] transitions
have been reported, yet, the mechanism
behind the phase change still eludes un-
ambiguous interpretation. In the vast
literature regarding VO2, there exist two
seminal studies which, having started
the dialog on the nature of its phase
transition, are considered landmarks.
The first one is the work of Goodenough
[27] where the electronic landscape of
both material phases is described, a de-
scription which still retains its accuracy
to a large extend. Therein, a Peierls
mechanism is proposed where the gap is
opened due to the dimerization of the V
atoms in the direction of the cr axis, thus
splitting the d band which points paral-
lel to it4 (Fig.1.8). The second one, is
that of Zylbersztejn and Mott [42] who
proposed that the electronic transition and opening of the gap stems from local-
ization effects, a side-effect of electronic correlations present in the system. Much
effort has been put in theoretical and experimental studies both, aiming to provide
evidence of one theory over the other.

In the past, the theoretical models applied to solve the problem, as DFT in the
local-density approximation (LDA), or, spin polarised local-density approximation
(LSDA), failed to successfully reproduce both material phases, structural and elec-
tronic, correctly within the same theoretical framework. In the last decades, models
have been established which manage to produce accurate results, such are, the sim-
plified model GW [43], c-DMFT and first-principles quantum Monte Carlo (QMC)
calculations [44–46] and (DFT + DMFT) model [47] whose results agree well with
X-ray photoemission experiments [48] and c-DMFT results of [45].

Recently, good results were obtained by Lu [49] using the CASTEP planewave
density-functional code [50] within the DFT framework. This was achieved by al-

4Of the three orbitals of the t2g manifold, the one that is parallel to the cr axis (dx2−y2) is
termed d‖. The other two are referred to as π?, while those of the eg band are named σ?. When
the gap opens, the d‖ band is split into the lower d‖ and higher (above EF ) d?‖, while the π? bands

are pushed up in energy [27]
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lowing for electronic instabilities and breaking of the symmetry in order to to lower
the energy, as proposed by Varignon for the study of perovskite TMOs [24].

Throughout the years of ongoing studies on VO2, the full force of the experi-
mental quiver has been deployed, in a quest to disentangle the degrees of freedom
driving the phase transition. Steady-state studies as X-ray diffraction [32, 33, 35]
and photoemission- and Raman- spectroscopy [36, 37, 48] capture the individual
material phases, but, are unable to provide information on both crystallographic
and electronic structure in a self-consistent manner. It is the ability to induce the
transition optically that has allowed meeting the problem head on. By resolving the
phenomena manifesting in the system at the early moments after perturbation by
pulsed laser sources, access to the electronic response and the motion of the lattice
is granted.

Time resolved studies: A variety of diffraction experiments have been performed
in an effort to track the dynamical evolution of the crystallographic phase transition
[51–54]. These revealed that atomic motion occurs in a multitude of time scales,
ranging from sub-ps up to the ns regime, over which the atoms move towards as-
suming their positions in the high-temperature lattice configuration R.

In contrast to previous studies which lacked the ability to track the initial ∼100fs
temporal phenomena, Morrisson et al. were able to observe a monoclinic phase with
no band gap by use of the ultrafast electron diffraction technique [55]. Optical time
resolved experiments were carried out attempting to capture the dynamics of the
electronic phase transition. Landmark experiments are those of Cavalleri et al. [56]
supporting a Peierls-like structural transition and the ones of Kübler and Pashkin
[57, 58] which provided evidence against such a transition mechanism. In the former
study, reflection and transmission dynamics were recorded in the visible and near-IR
spectrum, a structural bottleneck was suggested to interpret the observation of a 80fs
minimum time required for the transition to occur under 16fs pulsed laser excitation.
In view of this behavior, Cavalleri et al. proposed a structural transition from the M1
to the R phase mediated by a 6THz coherently excited phonon5. These findings were
contradicted by the latter, broadband multiterahertz (mTHz) experiments, which
showed that there is no bottleneck behavior in the electronic response of the system
post photoexcitation to the metallic state. Moreover, these broadband experiments
were also the first ones to concurrently probe both structural and electronic properties
of the system. This was achieved by associating the low photon energy response
to that of the electronic structure and those of higher photon energy to vibrational

5In a later publication it is shown that the 6THz modultion is due to tilting of the V-V dimers,
whilst it is a 10THz oscillation accounting for the phonon mode along the dimers [59]
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lattice modes. In addition, a fluence threshold for the transition was proposed by the
observation of a nonlinear change in the reflectivity response at 1ps post excitation.
The particular time instance was chosen at random, under the assumption that in
this time scale only the electronic effects have taken place and not those of the lattice.

The aforementioned studies laid the ground for a vast number of time resolved
studies aiming to disentangle the electronic and structural phase change and thus
establish a cause and effect phenomenology of the transition. One drawback of optical
measurements is that they do not probe the electronic structure directly, but instead
the dielectric function of the material. As a result, there is an ambiguity regarding
whether an apparent metallic response is due to carriers transiently photoexcited to
the conduction band, or, because of low energy excitations across the Fermi energy,
i.e. absence of a band gap.

Significant progress was achieved with the works by the group of Wolf. By use of
the coherent phonon spectroscopy technique it was shown that the lattice symmetry
changes upon strong photoexcitation, from the monoclinic symmetry to that of the
rutile, before any significant motion of the atoms occurs [60, 61]. The electronic
structure was probed by means of the photoelectron spectroscopy (PES) technique
which enables probing the carrier dynamics on an absolute energy scale. Results
showed that the system shows a metallic behavior, i.e. collapse of the band gap,
quasi-instantaneously with photoexcitation [62]. The dynamic behavior of the pre-
viously proposed transient state [63, 64] was probed via pump-pump-probe experi-
ments, where the first, low energy, pump pulse brings the system to the transient
state to be excited by the second pump pulse [18, 65].

Considering these results the following series of events was proposed to occur
[65]. Upon above threshold fluence photoexcitation6 the band gap closes within
the pulse duration (quasi-instantaneous) as changes in carrier population alter the
screening (60fs pulses were used) [62]. As the pulse photons depopulate the orbitals
of the paired V atoms [62] the lattice potential is changed into that of the rutile
phase [60]. The system at this point is in a highly excited metallic state, the ions
are under the influence of the new potential, but, still in the monoclinic arrange-
ment. Subsequently, the V pairs start breaking [55] and excited carriers relax to
the metallic band structure, whilst de-thermalizing via the lattice [62]. From there
on, the system stabilizes to the metallic arrangement, with the ions driven by the
new lattice potential, only to return to its initial phase when it has cooled down

6Fluence threshold in optical experiments varies depending on the technique and also the wave-
length probed [18, 60, 61, 65]. For example, in the case of 525nm and 800nm probe wavelengths it
is Fthr−400=4.9mJ/cm2 and Fthr−800=6.9mJ/cm2 [60, 61] while published values are typically in
the range of 6 to 7mJ/cm2 [51, 52, 57]
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by heat transfer to the environment. Such a mechanism is in favor of a Mott-type
transition since the system undergoing the structural transition is already metal-
lic, the gap having collapsed due to electronic effects initiated by photoexcitation.

Figure 1.9: Rutile, R, (left) and mon-
oclinic, M1, (right) structural arrange-
ment of V atoms. In the monocinic
structure black arrows represent electronic
spin configuration, which is AFM, while
dashed lines depict dimerization of the V-
V chains. The rutile phase is paramag-
netic with spins randomly oriented across
the structure [49], thus, no arrows are
shown

Later studies have lent further sup-
port to the electronic nature of the phase
transition. They emphasize the impor-
tance of antiferromagnetic (AFM) spin
order of the monoclinic state against
the paramagnetic order of the rutile
phase (Fig.1.9) [24, 49] and orbital oc-
cupancy [66], while it is also verified
that the electronic structure is typi-
cally unaffected against small pertur-
bative lattice modifications [67]. A
novel view on the role of lattice dy-
namics is given in a work by Wall
[68] which would classify the struc-
tural phase transition of VO2 as an
order disorder transformation, exempt-
ing coherent phonons from mediating
the transition as has been previously
proposed [57]. In view of these find-
ings, the IMT could be ascribed to
a relaxation of the strong spin cou-
pling between the dimers of the vana-
dium chains [49], brought forth by ul-
trafast changes in orbital occupancy and
screening due to photoexcitation [66], re-
sulting in breaking the AFM order re-
sponsible for the band gap. Concur-
rently, the lattice potential is changed
to that of the rutile phase, having
reached ergodicity in an ultrafast time
scale (∼150fs). The ions move then to
their new positions in ∼500fs via var-
ious paths, not mediated by a specific
phonon [68].
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Transition Markers: The coherent phonon experiments by Wall et al. [60] exposed
trends of the reflectivity response which can act as markers to track the system’s
evolution.

Figure 1.10: Transition Markers. a) Reflectivity response at 525nm under λpump
= 800nm photoexcitation. Three regions are indicated, corresponding to fluence
values below, above and in the saturation regime with regards to the threshold value
Fthr (blue, orange and red lines respectively). b) Pump induced, fluence dependent,
reflectivity change at 525nm and 800nm (green and red respectively) at 1ps and
3.5ps post-excitation (filled and open circles respectively). Fluence axis (x-axis) is
normalized over Fthr. (c) Below threshold phononic response at 525nm, the double
amplitude 2A of the phonon at 5.8THz is illustrated. d) Comparison of phonon
double amplitude 2A to reflectivity response at 525nm. The linear fit to the below
Fthr values of 2A, shows as a curve due to the logarithmic scale of the fluence axis
(x-axis). Graphs adapted from [18, 60, 61, 65]

A phononic response of the low fluence insulating state is evident at 525nm (blue lines
Fig.1.10a) which disappears in the excited metallic phase (red lines). In addition,
as the excitation fluence is increased, the material enters a regime where the signal
does not relax back to zero [60] but follows a different path governed by ps to ns
dynamics [69, 70]. Sample reflectivity is reported to be decreasing with increasing
fluence, until a saturation value is reached and the signal reaches a plateau [61, 65].

Complementary to the non-linearity of reflectivity at 1ps (Fig.1.10b) introduced
by Kubler [57], in the works of Wall [60, 61] the crossing of the system to the con-
ducting, rutile, phase is further ascertained by tracking the phonon amplitude for
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increasing fluence values. After an initial linear increase with increasing fluence, for
values above a threshold value (Fthr= 4.9mJ/cm2), a fast drop in phonon amplitude
is observed, in sync with the induced reflectivity changes (Fig.1.10c).

