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Abstract

In the recent decades, there has been a surge of interest in the wide array of
emergent phenomena found in strongly correlated materials. Understanding
the inner workings of this type of systems is a major challenge due to the
complex way in which multiple degrees of freedom, such as electronic, structural
and spin, interact with each other and themselves in non-trivial fashion. One of
the most striking outcomes of these subtle interactions in correlated materials
is the richness of their phase diagrams, which include exotic states that still
elude a complete physical description. It is in the transition from one phase to
another where the insights into the complex microscopic mechanisms may be
most readily found, and so the study of phase transitions has become a staple
in correlated materials science.

The experimental techniques used to track phase transitions are steadily
becoming more precise and, with the improvements, previously overlooked as-
pects of a phase transition become more apparent, such as inhomogeneity or
disorder, which add another layer of complexity that may clash with our cur-
rent understanding. This is particularly important in the relatively young
field of ultrafast studies of correlated materials, which tackles these systems
in a largely uncharted territory: non-equilibrium situations. In this thesis,
we develop novel experimental techniques which push towards an assessment
of disorder and/or inhomogeneity in non-equilibrium phase transitions, while
still being able to accurately track the dynamics of the degrees of freedom
involved. We then apply these techniques in two systems of current interest:
La0.5Sr1.5MnO4, a prototypical layered manganite, and VO2, one of the most
emblematic correlated materials.

For La0.5Sr1.5MnO4, we introduce an all-optical tabletop pump-probe setup
that is able to track the ultrafast melting of charge- and orbital-order param-
eter with high accuracy. We show how, in contrast with previous descriptions,
the transition is incoherent and fits with the paradigm of an order-disorder
process. A key factor in these dynamics, which is sometimes overlooked, is
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spatial phase separation into the depth of the material. With our setup, the
role of initial inhomogeneity and its evolution can be readily tested.

For VO2, we employ facility-scale X-ray sources to directly image phase
inhomogeneity in the metal-to-insulator transition with coherent X-ray diffrac-
tion techniques. We show quantitative imaging of phase separation and domain
growth statically, which in our experimental setups should be able to distin-
guish intermediate phases appart from the usual monoclinic insulator and ru-
tile metal. We find no evidence of previously claimed intermediate phases such
as monoclinic metal VO2. Finally, we show the first non-scanning spatially-
resolved observation of the ultrafast phase transition in VO2 with nanometer
resolution, where we identify a global, prompt change in the domain pattern
in the femtosecond scale.
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Resumen

En las últimas décadas hemos podido observar un gran aumento en el interés
sobre la gran variedad de fenómenos emergentes que se pueden encontrar en los
materiales fuertemente correlacionados. Comprender los mecanismos internos
de este tipo de sistemas supone un gran desafío, debido a la complejidad con
la que múltiples grados de libertad, como el electrónico, esctructural o spin,
interactúan entre ellos y si mismos de forma no-trivial. Uno de los resultados
más llamativos de éstas sutiles interacciones en materiales correlacionads es la
riqueza de sus diagramas de fase, los cuales incluyen estados exóticos para los
que todavía no se dispone de una descripción física completa. Es precisamente
en la transición de una fase a otra donde el conocimiento sobre las complejas in-
teracciones microscópicas estan a un mayor alcance y, por ello, el estudio de las
transiciones de fase es fundamental en el campo de los materiales fuertemente
correlacionados.

Las técnicas experimentales que se usan para observar cambios de fase son
cada vez más precisas y, gracias a estas mejoras, aspectos de las transiciones
previamente pasados por alto se vuelven evidentes. Es el caso de la heterogenei-
dad o el desorden, que añaden otra capa de complejidad que puede entrar en
conflicto con nuestro conocimiento actual. Esto es particularmente importante
en el relativamente joven campo de los estudios ultrarrápidos en materiales
correlacionados, que emprende el estudio de estos materiales en un territorio
ampliamente inexplorado: el no equilibrio. En esta tesis hemos desarrollado
novedosas técnicas experimentales con el objetivo de evaluar el efecto del des-
orden y/o la heterogeneidad en cambios de fase en el no equilibrio, siempre
manteniendo una observación precisa de las dinámicas de los grados de lib-
ertad involucrados. Hemos puesto en práctica estas técnicas en dos sistemas
de actualidad: La0.5Sr1.5MnO4, una manganita prototípica, y VO2, uno de los
materiales correlacionados más emblemático.