Vanadium dioxide alloys: Since the low transition temperature (Tc) of VO2 is
very attractive for use in applications, many attempts have been made to control
the threshold value via doping. In an early study by Futaki it was shown that there
exists a relationship between the length of the lattice constant cr of the rutile phase
and the value of the Tc of the doped compound [71]. In particular, Tc has been found
to decrease for smaller values of cr and vice versa.

Doping with Ti, Ge results in an increase of Tc, while, on the other hand, lowering
of the threshold has been reported for compounds with Fe, Co, Ni, Mo, W, Nb, Mg,
Cr [71, 72]. A decrease in Tc is predicted for Mg by DFT calculations, as well as for
B, C, N, Al [73]. For the work of this thesis, studies on the temporal properties of
VO2 films with Mg substitutions were performed.

Magnesium doping of vanadium dioxide: Inclusion of Mg into the structure of
VO2 leads to a linear decrease of the Tc of the final compounds [74, 75] accompanied
by a drop in latent heat and a widening of the ∼2eV band gap [49, 75, 76]. Theoret-
ically, this increase of the gap is predicted within both DFT and hybrid functional
calculations (Heyd-Scuseria-Ernzerhof (HSE) hybrid functionals [77]) [75, 78]. The
HSE calculations show that the arrangement of ionic positions is modified even by
moderate inclusion of Mg, which substitutes V atoms at the sites, leading to the
formation of larger supercells within the crystal structure [78]. The description of
structural modifications imposed by the inclusion of Mg is elucidated by DFT cal-
culations in the work of Zhou [75]. Therein, the alternate structural arrangement is
found to ensue from effects caused by O-vacancies, essential for valence satisfaction
in the compound [75, 79], rather than from V substitution by Mg. The interatomic
distances of V-V pairs changes due to displacement of neighboring atoms, a result of
the O-vacancies. Deformation due to the vacancies occurs in both structural phases
of Mg-doped VO2 (Fig.1.11), as a consequence, the differences in atomic arrangement
are diminished [75]7. This is reflected in reduction of the latent energy required for
the structural phase transition which leads in lowering of the Tc [79], the latter can
be calculated via the latent heat [79, 80].

The theoretical studies of Lu [49, 79] employing the VASP [81, 82] and CASTEP
[50, 83] programs in conjunction with the GCA+U method, have established that the
band gap arises from spin coupling at the dimerized chains in the monoclinic phase

7Lattice constants of the modified structures are available in reference [75]
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Figure 1.11: Structural modification brought forth by Mg substitution at the V
sites for the rutile, R, phase (left) and monoclinic, M1, phase (right). A network
re-coordination is brought forth due to O vacancies introduced in the structure for
valence satisfaction to hold [75]. The approximate positions of the oxygen vacancies,
which break the metal-ligand-metal bond (V-O-V), are marked by small dashed
circles on the R structure (left). Different spin coordinations emanate from changes
in the interatomic distances of V sites causing also a fraction of V-V dimers in the
rutile phase to form by spin coupling

[49], in agreement with experimental results [67]. It is shown that the AFM spin
order in the M1 phase is key to open the gap, whereas the R phase is paramagnetic
(PM) and shows no gap. It must be stressed that, in contrast to other dopants, Mg,
being highly ionic, does not impact upon the electronic structure directly (there is
no creation of midgap bonding states). It affects the electronic landscape indirectly,
by imposing atomic re-coordination which in turn affects the intersite bonding. It is
thus classified as a network modifier, its inclusion lowering the structure symmetry
[49, 79]. The key factors influencing the band gap are dimer formation and spin
coupling along the resulting V-V pairs. Spin coupling is stronger for V atoms of
opposite spin, its strength also depending on the distance between them (i.e. the
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orbital overlap). Hence, V atoms along the dimerized chains, which have opposite
spins, will show stronger spin coupling than adjacent atoms of same spin direction
(Fig.1.11). The distance between the dimers will thus strongly influence the band
gap [49].

1.1.7 Questions

Effects of dopants in system dynamics: This work studies systems with ultrafast
response in the visible regime and examines the changes inflicted by the inclusion of
dopants in the structure. The extensive efforts to modulate the phase transition of
VO2, particularly how the structure and phase transition temperature are affected by
the inclusion of dopants [49, 71, 84], have shown that Mg-doping results in widening
of the ∼2eV gap [49, 75, 76] and lowering of the Tc [79], accompanied by higher
signal transmission in the visible regime [85]. These trends hold promise for use in
ultrafast switching applications in the visible regime. This study examines the effect
of Mg-doping on the optical dynamics of VO2 after photoexcitation with femtosecond
laser pulses [86]. In addition, another exemplary system for optical switching in the
visible is examined, namely, 3D woodpile photonic crystals functionalized with CdS
QDs. The pump-probe experiments revealed evidence of ultrafast dynamic tuning
of the photonic band-gap properties in the visible spectrum [87].



Chapter 2

Methods

This chapter contains information on the experimental setup used and measurement
schemes employed throughout this thesis for time resolved optical studies. Intense
pulsed laser sources of known characteristics are a prerequisite for such kind of stud-
ies, the base laser system which provides ultrashort pulses and the pump-probe work-
station are described herein. In addition, the measurement schemes and necessary
mathematical expressions used are presented.

2.1 The femtosecond laser system

A commercial laser system (Femtolasers Femtopower Compact Pro) capable of pro-
viding ultrashort pulses, τp ∼30fs, is used. Pulse energy is ∼1mJ at a repetition
rate of 1KHz and central wavelength at 795nm. The commercial laser system uses
Titanium-doped sapphire crystals (Ti:Sa) as the active medium. It is built by princi-
ple of the chirped-pulse-amplification scheme, where, a multi-pass amplifier is seeded
by broadband femtosecond pulses which have been stretched in time and are recom-
pressed post-amplification [88–90].

It requires two laser energy sources for operation, a continuous wave (CW)
frequency-doubled Nd:YVO4 laser (Laser Quantum gem) and a kHz-repetition rate,
Q-switched, frequency-doubled, Nd:YLF, diode-pumped laser (Quantronix Darwin).
These serve for pumping of the oscillator and amplifier respectively. Fig.2.1 illustrates
the basic operation principle of the commercial laser system. Broadband (>100nm),
ultrashort (∼10fs) pulses are generated by a mirror-dispersion controlled oscillator
[91] at a repetition rate of ∼76MHz.

In order to prevent damage of the amplifier’s active medium the MHz-pulse train
need be stretched in time. By doing so, the pulse peak intensity is reduced to a
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value below the damage threshold of the crystal prior to amplification. The oscillator
output is guided to the stretcher where group velocity dispersion (GVD) is introduced
by traversing through optical glass. Pre-compensation for third order dispersion
(TOD) effects is offered by appropriate TOD-compensating mirrors and is achieved
by having the beam be subjected to a fixed number of reflections.

Figure 2.1: Functional block diagram of the main laser assemblies of the commercial
Femtopower Compact Pro laser system. It involves two laser energy sources, the CW-
pump-laser of the oscillator (gem) and kHz-pump laser of the amplifier (Darwin)

The resulting chirped pulses are seeded to the nine-pass kHz–pumped amplifier
assembly for further amplification. After the fourth pass through the Ti:Sa crystal,
a single pulse is selected from the MHz-pulse train by use of a Pockels cell1 to be
further amplified in the remaining five passes to ∼1mJ . Then, finally, the pulses
are compressed to less than 40fs by a prism compressor optical arrangement [92, 93]
and feature a spectral bandwidth of ∼40nm around the central wavelength at 795nm.

1The repetition rate of the final output beam is that of the Pockels cell, i.e. 1KHz
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2.2 The pump–probe setup

Transient reflectivity and transmittivity measurements were performed at a pump-
probe spectroscopy tabletop workstation. Use of the pump probe technique neces-
sitates an interferometer (in the Mach-Zehnder configuration) featuring one arm of
controllable length. The particular setup features secondary light sources generated
at each interferometer arm, namely, frequency doubling at the pump arm and white
light supercontinuum (WLS) generation in that of the probe. The experimental setup
provides the enhanced capability of differential pump-probe measurements [94]. This
is achieved by further splitting of the probe beam in two parts and their subsequent
use as signal and reference beams.

Figure 2.2: Differential pump probe setup, top view. BS: beam splitter, L: lens, M:
mirror, QC: quartz cuvette. Dashed and solid green lines represent reflected and
transmitted signals respectively. Inset shows the normalized spectral intensity of a
typical measurement of the supercontinuum probe beam

A 90/10 beam splitter is used to split the fundamental laser beam (795nm) and
also direct the resulting parts into the arms of the interferometer. The lower power
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beam is used for generating the WLC probe beam while the rest is sent to a BBO
crystal for frequency doubling via second harmonic generation [95].

The WLS is generated via self phase modulation [96, 97]. This is achieved by
further attenuating and tightly focusing the ultrashort pulses of the probe beam in
a quartz cuvette filled with distilled water. The emerging broadband beam is re-
collimated by propagation through an achromatic lens (Fig. 2.2). This results in
broadband WLS pulses (420nm - 750nm) of low intensity2, both excellent charac-
teristics for an optical probe (inset of Fig. 2.2).

Though this method is simple and has excellent results in spectral broadening
of the pulses, it comes with an inherent flaw. Due to the nature of the physical
mechanisms involved in the WLS generation the resulting pulses are stretched in
time and show time-dependent frequency, i.e. the pulses are chirped [99]. This is
further enhanced by the sheer fact of propagating such broadband pulses through
dispersive media (water, transmissive optics).

After collimation, the WLS pulses are guided to a delay line which enables control
of the probe arm length. This sets the relative time delay between pump and probe
pulses, ∆τ . The delay line consists of a motorized linear translation stage set on the
optical path, with a retroreflector mounted on top of it. This provides control over
the travel distance of laser pulses along the probe path and allows for fixing of the
relative time delay with the pump pulses. A dichroic mirror is used before the BS to
discard the high power spectral region around the 795nm fundamental laser beam.

In order to realize the differential pump-probe scheme the WLS beam need be
split in two, this is done after the delay line using a 50/50 BS. Then, the resulting
WLC beams, henceforth termed signal and reference, are vertically displaced prior
to being focused onto the sample surface by achromatic lenses3. The signal beam is
focused at the sample surface, at the same spot where the pump beam is located, thus
probing an excited region of the sample. Travelling at a lower height, the reference
beam is focused on an unperturbed spot ∼1mm below. Details on the measurement
schemes are discussed in section 2.3.

A rotation stage, fixed on a three-dimensional translation stage, serves as a sample
holder enabling positioning of the sample and alignment with respect to the focal
plane and optical axis defined by the probe beams. The pump beam is focused at an

2WLS pulse power is below the minimum 2mW range of our power meter. Similar WLS sources
created using solids report energy densities ∼10pJ/nm and max average power of 25mW [98]

3The spectral functions of the signal and reference beams differ, this is because of the difference
in response of the BS in reflection and transmission. To negate the effect of the BS function, the two
beams are sent to a second, identical, BS where the one reflected from the first BS is transmitted
through the second one and vice versa. As now both beams have been subjected to both reflection
and transmission of the BS their spectral functions are almost identical
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angle through the sample centered on the focal spot of the signal probe beam. The
spot sizes at the focal plane of the signal beam follow a 1/3 ratio, the larger pump
beam profile ensures homogeneous excitation of the sample area probed by the signal
beam. The reference beam propagates through an unperturbed area below the pump
beam spot. Excitation fluence is calculated by recording the beam profiles with a
CMOS camera placed at the sample plane, probe beam size at 1/e2 is 85µm.

Traveling past the sample, the pump beam is blocked, while, the signal and
reference beams are collected by a lens4. The probe beams are then focused onto the
entrance slit of an imaging monochromator for signal detection. The monochromator
consists of a CCD camera mounted at the exit of a spectrograph for signal detection.
The broad spectral distributions of the probe beams can be simultaneously recorded
for each relative time delay, ∆τ , pre and post sample perturbation.

To record signals reflected from the sample surface requires the sample being
slanted by a small angle (∼3°) with respect to the probe beams. The angle is kept
minimal so as to be as close to normal incidence as possible. The reflected beams are
then picked up in the backwards direction and directed to be focused on the detector
entrance.

To improve the signal to noise ratio of the measurements, additional spectral
distributions are recorded by selectively blocking either, or both, of the pump or
probe beams, as discussed in the next section (2.3). This is achieved by Arduino
controlled motorized shutters placed at both beam paths.

2.3 Measurement schemes

The differential pump-probe scheme employed in the setup improves measurement
sensitivity by simultaneously recording the spectral distributions of both signal and
reference beams [94]. The reference beam propagates through an unperturbed sam-
ple area, hence, its recorded signal does not hold any physics regarding sample behav-
ior due to presence of the pump. It acts as a normalization measurement accounting
for the small alterations in the intensity of the fundamental laser beam which af-
fect the generated WLC probe beam. By concurrently recording both probe signals

4Before the signals are collected they are spectrally filtered. Spectral cut-off filters are used to
attenuate specific regions of the broadband pulses in order to achieve an as-flat-as-possible intensity
distribution over the wavelengths. The highest power peak in a broad spectral distribution sets
the limit for optical power allowed to be sent for collection, as it is the first to cause saturation of
the detector signal. This limits the intensity of lower power spectral components present on the
detector surface, thus, resulting in more noise present at the particular wavelengths, if not their
total absence
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Figure 2.3: Differential pump probe measurements. a) Incoming spectra of probe
beams absence of sample, b) scattering effects of pump beam, c) ambient and elec-
tronic noise present, d) unperturbed transmitted signals, e) unperturbed reflected
signals, f) time-resolved reflection measurement, g) time-resolved transmission mea-
surement.

these changes can be tracked and accounted for, thus reducing noise of the final mea-
surement. Furthermore, since the objective is to record signals related to changes
induced to the reflectivity/transmittivity of the sample due to perturbation by the
pump pulse, it is necessary to clear recorded transient spectra, of the signal and
reference beams, of any parasitic light recorded in the detector, as well as, from
any changes induced by the probe beams themselves. All signal acquisition schemes
involved in the transient measurements are shown in Fig.2.3, a set of five different
signals is recorded of both signal and reference beams for every measurement. The
main measurement is the time-resolved signal I(ω,∆τ) recorded under pump exci-
tation. Complementary to that, we record spectral distributions of incoming signal
and reference beams, Iinc(ω), unperturbed spectra absence of pump, I0(ω), signals in
presence of only the pump beam, Isc(ω), and, finally, noise measurements recorded
in the absence of both pump and probe beams, to account for ambient parasitic light
and electronic noise, In(ω).

Each set of measurements at each fluence used consists of reflection and transmission
measurements (Fig.2.4), these however are not recorded simultaneously. The sam-
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Figure 2.4: Differential pump-probe detection scheme for acquisition of time-resolved
signals. The high photon energy blue pump beam comes at an angle and locally
perturbs the sample, afterwards being discarded and finally blocked. The white light
signal probe beam (top gray arrow) finds the sample at the perturbed area, while
the white light reference beam (bottom gray arrow) propagates in parallel and meets
the sample at an unperturbed area. The sample is fixed to a minute angle with
respect to the optical axis of the probe beams in order to allow for collection of the
signals reflected form the sample surface (gray arrows outlined with cyan). They
are collected in the backward direction by use of a mirror and directed towards the
monochromator for signal acquisition. During the transmittivity experiments, the
signals are collected after passing through the sample volume (gray arrows outlined
with orange) and are then likewise directed, by use of mirrors, for detection

ple is placed at the angle set for collecting the reflected signals and the reflectivity
measurement is carried out at first. Then, the transmitted signals are sent for col-
lection to the detection system without changing sample orientation. Spectra of the
incoming probe beams are recorded prior to placing the sample for the reflectivity
measurement and also after the transmission signals are collected. The unperturbed
and noise signals are collected prior to and after each iteration of the measurements.
Each experiment consists of several iterations, the final result being their average.
The signal recorded with only the pump beam on the sample, Isc(ω), accounts for
scattering effects and is subtracted from the time-resolved signal I(ω,∆τ). Simi-
larly, the noise signal, In(ω), is subtracted from the unperturbed spectra, I0(ω). For
notational simplicity we will redefine the perturbed and unperturbed spectra as in
equations 2.1 and 2.2 and refer to these quantities as such henceforth.

I(ω,∆τ) ≡ I(ω,∆τ)− Isc(ω) (2.1)

I0(ω) ≡ I0(ω)− In(ω) (2.2)
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In the following, subscripts R, T , probe, denote measured signals in reflection
experiment, transmission experiment and incoming beams in the absence of sample
respectively. Superscripts s and r stand for signal and reference beam signals, while,
0 and p for absence and presence of the pump beam, i.e. perturbation, respectively.
The ideal scenario would be to record all of the aforementioned spectral distributions
at each time delay ∆t, unfortunately this would increase the time required for each
experiment four-fold to a prohibitive duration [100].

2.3.1 Normalized differential reflectivity & transmittivity

We plot the normalized differential reflectivity (d∆R/R0) and transmittivity (d∆T/T0)
of the samples by use of equations 2.3 and 2.4 respectively.

d∆R(ω,∆τ)

R0

=
Is,pR (ω,∆τ)

Ir,pR (ω,∆τ)
· I

r,0
R (ω)

Is,0R (ω)
− 1 (2.3)

d∆T (ω,∆τ)

T0

=
Is,pT (ω,∆τ)

Ir,pT (ω,∆τ)
· I

r,0
T (ω)

Is,0T (ω)
− 1 (2.4)

2.3.2 Differential absorbance calculation: differential
reflectivity & transmittivity

By recording signals in both forward and backward direction (Fig.2.4) the laser
induced change in sample absorbance, d∆A, can then via conservation of energy be
calculated as

d∆A(ω,∆τ) = −[d∆R(ω,∆τ) + d∆T (ω,∆τ)] (2.5)

where the change in differential reflectivity, d∆R, and transmittivity, d∆T , of the
film samples is obtained by use of equations 2.6 and 2.7 respectively.
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This calculation is particularly significant when the sample under study has a strong
reflective response. If the reflectivity of the sample is not considered and only its
transmittivity measured, misleading conclusions might be drawn about its absorptive
behavior. In our case, it is known that VO2 has a strong reflective response in both
insulating and metallic material phases [101, 102].
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2.3.3 Differential optical density calculation

Transient spectra of the probe pulse intensity recorded after having been transmitted
through the sample can be also expressed in terms of optical density (OD). It is
defined as the natural logarithm of the ratio of incoming over transmitted intensity
at the given frequency. By use of the signals collected in the differential scheme
and for a given delay, ∆t, the corrected differential optical density (∆OD) is then
calculated by

d∆OD(ω,∆τ) = log

[
Ir,pT (ω,∆τ)

Is,pT (ω,∆τ)
/
Ir,0T (ω)

Is,0T (ω)

]
(2.8)

as defined in reference [94], page 231. According to this definition, it is evident
that in the absence of pump the following equalities hold: Is,pT (ω,∆τ) = Is,0T (ω),
Is,psc (ω) = Is,0n (ω), Ir,pT (ω,∆τ) = Ir,0T (ω) and Ir,psc (ω) = Ir,0n (ω) giving ∆OD= 0.
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Results

3.1 VO2

This section holds the results of the parametric, fluence dependent, study on VO2

film samples. Their reflection and transmission dynamics were recorded and are
presented herein.

3.1.1 Film samples

Two films are studied, one of pristine VO2 and a magnesium doped variant. The
former acts as a control sample while the second one aims at the investigation of the
influence of the Mg doping on the dynamics of the response of the VO2 films. Mg-
doped samples have been reported showing reduced critical transition temperatures.
This is assigned to displacement of the vanadium, V, atoms in the unit cell of VO2

due to Mg2+ substitution of V 4+ cations at the sites, resulting in creation of oxygen
vacancies. This distorts the unit cell of both M1 and R phases, diminishing their
differences and thus facilitating the transition [75]. Doped samples portray increased
transmission in the visible regime, a result of the observed widening of the indirect
higher energy ∼2eV band gap [75, 78].

Considering that low intensity is key for optoelectronic applications in order to
prevent damage of optical components involved, it is of interest to study samples
which necessitate moderate fluence values in order to undergo the MIT. This study
uses a pump-probe setup featuring high photon energy blue pump (λpump∼400nm)
and broadband probe laser pulses to record reflection and transmission signals from
the samples (Fig.2.4). The acquired time-resolved spectral functions can provide
insight over the temporal behavior of the samples in the visible regime.