Para el estudio del La0.5Sr1.5MnO4, presentamos un montaje experimental
óptico del tipo pump-probe, que permite observar la destrucción ultrarrápida
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de la ordenación orbital y de carga con gran precisión. Mostramos cómo,
contrastando con descripciones previas, la transición es incoherente y resulta
compatible con el paradigma de un cambio de fase mediante un proceso de
orden-desorden. Otro elemento clave en estas dinámicas, en ocasiones pasado
por alto, es la presencia de separación de fase en la dirección en profundidad
del material. Con nuestra técnica, el papel de la heterogeneidad inicial y su
evolución pueden ser estudiados.

Para el estudio del VO2 hemos empleado fuentes de rayos-X de gran es-
cala para tomar imágenes directas de la heterogeneidad de fase en la transición
metal-a-aislante por medio de ténicas difractivas coherentes. Presentamos imá-
genes con información cuantitativa sobre la separación de fase y crecimiento
de dominios en función de la temperatura. Con nuestra puesta en práctica de
estas técnicas podemos distinguir fases intermedias entre aislante monoclínico
y conductor rutilo. No encontramos ninguna prueba de la presencia de fases
intermedias previamente sugeridas, como el VO2 en presentación de metal mon-
oclínico. Finalmente, mostramos la primera observación (con una técnica no
basada en barridos) de la transición de fase ultrarrápida en VO2 con resolución
espacial de nanómetros, en la que identificamos un cambio inmediato y global
de la distribución de dominios en una escala de femtosegundos.
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Introduction

When facing a physical system that is beyond our current understanding a
good course of action, proven by history, is to fragment said system into its
constituents. Then, once the role of these pieces is known, they can be aggre-
gated to form an answer to the initial problem. Condensed matter physics is a
prime example of this paradigm: at some point solids were intriguing pieces of
matter with a broad palette of physical properties without a known origin; now
we break down each material down to its basic building block, the unit cell, and
there we identify the role of the three pillars of condensed matter: lattice struc-
ture, electrons, and spins. This approach brought explanations for a wealth of
physics: electric transport, magnetism and optical properties, among others.
But perhaps the most iconic result is found in band theory, which explains
and predicts the behaviour of a large number of systems just by looking at
its crystal structure. Of course, the development of new and improved experi-
mental techniques has been critical to achieve this level of understanding, since
it has allowed us to observe those three pillars, leading to confirmation, and
sometimes proposal, of the models at hand. This new understanding of solid
systems not only could offer explanations, but also has allowed us to harness
the properties of condensed matter to produce functional devices that brought
major technological advances.

In the recent decades, these ideas, models and experimental techniques
are being put to the test by the advent of the so-called strongly correlated
materials (increasingly often being renamed as quantum materials). This new
category of materials arose from the observation, mainly in transition metal
oxides, of phase transitions such as metal-to insulator [1], or into particular
charge-ordered or magnetic states [2]. Remarkably, these phase transitions
were not supposed to happen, according to band theory. This disagreement
was soon attributed to the failure of one of its major assumptions: that the
structural, electronic and spin pillars are non-interacting. In this host of mate-
rials these components interact with each other, and themselves, on a similar
energy scale, hence the label correlated. What decides the state of the system
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Introduction

is then a delicate balance of all these interactions, as evidenced by how similar
materials show drastically different properties, and how tuning parameters like
temperature or doping density can result in a variety of phase transitions into
emergent exotic states .

The increased complexity poses a major theoretical and experimental chal-
lenge: numerical techniques need to include more degrees of freedom, and
probes need to discern subtle interactions among many. A good amount on
work on these materials focuses on phase transitions, where the key questions
are what is changing in the transition, and how does the change proceed. We
have experimental probes that can examine the initial and final state of the
transition down to the atomic scale, however we still lack a complete descrip-
tion on how these transitions are driven in many materials. This is because
several changes happen concomitantly when inducing the transition in a static
scenario, as it is done by tuning the temperature of the system, which often cre-
ates a situation where different, incompatible, phenomenological explanations
can be justified, something we will discuss in detail in this thesis.