34
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3.1.1.1 Sample synthesis

Both undoped and Mg-doped VO2 films were deposited by rf sputtering technique,
using a 6in. V metal target (purity 99.95%), at low substrate temperature of 300�.
Different types of commercial glass, namely, Pilkington Float Glass and Pilkington
K-Glass, were used for undoped and Mg-doped films respectively. The former is a
4mm thick glass commonly used in glazing systems, while the latter is pre-coated
with a 60nm thick SnO2 film on the top, thus belongs to the low emissivity (Low-e)
glass category.

The substrates were initially cleaned by acetone, isopropanol and distilled water
and dried with N2, before placed in the sputtering chamber. The total pressure during
deposition was 0.67Pa (5mTorr), while the power was kept constant at 400W. The
O2 content in Ar-O2 plasma was 3%. In order to insert impurities of Mg atoms in
the VO2 films 1 pellet of Mg metal with 10mm diameter, thickness 2mm and purity
99.99%, was placed on the top of V target, leading to Mg doping of 0.1at.%, as
determined by Energy-Dispersive X-Ray Spectrometry (EDS, Jeol 7000).

Figure 3.1: UV-Vis transmittance spectra of pristine, (a), and Mg-doped VO2 films,
(b), recorded at room temperature (25�) and above the transition temperature
(90�), dahed and solid lines respectively

In addition, the undoped film deposited on Pilkington Float Glass has undertaken
Rapid Thermal Annealing (RTA) in reducing atmosphere (5%H2, 95%N2) at 500�
for 10min [103]. Thicknesses of the undoped and Mg-doped VO2 films were measured
by a profilometer (Veeco Dektak 150) and found to be 90nm and 100nm, respectively
[85, 103].
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3.1.1.2 UV-Vis characterization

UV-Vis transmittance spectra were acquired at room temperature and 90�, well
above the transition threshold, by use of a PerkinElmer Lambda 950 UV/Vis/NIR
spectrophotometer as described in [103]. Spectral changes due to the IMT as induced
by sample heating are shown in Fig.3.1. The doped film (Fig.3.1b) shows increased
transmission in the visible regime, in both semiconducting and conducting phase,
compared to the undoped film (Fig.3.1a).

3.1.2 Parametric study of VO2

The dynamical response of both pure and doped VO2 films was studied for different
excitation fluence values, namely, 0.3mJ/cm2, 1.0mJ/cm2 and 2.6mJ/cm2. These
were chosen so as to capture the material response in both the monoclinic, M1,
phase, below the fluence threshold, as well as in the above threshold rutile, R, phase.

Prime examples of differential pump-probe measurements obtained are shown in
Fig.3.2. Each plot depicts the time resolved spectral changes in either reflectivity or
transmittivity (color-axis) over the wavelengths spanned by the white light probe as
a function of pump-probe delay time.

Top plots, (a) and (b), are data of the VO2 film, while the bottom ones, (c) and
(d), of the Mg-doped film sample. Left plots are normalized reflectivity d∆R/R0,
and plots on the right normalized transmittivity, d∆T/T0, and were recorded with
the sample under 2.6mJ/cm2 fluence excitation. Regions where there is no effect by
the pump pulse are colored in green, while, yellow, orange and red color suggests an
increase in recorded probe intensity. On the other hand, shades of blue indicate a
decrease in signal intensity. More graphs of the measurements, at different fluences,
for the pristine and Mg-doped samples are gathered in Appendix A, Fig.A.1 and
Fig.A.2 respectively.

In the graphs of Fig.3.2, time zero was chosen and globally set so as to coincide
with that of maximum change in film transmission. The latter is related to the
instance of maximum absorption during pulsed laser photoexcitation. The maximum
signal change coincides with the peak of the cross-correlation trace, typically of
Gaussian form, which results from the interference of pump and signal probe beams
at the sample plane. Originally, the cross-correlation traces appear at different times
forming a parabola over the wavelengths due to chromatic dispersion of the white
light supercontinuum pulses, as discussed in [87, 99]. Therefore, a correction need be
applied, so as to avoid to be drawn to false conclusions when studying the spectral
evolution at particular time instances post pulse excitation [99]. In the plots of
Fig.3.2, the dispersion effects have been corrected via software so that time zero is
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Figure 3.2: Pseudocolor plots of pristine, top, and Mg-doped VO2 measurements,
bottom. Normalized reflectivity, (a) and (c), and transmittivity, (b) and (d). Yellow,
orange and red colors indicate signal increase in the detector while blue shades signify
decreased signal intensity. All measurements of the figure have been recorded under
2.6mJ/cm2 excitation

set common for all wavelengths across the spectral range of the probe pulse. More
information on the program used, can be found in Appendix B.

Vertical cross-sections over the measurements of Fig.3.2 are depicted in Fig.3.4.
These track the spectral evolution at particular time instances post pump pulse ex-
citation, within the spectral region of the white light probe pulse. In contrast, hor-
izontal cross-sections drawn over the time-resolved data, Fig.3.5 and Fig.3.6, hold
the dynamic behavior of a film at the selected wavelength and portray the temporal
evolution of pump induced phenomena and subsequent relaxation towards equilib-
rium. At low incident laser irradiation, the differences in the spectral response of the
pure and doped films seem non-significant. In contrast, the two films show major
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differences under intense laser irradiation in both reflectivity and transmittivity, as
is evident by direct comparison of the pseudocolor plots of Fig.3.2. In particular:

(a) The reflectivity of the pristine VO2 film (Fig.3.2a) shows a negative change
(d∆R/R0 < 0) after pulse excitation throughout the probed spectrum [104]. The
corresponding measurement of the Mg-doped film (Fig.3.2c) has very different char-
acteristics. Three bands can be distinguished with different responses, above 640nm
there is a decrease in reflectivity (d∆R/R0 < 0), while below that and above 500nm
an increase is observed (d∆R/R0 > 0). Below 500nm there is a comparatively small
signal increase [105].

(b) The complementary transmission of the films have also distinct differences
between pure and doped films. The pristine VO2 film (Fig.3.2b), when excited, por-
trays a decrease in transmittivity (d∆T/T0 < 0) below a cross-over wavelength of
around 520nm, while for longer wavelengths, there is an increase (d∆T/T0 > 0).
This result is in agreement uv-vis measurement as portrayed in Fig. 3a and qualita-
tively in line with reference [104]. The doped film on the other hand shows a signal
decrease over the whole probed spectrum and does not cross-over to positive values
(Fig.3.2d). This drop in transmission is more pronounced at the region below 550nm
as is also evident by the respective uv-vis spectra (Fig. 3b) and qualitatively in line
with reference [105].

Transition markers: We first need to verify that our film samples are functional
(i.e. behave as transitional systems) and that the fluence values used, are sufficient
to drive them through the phase transition. To that end, we extract time resolved
data of both films and juxtapose them to the established markers of the transition
(see chapter 1.1.6 (Fig.1.10)).

The reflective optical response for increasing excitation fluence of the pristine VO2

film at 525nm is shown in Fig.3.3a. The qualitative characteristics of the temporal
behavior of the film sample, agree well with the literature (Fig.1.10). By increasing
the excitation fluence, the material enters a slow-rate regime of ps to ns time scale
dynamics, accompanied by a decrease in reflectivity [69, 70], [60, 61]. At the par-
ticular wavelength, the Mg-doped film shows an analogous behavior in its reflective
properties, but, with a sign inversion and about 20% less absolute signal change
(3.3b). Notably, this sign flip of the doped film occurs in time scales comparable to
the signal rise time and is present in the whole probed spectrum below 600nm, in
direct contrast to the undoped film. The bell shape at times concurrent to the pulse
are indicative of absorptive behavior. The fact that it is so pronounced in the doped
film is attributed to the high rise in absorption of the film samples with Mg dopants,
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Figure 3.3: Markers of the transition at 525nm of pristine and Mg-doped VO2, a)
and b) correspondingly. Results of 0.3mJ/cm2, 1.0mJ/cm2 and 2.6mJ/cm2 mea-
surements correspond to dashed, dash-dotted and solid lines in the figure graphs.
Graph (c), normalized reflectivity change induced by increasing pump fluence. Both
film samples portray non-linear response for increasing fluence values

as is evident in Fig.A.5e, f.

Though we were not able to resolve the phonons, due to the fact that the tem-
poral resolution of our experiment (∼150fs) is directly comparable to the phonon
period, [60], the optical nonlinearity at 1ps is observed for 2.6mJ/cm2 excitation on
both pure and doped films Fig.3.3c. Apart from the absence of a phononic trend,
another distinct difference between our results and the those of Wall [60] is the am-
plitude change in reflectivity. Though in our measurements we have not reached the
saturation limit, evident in the highest fluence measurements [60], our film shows
twice the change in reflectivity at the particular wavelength. This is attributed to
the difference in thickness of the films which is more than double, 200nm vs 90nm.
The observed trends, provide evidence of functionality of the films as phase-switching
systems.

These results are proof that, a fluence of 2.6mJ/cm2 is sufficient to drive both
films above the transition threshold. A lower value for the fluence transition thresh-
old, than that of Fthr=4.9mJ/cm2 for λpump=800nm excitation1, has been observed
when blue pump excitation at λpump∼400nm is used for sample perturbation [69].
This is also the case in the present study.

To compare the response of the film samples to laser excitation, we fix the optical
power of the pump beam, in the corresponding experiments, so that their absorbed
fluence matches. The latter is defined as the incoming power minus, the power

1See footnote 6 in section 1.1.6
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reflected and transmitted from the sample. Henceforth, by fluence we will be referring
to the absorbed fluence.

3.1.3 Spectral Traces

Temporal traces of the spectral response of pure and doped films at a 4ps delay of the
probe pulse are presented in Fig.3.4. We select this time instance so that the effect of
the initial, fast, dynamics of the system has diminished, allowing to gain information
of the bands that will continue evolving towards relaxation with slower rate dynamics.
The differences of the reflective properties of the two films is highlighted in Fig.3.4a,
c. The pristine VO2 film presents a decrease in signal intensity all over the recorded
spectrum, this having a maximum of d∆R/R0

∼= −0.13 at around 635nm, while, the
signal of the Mg-doped film crosses over at λ=642nm, from an increased intensity for
lower wavelengths, to a region of decreased signal intensity for longer wavelengths.

A similar remark can be made about the transmission of the films. Apart from
the fact that both show at 4ps post excitation a strong signal decrease (d∆T/T0 < 0)
for wavelengths lower than λ∼ 520nm, the Mg-doped film shows a signal decrease
throughout the spectrum, while, the pristine VO2 film crosses to a region of increased
signal intensity at wavelengths above λ∼520nm. Moreover, the doped film shows an
almost double decrease in the transmission as compared to the pristine VO2 film.
For example, at the lowest wavelength, λ∼470nm the change from the low fluence
(dashed line, Fig.3.4d), M1, state to the excited, R, state (solid line, Fig.3.4d) is
T0.3mJ/cm2−T2.6mJ/cm2 = 0.065 for the doped and T0.3mJ/cm2−T2.6mJ/cm2 = 0.027, for
the undoped sample (Fig.3.4b).

3.1.4 Temporal evolution

Sample dynamics are accessed by horizontal cross-sections, commonly drawn at wave-
lengths of interest across time-resolved measurements. Two wavelengths are chosen
at each measurement of d∆R/R0 and d∆T/T0, to study the temporal response of
the films for excitation fluences at both below and above the IMT threshold. In
the reflectivity measurements (d∆R/R0), cross-sections are drawn at λ=470nm and
λ=700nm, as representatives of the shorter and longer wavelengths probed (Fig.3.5).
The former, are sensitive to transitions occurring between the oxygen O2p and vana-
dium V3dπ states, while the latter probe changes related to the number of carriers
near the Fermi level, in this case, transitions amongst the d‖ states [61]. In the case
of the transmittivity measurements (d∆T/T0) two wavelengths are drawn, namely,
λ=470nm and λ=600nm, Fig.3.6. The former is chosen as a representative of the
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Figure 3.4: Normalized reflection (left graphs) and transmission (right graphs) laser
induced spectral changes at 4ps. Spectral response of pristine (top graphs) and Mg-
doped VO2 (bottom graphs) respectively. Results of 0.3mJ/cm2, 1.0mJ/cm2 and
2.6mJ/cm2 measurements correspond to dashed, dash-dotted and solid lines in the
figure graphs

high absorption band at shorter wavelengths, the later as the center of the visible
spectrum.

3.1.5 Reflection dynamics

The majority of time resolved studies, employing the pump-probe technique with
Ti:Sapph laser systems to study the reflectivity of VO2 samples, use the fundamen-
tal laser beam wavelength of λ∼800nm as the probe wavelength where secondary
broadband probes are not generated. In our setup this wavelength is not available,
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so, λ=700nm is chosen for comparison with the literature.

Figure 3.5: Transient reflection dynamics at 470nm and 700nm of pristine, (a, b), and
Mg-doped VO2, (c, d). Dashed, dash-dotted and solid lines are data of 0.3mJ/cm2,
1.0mJ/cm2 and 2.6mJ/cm2 measurements respectively. Exponential decay curves
have been drawn over the high fluence data as a guide to the eye

The undoped film dynamics at both selected wavelengths (Fig.3.5a, b) show a
strong negative response following photoexcitation. Though the initial, within 0.5ps,
drop in reflectivity is more pronounced at λ=700nm (Fig.3.5b), both signals have
evolved towards the approximately the same value (d∆R/R0

∼=−0.08) within 5ps.
Results at 700nm (Fig.3.5b) agree well with results of Lysenko [70] for λpump=400nm
laser excitation. An ultrafast signal decrease is observed for the intermediate fluence
value, 1.0mJ/cm2, which becomes faster and further pronounced for higher excitation
intensity (2.6mJ/cm2). In the case of high fluence excitation, the system initially
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evolves within ps towards a plateau value. From there, it relaxes back to equilibrium
in time scales of the order of ns, as reported in the literature [69, 70, 106].

The results of the Mg-doped sample (Fig.3.5c, d) draw a different picture for the
temporal evolution of the system above threshold excitation. At λ=470nm (Fig.3.5c),
a fast initial decrease and recovery of the signal, within less than 1ps, followed by an
overshoot to positive values is observed. Then, the signal evolves towards a plateau
value, at comparably a higher rate to that of the undoped film (Fig.3.5a). The initial,
fast, signal drop and recovery, is attributed to the high rise in absorbance of the doped
film following photoexcitation, whose magnitude, at the particular wavelength, is six
times that of that of the change in reflectivity (Fig.A.5) and thus, dominates the
signal.

On the other hand, at the longer wavelength (λ=700nm, Fig.3.5d), although
at the intermediate fluence there is less a change in amplitude, at 2.6mJ/cm2 the
doped film shows a sharp decrease in reflectivity, of practically an equal amplitude
(∆R/R0 ∼−0.08) to that of the undoped film (Fig.3.5b). Notably, the plateau value
is reached within the time window of 5ps from which the system will relax with a
slower rate. This hints at the Mg-doped system having assumed the rutilic structure
faster, as compared to the undoped sample.

The presence of slow-rate dynamics in the reflective response of the system at long
wavelengths are indicative of the structural transition towards the rutile phase [61].
Reflectivity dynamics of the undoped and doped films at λ=700nm (Fig.3.5b, d)
show that, though both systems have been driven towards structural rearrangement,
the undoped film still evolves towards the R phase within the time window probed
here, while, the Mg-doped film reaches a plateau value faster, resulting in an apparent
more long-lived rutile phase.

3.1.6 Transmission dynamics

An analogous behavior of the Mg-doped film is evident in the transmitted signals,
results of d∆T/T0 at λ=470nm and λ=600nm are gathered in Fig.3.6. The doped
sample presents a different, faster, overall temporal response that reaches a plateau
within 2ps post-pulse excitation. On the other hand, the pristine film exhibits a slow
continuous decay at λ=470nm which reaches a plateau of ∆T/T0

∼=−0.04 at t∼=10ps
(data not shown), from which it will evolve at longer time scales. In contrast, a rapid
signal decrease and subsequent overshoot to positive values is observed at λ=600nm,
which further increases beyond t = 6ps (data not shown).

At 4ps after the pump pulse, amplitude change in transmittivity is about 50%
larger at λ=470nm for the doped film, ∆T/T0

∼=−0.075 (Fig.3.6c) versus ∆T/T0
∼=−0.05
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for the undoped one (Fig.3.6a). At λ=600nm the absolute change in transmittivity is
approximately the same (∼=−0.02), but, it has inverse sign, positive for the undoped
one (Fig.3.6b), and negative for the Mg-doped film (Fig.3.6d). This sign change is
attributed to the strong reflective response of the doped sample at the spectral region
around 600nm (Fig.3.4c).

Figure 3.6: Temporal response. Pristine, top graphs, and Mg-doped VO2, bottom
graphs. Graphs (a) and (c) are of 470nm, (b) and (d) are of 600nm. Dashed,
dash-dotted and solid lines are data of 0.3mJ/cm2, 1.0mJ/cm2 and 2.6mJ/cm2

measurements respectively. Fit results are drawn as solid lines over the high fluence
data

Exponential decay functions were used to fit the time-resolved data of mea-
surements recorded at high excitation fluence (2.6mJ/cm2). We fitted the time-
resolved data of the VO2 film with a double exponential decay function, y(t) =
y0 +A1·e−t/τ1+A2·e−t/τ2 . Here, τ1 reflects the initial mixed signal decay of the system
in presence of the fleeing excitation pulse, while, time constant τ2, holds information
on the temporal response of the system for times beyond pulse excitation effects.
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The retrieved results of τ2 correspond to the fit values presented in the graphs and
right panel of Fig.3.6a, b (τ=τ2).

In the case of the Mg-doped film (Fig.3.6c, d), fitting with a two exponential
function produced poor results, so instead, a single exponential decay function was
used, y(t) = y0 + A·e−t/τ , for times greater than those of the initial, large, transient
change.

Comparison of the times estimated from the fits, right panel of Fig.3.6, show a
faster post-pulse evolution of the Mg-doped film to the slow rate region governed by
ns-dynamics, as compared to dynamical evolution of the undoped one. This holds at
both λ=470nm (Fig.3.6a, c) and λ=600nm (Fig.3.6b, d), the retrieved times being
τ=2.7ps versus τ=0.3ps for the former and τ=12ps versus τ=0.6ps for the latter.

3.1.7 Discussion VO2

Our results show that, under photoexcitation above the transition temperature with
blue laser pulses, the Mg-doped film evolves quicker into the state governed by long
scale dynamics than the undoped film, in both reflection and transmission, at both
short and long wavelengths probed.

More results of VO2 reflectivity at λ=800nm under photoexcitation of with blue
laser pulses have been reported in a work by Madaras [69], to which we can com-
pare our reflectivity measurements at λ=700nm. Therein, it is shown that doping
the TiO2 substrate (on which VO2 is subsequently deposited) with Nb, results in
faster reflectivity response of the slow rate, ns, dynamics of the system, while also
increasing the amplitude of negative reflectivity change. There can be no direct com-
parison with the results of this study due to the large difference in sample thickness
(30nm films are used therein) and the fact that the fluence required to drive the
transition of those films is ∼=21J/cm2. Nevertheless, it is evident that the Mg-doped
film has much faster initial response than samples deposited on TiO2 and TiO2:Nb
substrates both, regardless of the excitation fluence used. The transient reflectiv-
ity change at 2.6mJ/cm2 fluence excitation is four times larger for the Mg-doped
sample (∆R/R0=−0.08) than the maximum of the film on the bare TiO2 substrate
(∆R/R0=−0.02), but comparable to the one obtained for the TiO2:Nb substrate
(∆R/R0=−0.07).

In a different study by Beebe [106], another phase-change material, NbO2, is
proposed as an alternative to VO2 for ultrafast switching of comparable amplitude
at a lower excitation fluence, with λpump=800nm. Both samples in the study are
deposited on sapphire substrates. The initial, fast transient reflectivity response of
their 101nm thick VO2 film reaches a temporary plateau of ∆R/R0=−0.001 within
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4ps to 5ps post excitation at a minimum of 17.5mJ/cm2 fluence. From that point
on, slower rate relaxation dynamics drive the system towards the rutile structure.

For ultra-high, 422mJ/cm2 fluence it reaches the plateau of ∆R/R0=−0.025
within 4ps after the pump pulse after which it slowly decays further in a ns time
scale. The NbO2 film is reported to have a lower transition threshold at 2.2mJ/cm2

(λpump=800nm) with approximately double initial amplitude as compared to the
VO2 film (∆R/R0=−0.002 at 5ps). For extreme excitation fluence, 422mJ/cm2, it
shows much faster switching times but with a transient change of ∆R/R0=−0.01,
less than half of that of VO2.