At this point is where ultrafast science enters the scene. If in the equilib-
rium we reach an impasse that prevents drawing conclusions, perhaps bringing
the systems out of equilibrium will provide the answers. This is implemented in
the study of correlated materials through the so-called pump-probe technique,
where a strong, ultrashort light pulse excites the material into a transient,
non-equilibrium state which can result in what is called a photoinduced phase
transition –this would be the pump- and afterwards another ultrashort pulse
reads the state of the system without perturbing it further –the probe-. This
technique has allowed us to explore dynamics in the femtosecond timescale, and
it provides two avenues that may answer the two key questions: the addition
of the time domain can stablish a hierarchical classification of the degrees of
freedom involved based on their speed (structural changes are slow, electronic
changes can happen extremely fast) and if we selectively pump one specific
component of the system (i.e. the lattice) and selectively probe another (I.e.
the spins) we may begin to map out the complex set of interactions among
them. Ultimately, once all the interactions are known, we might be able to of-
fer a complete, unified description that can explain and predict the behaviour
of a multitude of materials, both in equilibrium and out of it.

The ultrafast pump-probe technique is now well-stablished in the field
of strongly correlated materials, with numerous landmark works arising from
it, however non-equilibrium physics in these systems remains largely as un-
charted territory. Recently, phase transitions seemingly exclusive to the non-
equilibrium have been reported, as it is the case of the light-induced super-
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conductivity in the cuprates [3]. Similarly to what was achieved with band
theory in classic materials, harnessing the properties of correlated materials in
and out of equilibrium may provide significant technological advances, but in
addition –or in direct relation- with the intrinsic complexity of these materials
there are other agents that complicate reaching final answers.

Some of these agents are strain, defects, surface effects or, to be as general
as possible, any kind of spatial inhomogeneity in the system. Spatial inhomo-
geneity, from the atomic to mesoscopic scale, introduces forces that can have
an impact in the delicate balance of interactions that make correlated mate-
rials be what they are –even in pristine samples free of defects or strain- and
so a complete understanding requires addressing the impact of local forces on
the material. This is even more critical if nanoscale functional devices are to
be manufactured out of correlated materials, as inhomogeneity may hinder or
directly prevent their performance. The best way in which we can study in-
homogeneity is through the development of spatially resolved probes that can
achieve high resolution, strong sensitivity to various degrees of freedom and
also the ability to make measurements in the ultrafast timescale.

Another agent is disorder. We wrote before how selective excitation and
probing of different constituents of a correlated solid makes the basis for its
eventual understanding. For instance, we could excite the electronic degree
of freedom, and then observe how this in turn triggers a structural distortion,
which can be characterized by a single mode of movement of the lattice sites,
suggesting a strong electron-structure coupling and even an electron-driven
phase transition. Disorder plays against selectivity, in a strongly disordered
scenario the initial electronic excitation may trigger a variety of structural (and
beyond) changes, which may not be described by a single mode of movement.
For a lot of probes, the outcome may look the same, but the physics involved
are drastically different. It is important, then, to assess the role of disorder
in correlated materials, not only because it may be a hindrance in the way of
understanding the systems as a set of well-defined interactions but also because
disorder could be the route to explain and generate some of the most interesting
phenomena found in strongly correlated materials [4].

In this thesis we aim to expand our knowledge on the role of inhomogeneity
and disorder in ultrafast phase transitions in strongly correlated materials. To
do so we have investigated two different systems, La0.5Sr1.5MnO4 and VO2,
which are part of the transition metal oxides, to which end we have developed
two different experimental techniques. For La0.5Sr1.5MnO4, we present novel
optical setup able to measure different degrees of freedom simultaneously which
we use to show how its ultrafast charge- and orbital-order phase transition is
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strongly affected by disorder and surface inhomogeneity. For VO2, a material
known to be subject to strong inhomogeneous effects in its metal-to-insulator
transition, we have used a coherent X-ray diffraction imaging technique to
image phase domain growth quantitatively and, for the first time, to observe
how the domains evolve in a non-equilibrium situation. With this, we offer
new perspectives that will contribute towards the ultimate understanding of
these systems.

Thesis outline

This thesis is structured as follows:

• Chapter 1 serves as an introduction to ultrafast phase transitions. We
first introduce basic concepts such as the order parameter and Landau
theory, then build on them to discuss recent descriptions of dynamical
transitions. The challenges to these descriptions brought by inhomogene-
ity and disorder are discussed to motivate the experiments of the thesis.

Chapters 2,3 and 4 focus on an optical study of a C4-symmetry-breaking
transition in the manganite La0.5Sr1.5MnO4.

• Chapter 2 introduces charge- and orbital- order transitions in transition
metal oxides. Special attention is given to the manganites as a prototypi-
cal example. Different ways to track this transitions are detailed, and we
discuss recent literature which highlights how these kind of transitions
are still not fully understood. In addition, we present a model of the
dynamical melting of the ordered phase in this materials which accounts
for initial surface inhomogeneity.

• Chapter 3 details the optical reflection anisotropy setup we developed
to study the ultrafast melting of the C4-symmetry broken state in the
manganite La0.5Sr1.5MnO4.

• Chapter 4 discusses the result of the reflection anisotropy measurements.
The data suggests that the melting process may be best described as
an order-disorder transition, unlike previous descriptions. The role of
in-depth inhomogeneity is also discussed within our experimental frame-
work.

Chapters 5,6,7 and 8 are centred in a different material, VO2, which we
have studied with imaging techniques.

• Chapter 5 introduces the physics of VO2, with a focus on the role of phase
separation in the metal-to-insulator transition. The recent literature on
this matter, which remains controversial, is discussed in order to motivate
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the development of ultrafast nanoscale probes.

• Chapter 6 explains the X-ray coherent diffraction imaging techniques we
applied to VO2, with special attention on Fourier transform holography.
We present experimental observation of static domain growth in VO2
with this technique.

• Chapter 7 shows quantitative coherent diffraction image of the same VO2
sample, demonstrating the capability of the technique to extract the local
complex refractive index with high accuracy.

• Chapter 8 present the results of the first time-resolved Fourier transform
holography on a phase transition, showing global dynamics for phase
domains in the femtosecond scale, suggesting the absence of intermediate
phases in the ultrafast transition.
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1 | Ultrafast phase transitions

In this chapter we describe general aspects of phase transitions in cor-
related material. Landau theory, a framework commonly used to model
phase transitions, is introduced with special attention to its extension
to heterogeneous and/or ultrafast transitions under the more general
time-dependent Ginzburg-Landau theory. We also give an overview of
the modern experimental techniques used to track ultrafast light-induced
phase changes and how disorder and inhomogeneity may play a role in
our understanding of phase transitions.
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Chapter 1 Ultrafast phase transitions

1.1 Preface

In this thesis we aim to expand our knowledge on ultrafast phase transitions in
strongly correlated materials. Although there are several theories that attempt
to interpret and model phase transitions, with different levels of microscopic de-
tail, the more atomistic approaches like density functional theory (DFT) often
fail to reproduce the correct physics of correlated materials, and computation
times become prohibitive due to the need to include large unit cells and long-
range effects. The alternative are models like phenomenological Landau theory,
which has been favoured in recent literature. The appeal of phenomenological
Landau theory lies on its universality, simplicity and flexibility, all qualities
that are in great demand when navigating the highly complex systems found
among the correlated materials.

The fact that Landau theory has been able to qualitatively and sometimes
also quantitatively reproduce experimental data, while also offering sound in-
terpretations based on first principles on a variety of observed non-equilibrium
phenomena is very exciting, as it hints towards a unified and user-friendly
description of dynamics in correlated materials. However, strongly-correlated
non-equilibrium scenarios are far away from the context where this theory was
formulated and therefore it is important, for the development of the Landau
approach, to seek and identify its potential limits. Whether these limits are
confirmed or dispelled will rely on the expansion and refinement of the experi-
mental measurements in these materials, as clear indicators of situations where
current phenomenological Landau theory is not appropriate may only be found
in non-trivial experimental observations which only recently are becoming pos-
sible.