Compared with these results on the reflectivity dynamics of VO2 films, our Mg-
doped sample shows a complementary behavior. At 2.6mJ/cm2 blue pump exci-
tation, it has already transformed towards the rutile structure having reached the
plateau of ∆R/R0=−0.08 well before 5ps. This faster initial transient behavior
comes with almost an order of magnitude higher amplitude change than that of both
samples compared, at their minimum threshold fluence. When compared to the
ultra-high excitation measurements with λpump=800nm pulses [106], the Mg-doped
sample shows faster initial dynamics than both films and displays reflectivity changes
analogous to that of NbO2 excited at 140mJ/cm2 and almost half of that of VO2 at
422mJ/cm2.

Above the threshold excitation, VO2 evolves into the conducting, rutile, phase in
time scales of the order of ps and back to the steady state monoclinic phase in time
scales of the order of micro seconds (µsec) [65]. Transmission dynamics of the pristine
film (Fig.3.6a, b) are in line with this observation. The Mg-doped film appears to
quickly evolve towards a plateau from which it will relax back to equilibrium at latter
times (Fig.3.6c, d). This fast (<2ps) response, in conjunction with the non-linear
change in transmittivity, appeals to applications necessitating for ultrafast optical
switching.

In our view, the improved, faster, response of the Mg-doped samples stems from
both electronic and structural differences when compared to pristine VO2. Doping
with Mg results in enhanced coupling between V sites in the M1 [49] and also in the
R phase [75] which enhances screening of the V ions at coupled V-V sites. This is
due to the d -electrons being less bound to the initial non-bonded atomic sites, as
they are now subjected to a narrower, screened, Coulomb potential (characterized
by a Yukawa potential) (Fig.1.3), allowing for the electrons to become more mobile.

As is stressed by Lu [49], due to its highly ionic nature, Mg affects the electronic
structure indirectly by inciting structural reconstruction which in turn changes the
bonding between sites. This is further supported by the absence of midgap states in
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the doped compounds [49]. With respect to the structural effects of Mg substitution
to the lattice sites, what follows is a deformation of the V-V chain attributed to
oxygen vacancies, introduced by Mg replacing V sites [75, 79, 107]. Mg dopants act
as network modifiers with their inclusion resulting in lowering the network coordi-
nation. Specifically, in the R phase, the oxygen vacancies bring forth displacement
of their neighboring V atoms, causing changes to the interatomic V-V distances, a
characteristic of the M1, insulating phase (Fig.1.11) [49], which could also lead to
coupling along the V-V chain. These alterations are accompanied by a drop in the
latent heat of the transition, evident even for minute Mg inclusion [75] as is the case
in this study.

These changes bring the Mg-doped rutile structure closer to the monoclinic one
and further diminish the structural differences between the two material phases.
The latter is analogous to saying that, the ions need travel smaller distances to reach
the new equilibrium positions, when photoexcited, thus, decreasing the time for the
structural transition, driven by the rutile lattice potential,reported to be dominant
within 50fs [68].

3.1.8 Conclusions

Our measurements of the pure and Mg-doped VO2 films show that even minute Mg
dopant concentration alters the temporal response of the initial transient dynamics
of both reflectivity and transmittivity in the visible spectrum. Following above tran-
sition threshold photoexcitation with blue ultrashort pulses, the reflectivity signal
of both films evolves to a long lived state governed by slow rate dynamics [69, 106],
but, our measurements reveal the doped film to have transitioned faster than the
undoped film sample, at both short and longer wavelengths probed. This faster sys-
tem response is more pronounced in the signals recorded after transmission through
the film samples. The doped film has evolved to a plateau value within 2ps post
pulse excitation, indicating a faster transition to the rutile phase than that of the
pristine film which still evolves for times longer than 5ps. This faster system response
is attributed to changes arising from structural modifications and alteration of the
electronic landscape brought forth by the Mg ion substitutions [49, 75]. The opti-
mized temporal response and amplitude increase in transmittivity, at relatively low
fluence excitation, of the Mg-doped VO2 films are appealing characteristics which
hold promise for use in ultrafast switching applications utilizing transition metal
oxides as photonic elements.



48 3. Results

3.2 Quantum dot based 3D woodpile photonic

crystals

In this section, the results of the time-resolved studies on photonic matrices, enhanced
with CdS QDs, are presented. The structures were excited with λpump=795nm pulses
and the changes induced to the transmitted probe signals were recorded.

3.2.1 Material Fabrication

A silicon-zirconium solved gel doped with cadmium methacrylates (Cd(MA)2) was
used to create structures of the woodpile architecture [108] by Direct Laser Writing
3D lithography. The photonic woodpile matrices were functionalized by in situ
synthesis of CdS QDs and built with different inlayer periodicity, in particular, 550nm
and 600nm. The formation of CdS QDs is verified by the appearance of a broad
absorption band (onset at ∼450nm) from the exciton CdS QDs, a trait absent from
the pure polymer film, yellow and blue lines of Fig.3.7b respectively. Additional
information on preparation of the QD activated materials can be found in [87].

Figure 3.7: (a) Schematic of the woodpile photonic crystal showing one unit cell (of
length c) along the stacking direction. (b) UV-Vis absorption spectra measured from
a polymeric film before (blue) and after (orange) in situ synthesis of CdS QDs. Black
line represents absorption measured from the glass substrate. Figures adapted from
[87]

Each 3D photonic structure consists of layers of one dimensional rods with a stacking
sequence that repeats itself every four layers (accounting for one unit cell). The
distance between four adjacent layers is c and within each layer, the axes of the
rods are parallel to each other with a distance a between them (see Fig.3.7a). The
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adjacent layers are rotated by 90°. Between every other layer, the rods are shifted
relative to each other by a/2.

These hybrid materials have photonic stop bands in the visible spectral region, the
dynamical effects induced by pump excitation were studied by use of time-resolved
pump-probe spectroscopy.

3.2.2 Material Characterization

An image of an array of the functionalized woodpile structures acquired with an op-
tical microscope is shown in Fig.3.8. The array consists of woodpile photonic crystals
with varying inlayer periodicity and laser writing power. Each woodpile structure
has a footprint of 20µm×20µm. In Fig.3.8b, d, SEM images of a woodpile structure
functionalized with CdS QDs with inlayer periodicity α=500nm, are displayed. The
top view and side view image (Fig.3.8b ,c respectively), as well as a top view at
higher magnification (Fig.3.8d) demonstrate the excellent structural quality of the
fabricated structures and highlight the fact that the QD formation procedure is not
destructive for the fabricated photonic devices. Quality of the fabricated 3D woodpile
photonic crystals is further validated by the stop gaps observed in the transmission
and reflection spectra shown in Fig.3.9. These were recorded before (Fig.3.9(a)) and
after (Fig.3.9(b)) the QD formation on the 3D photonic matrix. A white light trans-
mission/reflection spectroscopy system was used as in [109] with signals recorded at
normal incidence (i.e., along the stacking direction of the structure). The fundamen-
tal stop band, typical for structures featuring the woodpile architecture [110, 111],
is clearly visible as a pronounced dip in the transmission and a peak in reflection.
The central wavelength of the band gap, here shown for varying structure inlayer
periodicity of 600nm, 550nm and 500nm is blue shifting from 760nm, to 710nm and
620nm respectively.

3.2.3 Time-Resolved Pump-Probe Measurements

Dynamic tuning of photonic properties of the fabricated 3D woodpile photonic struc-
tures functionalized with CdS QDs is investigated through a standard time-resolved
differential pump-probe technique [94]. With strong pumping,, a femtosecond shift-
ing of the photonic band gap is expected as a result of the changes induced to the
refractive index of the backbone material in the photonic matrix due to Kerr non-
linearity. Optimal homogeneous switching is expected especially near the first order
band gap and for pump wavelengths for which a Kerr nonlinearity can be induced
[112]. Therefore, for all measurements presented here, the sample is homogeneously
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Figure 3.8: (a) Optical microscopy image of an array of woodpile photonic structures
functionalized with CdS quantum dots with varying inlayer periodicity, at 600nm
(top row), 550nm (middle row) and 500 nm (bottom row). The laser writing power
decreases from left to right, (b) SEM image of a woodpile structure with 500nm
inlayer periodicity (top view), (c) side view of (b), and (d) top view of (b) at higher
magnification. Figure adapted from [87]

excited by a pump beam centered at λpump=795nm, while it is probed by measur-
ing transmittance in the wavelength range from 440nm to 720nm as a function of
pump-probe delay time, ∆τ .

Initially, prior to recording the dynamic tuning of the photonic-band-gap prop-
erties, a complementary tracking of the CdS exciton dynamics was provided by a
transient absorption experiment carried out for the case of a QD containing polymer
film. The time-resolved differential pump-probe measurements obtained are shown
in the main panel of Fig.3.10a, where a time-resolved spectral representation of the
changes in ∆OD (z-axis, color-axis) as a function of wavelength (y-axis) and the
pump-probe delay time (x-axis) is displayed.

Regions appearing red show a positive change in the OD, while those appear-
ing blue represent negative change in the OD as shown on the color-scale on the
left-hand side. The zero pump-probe delay is also recorded as a cross-correlation
parabolic-like trace between the scattered pump light from the sample and a delayed
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Figure 3.9: White light transmission/reflection spectroscopy measurements. Trans-
mission (solid) and reflection (dashed-dot) response of woodpile photonic structures
with 600nm (red), 550nm (black) and 500nm (green) inlayer periodicity (a) before
and (b) after in situ synthesis of CdS QDs. Figure adapted from [87]

white light pulse. Note that the time-zero of the experiment is not unique and varies
with the probe wavelength. This is due to the chromatic dispersion that the broad-
band white light supercontinuum probe beam has attained since its generation. As
one can observe, a spectral region where ∆OD<0 (blue region) is recorded at wave-
lengths shorter than 475nm, just after the arrival of the excitation pulse, (incident
pump fluence at ∼17.5mJ/cm2) hinting at a femtosecond rise-time, which correlates
to the exciton binding energy of CdS. Given that the pump operates at 795nm, this
is clear evidence of a nonlinear process, which is in fact two-photon absorption and
is in accordance with the linear absorption spectrum obtained from UV-Vis spec-
troscopy (right panel, also shown in Fig.3.7b). Note that the ∆OD is defined as
∆OD=log(IRef/ISig)2, where ISig is the power transmitted from the sample (Signal)
and IRef is the power transmitted from the Reference. In the absence of pump,
IRef/ISig is equal to 1 and, therefore, ∆OD=0. Hence, ∆OD tracks changes in the
transmittance from the sample due to the presence of the pump; absence of pump
or no change due to the presence of the pump yields ∆OD=0 marked as green areas
on the plot, while increased transmission corresponds to ∆OD<0 marked as blue
regions, and reduced transmission as ∆OD>0 appearing as red regions. In the case
of a QD containing film, before the pump is applied, the probe beam is subject to
absorption according to the spectra shown in Fig.3.7b (Film w/QDs).

2Following the nomenclature, as established in section 2.3.3, ISig and IRef are defined as
ISig ≡ Is,pT /Is,0T and IRef ≡ Ir,pT /Ir,0T for clarity
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Figure 3.10: Pump-probe measurements
on a quantum dot (QD) doped polymer
film at ∼17.5mJ/cm2 incident pump flu-
ence. Main panel: Spectrogram of the
changes in optical density (∆OD) of tran-
sient absorption as a function of wave-
length and pump-probe delay time. Left
panel: Color-scale representing the range
of ∆OD values. Upper panel: Temporal
cross-section of ∆OD(∆τ) at the wave-
length of 450nm. Right panel: UV-Vis ab-
sorption spectrum of the QD doped poly-
mer film (also shown in Fig.3.7b)

Once the pump is present, the popu-
lation is excited as the pump is absorbed
by the film and, therefore, when the
probe arrives thereafter, less population
is available in the ground state to absorb
the probe power leading to a reduced ab-
sorption and, hence, an increased trans-
mittance from the film (compared to the
absence of the pump). This is man-
ifested as ∆OD<0, i.e., the blue re-
gion shown in Fig.3.10. Of course, after
excitation, the population starts relax-
ing and as the pump-probe delay is in-
creased, this is experienced by the probe
as increased absorption (more popula-
tion is available in the ground state to
absorb the probe power). Eventually, for
very long delays the population return to
its ground state and is all available again
to be absorbed entirely by the probe (not
shown for the time window chosen here).
In addition, a temporal cross-section of
∆OD(∆τ) at the wavelength of 450nm
is also depicted in Fig.3.10, upper panel,
where the observed dynamics reflect the
energy relaxation and recombination of
the photo-excited carriers. The results
obtained are typical for II–VI QDs em-
bedded in a glass/polymer matrix usu-
ally consisting of fast initial decay components with characteristic time constants
from tens of femtoseconds to several picoseconds followed by a slower nanosecond
decay [113–115]. Furthermore, in order to eliminate any effect arising from the pure
polymer film, a similar experiment was carried out for a non-doped sample contain-
ing only the Cd2+ polymer composite, where no pump-induced change was recorded
in the OD as expected (Appendix A.2, Fig.A.6a).

Time-resolved differential pump-probe measurements were carried out for the case
of a woodpile structure functionalized with CdS QDs, which are shown in the main
panel of Fig.3.11. On the right panel, the linear transmission spectrum of the respec-
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Figure 3.11: Pump-probe measurements of woodpile structure at low (a) and high (b)
incident pump fluence: Main panel: Spectrogram of the changes in optical density
(∆OD) of transient absorption as a function of wavelength and pump-probe delay
time. Left panel: Color-scale representing the range of ∆OD values. (a) and (b): a
QD doped woodpile structure with 550nm (a) and 600nm (b) inlayer periodicity. The
red/blue dots in the main panel are a guide to the eye indicating the cross-correlation
trace of pump-probe delay. Right panel: Transmission spectrum of the QD doped
woodpile structure (also shown in Fig.3.9b). The gray region represents the position
of the fundamental photonic-band-gap. Incident pump fluence: (a) ∼1.25mJ/cm2,
(b) ∼11mJ/cm2

tive woodpile photonic structure with 550nm inlayer periodicity is displayed (also
shown in Fig.3.9b) in order to facilitate the comparison of the dynamics. The loca-
tion of the fundamental photonic stop-band is marked as a gray region. On the left
panel, the color-scale representing the range of the recorded ∆OD values is depicted.
As one can observe, upon low pump excitation (∼1.25mJ/cm2), a spectral region
where ∆OD<0 is recorded on the right-hand side of the zero delay line (marked as
a blue dotted line) for a wide wavelength range below the short-wavelength band
gap edge for a long time period of several ps (> 10ps). In particular, negative val-
ues of the OD are recorded upon excitation that build up for positive time delays
indicating that IRef/ISig < 1 i.e., the transmittance from the woodpile structure
increases. Following the same reasoning as for the case of a QD containing film, this
pump-induced response recorded upon low pump excitation corresponds to nonlinear
absorption. In fact, the nonlinear absorption recorded for the functionalized wood-
pile structure is observed for longer wavelengths than for the case of a QD containing
film (extending approximately up to 500nm) due to the larger QDs formed on the
3D polymer photonic matrix compared to the QD containing polymer film. More-
over, time-resolved differential pump-probe measurements at high excitation levels
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(∼18.1mJ/cm2) were carried out for a non-doped woodpile photonic crystal in order
to confirm that the pump-induced changes observed for a doped sample are not due
to the polymer matrix. The results obtained for a pure polymer woodpile structure
with 600nm inlayer periodicity are shown in (Appendix A.2, Fig.A.6b), where no
pump-induced change of the OD was recorded.

The outcome of the pump-probe experiment at high pump intensities (∼11mJ/cm2)
for a woodpile structure with 600nm inlayer periodicity functionalized with CdS QDs
is displayed in the main panel of Fig.3.11. As seen, an intense pump-induced change
in the differential signal dynamics is recorded on the right-hand side of the zero
delay line (marked as a red dotted line) for a wide wavelength range below the
short-wavelength band gap edge for a long time period of several ps (> 25ps). In
particular, positive values of the OD are recorded upon excitation that build up for
positive time delays indicating that IRef/ISig > 1, i.e., the transmittance from the
woodpile structure reduces. This is a surprising result because a pump-induced ab-
sorption could only increase the transmittance, as explained earlier for the case of the
QD containing film; this is also what occurs with low pump power in the function-
alized woodpile photonic crystal. Additionally, a possible pump-induced emission of
the QDs (either in the film or in the woodpile), would again manifest as increased
probe transmittance due to the additional emitted photons from the gain material
(QDs). Clearly, in the functionalized woodpile structure, while for low pump power
the transmittance increases, for high pump power the transmittance reduces imply-
ing fundamental changes in the system’s response due to the pump. These changes
could possibly originate from a pump-induced shift of the photonic-band-gap, or
even from damage of the woodpile photonic crystal due to high pump excitation,
which could lead to lower probe intensity being recorded due to scattering. However,
Fourier transformed infrared (FTIR) linear transmission measurements performed on
the same woodpile system after the excitation revealed that the woodpile structure
remained intact (Appendix A.2, Fig.A.7). Note that the inlayer periodicity of the
woodpile structures examined in Fig.3.11 varies from 550nm to 600nm. Due to this
change, the location of the fundamental photonic stop band shifts from 710nm to
760nm, accordingly, and, therefore, the magnitude of ∆OD is not directly compa-
rable. However, qualitatively, the response of the two systems is comparable, both
because of the proximity of the two band gaps (50nm apart) and, also, because the
band gaps, as well as the pump wavelength (795nm), are located far from the QD
absorption (<500nm). Hence, based on the sign of ∆OD, which is related to qual-
itatively different phenomena, we can draw the above conclusions for our systems,
despite the different periodicity.

According to photonic-band-structure calculations for photonic-band-gap mate-
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rials possessing Kerr nonlinearity, a positive change in refractive index would lead
to a “blue” shift of both photonic band edges along with a significant widening of
the photonic-band-gap [116–118]. In our case, a pump-induced response of the QD
containing woodpile structures is observed on a sub-picosecond time scale mainly
recorded for a wide wavelength range below the short-wavelength band gap edge. In
addition, the recorded signal rises further at positive time delays (>10ps) instead of
rapidly decaying as the photonic feature would relax back to its original wavelength,
also reported previously in analogous experiments involving 3D nonlinear photonic
crystals [119–121]. However, in most of the previous works, semiconductor materials
such as gallium arsenide or silicon were utilized, where large-refractive index contrast
photonic crystals could be obtained. Additionally, in order to achieve high intensity
contrast between “on”and “off” states of the optical switching, a monochromatic
probe beam with a central wavelength located at the short-wavelength band gap
edge was employed, instead of a white light supercontinuum probe as in the present
work.

Although, in our case, a clear ultrafast dynamic response is recorded from the
woodpile photonic structure functionalized with CdS QDs, that indicates a photonic-
band-gap shift, further experiments need to be carried out in order to identify the
competing ultrafast all-optical switching mechanisms that take place between the
3D polymer photonic matrix and the functionalized QDs [122] for a comprehensive
understanding of the underlying effects in order to reach more solid conclusions.

3.2.4 Conclusions

Visible light active 3D woodpile photonic devices are successfully fabricated con-
taining an organic–inorganic silicon–zirconium composite and CdS QDs. The func-
tionalized woodpile structures show clear photonic stop bands in the visible wave-
length region. By means of time-resolved pump-probe spectroscopy, indication of
a photonic-band-gap shift is demonstrated. It is expected that the nanocomposite
material presented herein can find applications in active micro/nanodevices, such as
ultrafast switching and modulation applications.



Chapter 4

Summary & Conclusions

The present work is concerned with ultrafast processes in materials, which can be
activated by photon excitation. The effects in optical system response inflicted by
the inclusion of dopants is studied. It is shown that the introduction of additives
may alter the overall optical behavior of the system (reflectivity/transmittivity), as
well as, affect its temporal characteristics. Such changes can be the result of a direct
modification of the electronic landscape, but, could also emanate from changes of
the intersite bonding. The latter effect, is strongly influenced by atomic ordering
and is thus sensitive to deviations from the initial periodicity, which may arise due
to inclusion of dopant elements.

Dynamics of Mg-doped VO2 films: Introducing Mg into the structure mani-
fests in a re-coordination of the network as V is substituted at the sites. The new
structures, show a faster temporal response upon photoexcitation across the phase
transition, hinting at an apparent longer-lived excited state which evolves to the high
temperature atomic arrangement (R). Differences in the dynamics of both reflected
and transmitted signals exist between the doped and pristine films. The improved
response to high energy photon excitation of the doped films being more striking
in the transmitted signals, where the signal reaches a plateau fast for wavelengths
across the visible spectrum.