In this chapter we will introduce phenomenological Landau theory with
a level of detail similar to what is found in its practical implementation in
correlated materials. This constitutes a language widely used in the field of
ultrafast phase transitions. We will briefly discuss how the model accommo-
dates spatially inhomogeneous and non-equilibrium transitions. We follow the
introduction to Landau theory with a comment on the experimental difficulties
of measuring transitions in complex materials, with special emphasis on the
effects of inhomogeneity and disorder.
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1.2 Phase transitions

1.2 Phase transitions

General aspects of phase transitions can be shown through the use of a particu-
lar example, for instance we can think in the phase transition of a ferromagnetic
material at its critical temperature, Tc, which we will represent through a a set
of spins. In a real situation, the spins would be allocated to specific sites in a
crystal lattice, here we will consider the case of a chain of electrons with spins
with either +½ or –½ value, which we represent through arrows pointing up
or down (Figure 1.1a). Assuming that no external magnetic field is applied, at
temperatures aboveTcthere is no preferred orientation for the spins and the net
magnetic moment is zero, the system is in its paramagnetic phase. Below Tc,
the spins gradually start to align in a particular direction. The system is now
in the ferromagnetic phase, and the net magnetic moment, and magnetization,
are non-zero (Figure 1.1b).

Fig. 1.1: Order parameter in a magnetic system. In Landau theory,
the symmetry state of the system is represented by the order parameter,
η. The arrows represent the orientation of spins in a magnetic material. a
Above the critical temperature, the order parameter is zero. b Below the
critical temperature, the system acquires a new symmetry and the order
parameter is a finite number. c Below Tc, alternative arrangements of
the system with the same symmetry are possible, a have a negative order
parameter associated.

In this example we have found an observable that changes drastically
across the phase transition: the magnetization. For any phase transition, an
observable with this behaviour can be defined as the order parameter, η,
of the transition, for instance density in the ice-water transition or resistivity
in a superconducting transition. Phase transitions can be classified depending
on how the order parameter changes across the critical point. If the change is
gradual and continuous, as in the case of our magnetic system, the transition
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Fig. 1.2: Order of a transition a A phase transition is considered second
order if the order parameter grows continuously as Tc is crossed b. If the
change of the order parameter is abrupt at Tc, the transition is considered
first-order

is considered to be second order (Figure 1.2a). If the change is discrete the
transition is considered as first order (Figure 1.2b), which corresponds to
transitions that involve latent heat.

1.3 Phenomenological Landau theory

In Landau theory [5–7], a phase transition is identified with a symmetry change
in the system, which is represented through the order parameter. Despite what
the name of this parameter may suggest, this description is not limited to
transitions between ordered and disordered states, but rather any transition
from one symmetry to another, i. e. the order parameter represents new order
out of a symmetry break. For instance, going from a cubic to a tetragonal
crystal structure in a solid may be described with an order parameter, which
in one phase is given 0 value, and a finite number for the other one. Typically,
the 0 value is given to the phase with the highest symmetry.

Often, the simplest 0 to 1 range of the order parameter is not a enough to
make a complete description of a system. We can recall our magnetic system
example. In the absence of external magnetic field, the lack of a net magnetiza-
tion can be identified with the rotational symmetry of the spins in the system
(a rotation of 180º yields the same magnetization) and the order parameter is
zero (Figure 1.1a). Lowering the temperature, the spins begin to align along
one direction, losing the rotational symmetry and introducing translational
symmetry the system yielding a net magnetization. This corresponds to finite
values of the order parameter (Figure 1.1b). The direction of this alignment
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1.3 Phenomenological Landau theory

could be the opposite without incurring in a change of symmetry, this possi-
bility is represented through negative values of the order parameter (Figure
1.1c). In correlated materials the existence presence of different arrangements
of a phase with the same symmetry, called domains, is ubiquitous. In some
cases, extensions of the order parameter into the complex space or into higher
dimensionality are also needed.