Dynamics of CdS Qd enhanced woodpile structures: Enhancement of 3D
photonic woodpile structures by in situ synthesis of CdS QDs, results in visible light
active photonic devices. This fabrication method retains the structure periodicity,
which is key for the existence of photonic band gaps, while enhancing it with the
presence of the highly nonlinear QDs. The time resolved measurements reveal a shift
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of the photonic-band-gap, occuring when the structure is excited with high pump
fluence. In addition, contrary to the case of low pump fluence excitation, signal
transmission through the structure is reduced, implying a change of the electronic
structure of the material due to the presence of CdS QDs.

These results underline the effect of dopant elements and the role of structure period-
icity. In the case of VO2, it is the lowering of the symmetry of both material phases
due to the inclusion of Mg dopants that causes changes to the internal properties of
the system (Tc, latent heat, spin bonding, etc). These differences are reflected upon
the temporal traces of the doped films. They portray an overall faster response to
optical stimuli, accompanied by an increased signal amplitude in the visible regime.

On the flip side, distorting the periodicity of the woodpile photonic structures
would be catastrophic for the appearance of the photonic band gaps. By embedding
the CdS QDs on the matrix, in a non-destructive manner towards the periodicity,
the structures become optically active. A dynamical behavior arises upon pump ex-
citation, which leaves the system in a state of ,either, reduced, or, increased signal
transmittance, depending on the excitation fluence.

These experiments shed light on the improved dynamical response of materials
with switching capabilities in the visible regime. The temporal behavior of both
systems is enhanced by the inclusion of dopants. The Mg-doped VO2 film shows an
improved, overall faster, response throughout the spectrum, in both reflectivity and
transmittivity, as compared to the undoped film. In the case of the 3D woodpile
photonic structures, it is the inclusion of CdS QDs in the matrix that functionalizes
the system, rendering it optically active in the visible part of the spectrum. The
highly nonlinear properties of the QDs enable ultrafast, all-optical, dynamic tuning
of the photonic-band-gap, with the capability to achieve high intensity contrast of
the transmitted signals.

Optically active systems of such temporal and spectral trends hold much appeal
for ultrafast switching devices. Apart from their practical use in applications, the
underlying Physics and theoretical framework established to model the implicate
order of such materials, remains ever fascinating.
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Appendix A

Supplementary Data

A.1 VO2

A.1.1 Normalized reflection & transmission plots

All graphs in this section are plotted by use of equations 2.3 and 2.4 as defined in
subsection 2.3.1.
VO2

Figure A.1: Pristine VO2 film, measurements for increasing fluence, top to bottom.
Normalized reflectivity, d∆R/R0, (left), and transmittivity, d∆T/T0, (right)
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Mg:VO2

Figure A.2: Mg-doped film, measurements for increasing fluence, top to bottom.
Normalized reflection, d∆R/R0, left graphs, and transmission, d∆T/T0, right graphs

A.1.2 Absorbance calculation

A.1.2.1 Differential reflectivity, absorbance & transmittivity

It is known that VO2 has a strong reflective response in both insulating and metallic
material phases [101, 102]. The laser induced change in absorbance, d∆A, is calcu-
lated via eq. 2.5 expressing the signals of reflection and transmission experiments
via equations 2.6 and 2.7. We then plot the 2D pseudocolor plots below for both films.
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VO2

Figure A.3: Pristine VO2 film, measurements by increasing fluence, top to bottom.
Left graphs d∆R, middle graphs d∆T, right graphs d∆A

Mg:VO2

Figure A.4: Mg-doped film, measurements by increasing fluence, top to bottom. Left
graphs d∆R, middle graphs d∆T, right graphs d∆A
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A.1.2.2 ∆R, ∆A, ∆T Spectral response

Response at 4ps post excitation. Vertical sections of the data in graphs of Fig.A.3
and Fig.A.4. To gain insight of the absorptive properties of the film samples we use
equations 2.5 to 2.7 to extract the change in film absorbance, d∆A.

The resulting absorbance graphs (e) and (f) of Fig.A.5 highlight the fact that
when dealing with highly reflective samples interpretation of transmission measure-
ments only, without complementary reflection measurements, might lead to erroneous
conclusions regarding their absorptive properties. As previously stated, the trans-
mission measurement of the pristine film, graph (b) of Fig.3.4, would hint at either
emission, or, a drop in absorption (available electronic population in excited state)
at wavelengths with positive changes in transmittivity. As can be seen in graph (e)
of Fig.A.5, there is no decrease in film absorption and if there is emission from the
sample it is not of the intensity depicted in the transmission measurement.

Figure A.5: Spectral response at 4ps post excitation. Results of 0.3mJ/cm2,
1.0mJ/cm2 and 2.6mJ/cm2 measurements correspond to dashed, dash-dotted and
solid lines in the figure graphs
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The absolute absorption of the Mg:VO2 film has increased throughout the whole
probed spectrum with even such minute dopant concentration. Noticeably, for wave-
lengths below λ=525nm although absorbance has increased fourfold, with respect to
the undoped film, sample transmission has also increased by an order of magnitude,
graphs (c) and (d) of Fig.A.5. Film reflectivity shows an intense response of inverse
sign as compared to that of the undoped sample, graphs (a) and (b) of Fig.A.5.

A.2 Woodpile structure with Cds QDs

Figure A.6: Pump-probe measurements. a) Pure polymer film of the composite
material. Incident pump fluence ∼17.5mJ/cm2. Main panel: Spectrogram of the
changes in ∆OD of transient absorption as a function of wavelength and pump-probe
delay time. Left panel: Color-scale representing the range of ∆OD values. Upper
panel: A temporal cross-section of ∆OD(∆τ) at the wavelength of 450nm. Right
panel: UV-Vis absorption spectrum (also shown in Fig.3.7b) of the pure polymer
film. b) Woodpile structure with 600nm inlayer periodicity prior to in situ synthesis
of CdS QDs. Incident pump fluence ∼18.1mJ/cm2. Spectrogram of the changes
in ∆OD of transient absorption as a function of wavelength and pump-probe delay
time. Color-scale on the left represents the range of ∆OD values
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Figure A.7: FTIR transmission measurements for a woodpile structure with 600nm
inlayer periodicity functionalized with CdS quantum dots: before (purple) and after
(green) high pump excitation (incident pump fluence ∼11mJ/cm2)



Appendix B

The Chirp Conundrum

Herein, the results of a MATLAB routine developed to negate pulse chirp effects are
presented.

B.1 Group velocity dispersion effects

Laser pulses which are not compressed to their Fourier Transform Limit are refered
to as chirped.

Figure B.1: TAS measurement of
float-glass substrate

Chirped pulses have varying group velocities
over the frequencies/wavelengths of the pulse en-
velope, this results in non-optimal, i.e. minu-
mum, pulse duration. This, if present, greatly
affects time-resolved experiments employing vari-
ants of the pump–probe technique as they limit
the temporal resolution of the measurements, not
only excitation-wise (case of chirped excitation
pulse, τpump) but also that of the detection (case
of chirped probe pulse, τprobe). Figure B.1 shows
data of a float–glass substrate recorded in a tran-
sient absorption spectroscopy (TAS) setup1. It is
evident that the maximux signal change, which
is to say, the cross-correlation peak at each in-
dividual wavelength/frequency, appears at different time instances forming a curve.
This is direct evidence of chirp present in the broadband supercontinuum probe

1TAS measurements were recorded in the “Ultrafast Laser Micro and Nano Processing Labora-
tory” at IESL-FORTH
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beam. This is to be expected since it derives from the method used to generate the
broadband probe pulse (transmission through the non-linear crystal leads to group
velocity dispersion effects).

These effects hinder analysis of the spectral dynamics when applied to phenomena
comparable to the pulse duration and thus need be accounted for.

B.2 Test Measurements

To capture the phenomenon without the ambiguity of having a sample that be-
haves dynamically under excitation with the base laser frequency, (λ=1026nm), we
recorded data of the main substrate used in preparation of the VO2 samples, namely,
float-glass (Fig.B.1). In the next sections, we will show results of the efforts to cap-
ture (that which we will be refering to as) the “chirp curve” as the signal change
that appears in the data, as well as, the results of the MATLAB routine dedicated
in negating this behavior.

B.3 Select & Extract Curve

The curve is extracted from the data by taking each individual wavelength, λ, re-
sponse and pinpointing the instances where there is a change in the slope.

The script detects, up to, three such slope changes the ones portraying the great-
est change (max points of slope change). Due to this, it will detect different points of
interest depending on the range within the data you allow it to read through. Figure
B.2a shows the result for running the script throughout the whole measurement.

As expected, the majority of points detected are located at the max intensity
region and beyond, but, it is evident that there are other instances, prior to the
maximum ones, where the slope changes. Two more of these instances (all in sets
of three) can be identified in Fig.B.2a. At the lowest wavelengths, λ<600nm, points
are located below the “main” curves, as well as, in the regions around λ∼620nm and
λ∼820nm.

What needs be done is to decide which curve must be extracted which best
portays the pulse chirp. A problem arises, because in these measurements the chirp
is comparable to the crosscorrelation of the two pulses there is ambiguity in detecting
the exact maxima and minima at the highest intensity point (what we refer to as
∆τ=0). This can be validated by the main blue lines (also by the red and yellow
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Figure B.2: Float–glass. (a) max slope changes and (b) extracted curves

ofcourse) of Fig.B.2a, these appear straighter than should be (we expect a second
order curve). The few points detected by the script at low wavelengths, below the
main curves, are the correct ones, the curves should start from there. This fails
because the crosscorrelation maxima often form a plateau spread over time, thus,
pinpointing their exact possition is hindered.

On the other hand, points earlier in time (lower matrix index values) seem to be
clearly recorded in the data. We focused our efforts in extracting those.

The Curves & Comparison: Following the reasoning presented in the above
section, we extract and draw two sets of curves, Fig.B.2b. The extracted curves of
are plotted against another set from a k-glass substrate (Fig.B.3a). As expected they
are the same, the chirp is an inherent property of the supercontinuum pulse itself
and is not depended on the sample.

In the following we will use the second line, to negate the chirp effects of the
measurement.

B.4 Negate GVD: Results

By use of the chirp curves we negate the chirp effect, results are shown in Fig.B.3b.
Corrected data need be post-processed (interpolated) in order to be able to be graph-
ically portrayed in a continuous manner as are the results presented here. it should
be stressed that, the MATLAB routine is such that, although there is interpolation
of the data for visualization purposes involved, the original data shifted in time are
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Figure B.3: (a) Curves of float–glass, (b) chirp corrected measurement

maintained in another matrix, so that all analysis can be performed on the original
data, with no dummy values involved whatsoever.
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