So far we have presented the order parameter simply as a diagnostic of
the symmetry change of a system, which can be experimentally observed as
a function of an external parameter such as temperature. In order to make a
connection of the order parameter and the underlying physics of the material
as well as the influence of the external force parameter driving the transition,
Landau introduced the so-called Landau free-energy, L, which is a function of
the external parameters and the order parameter. The state of the system is
then specified by the global minimum of L with respect to the order parameter,
i. e.

∂L
∂η

= 0 (1.1)

The function L can be understood as the thermodynamic potential upon
which the order parameter evolves as the value that minimizes the energy. For
a homogeneous system, L has to meet some constraints:

1. L must be consistent with the symmetries of the system.

2. Near Tc, L can be expanded as a power series around the order parameter

3. Above Tc, η = 0 solves Eq. 1.1. Near Tc but below it, η 6= 0 solves Eq.
1.1.

Following these rules, the Landau free energy is constructed to match the
specifics of the system in question. Going back to our ferromagnetic transition
example, we can begin by writing the power series expansion up to fourth
order:

L =
4∑

n=0
an(T )ηn (1.2)

Where ai depend on the temperature T and potentially other parameters,
which we do not include without loss of generality. If we take the derivative
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respect to η,

∂L
∂η

= a1 + 2a2η + 3a3η
2 + 4a4η

3 = 0 (1.3)

From the condition that for T > Tc, η = 0, it follows that a1 = 0. Furthermore,
in the absence of an external magnetic field, the ordering for η or −η are equally
energetic, therefore the odd components of the series expansion must vanish.
We are then left with

∂L
∂η

= 2a2η + 4a4η
3 = 0 (1.4)

Landau theory is valid for temperatures near-Tc. Expanding a4 around Tc, we
have

a4 = a0
4 + (T − Tc)a1

4 + ... (1.5)

We can discard the T-dependent terms, therefore a4 will just be a positive
constant. Likewise, expanding a2 around Tc,

a2 = a0
2 + (T − Tc)

Tc
a1

2 +O((T − Tc)2). (1.6)

We can drop the second order terms for a2. Solving Eq. 1.3 for η gives

η = 0 or η =
 
−a2(T )

2a4
(1.7)

When T < Tc, η must be non-zero, therefore a0
2 must vanish. If we drop

the higher order terms then the final expression for the order parameter as a
function of temperature is

η =

0, if T > Tc√
−a1

2(T−Tc)
2a4Tc

, if T < Tc
(1.8)

Plotting the Landau free energy as a function of the order parameter for dif-
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1.3 Phenomenological Landau theory

Fig. 1.3: Order parameter in the Landau free-energy.The blue ar-
rows represent the coarse-grained average spin of the system. As tempera-
ture is reduced, the Landau free-energy shape continuously changes from a
parabola centered at the high-temperature value of the order parameter to
a double-well with local minima corresponding to finite values of the order
parameter. Note that the energy surface shown for T ≈ Tc corresponds to
a value strictly lower than Tc.

ferent temperatures offers intuitive insights, Figure 1.3 shows the Landau free-
energy potential of Eq. 1.4. For low temperatures the potential has a double
well shape, with the two minima corresponding to the two possible orientations
of spin alignment. Above Tc, we have a parabolic potential with the minimum
at η = 0, the high symmetry value. It is worth noting now that the closer to
Tc, the lower the curvature of the free energy is near the high symmetry point.
Note that according to Eq. 1.8 the increase in order parameter is continuous,
confirming the second-order nature of the transition.

The use of a combination of second and fourth order terms is common-
place in phenomenological Landau models and serve as the basis for most of
the potentials constructed for phase transitions in correlated materials [8–13],
In this case the systems are more complex, and so are the models, with several
degrees of freedom involved in the potential, as well as multiple order param-
eters being considered (for instance, separated structural and electronic order
parameters) which may also be included in cross-terms [14, 15].
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Chapter 1 Ultrafast phase transitions

Although Landau theory is formulated for second-order transitions, it can
be adapted to describe a first-order transition with small error near Tc. In
solid-solid transitions this is generally done through the introduction of sixth
order terms in the free-energy, which introduces a sharp change in the order
parameter at the transition temperature [7], although the change still is pre-
dicted to grow continuously below Tc after the initial jump (cubic terms also
result in this behaviour [16], but in solids inversion symmetry requires even
terms).

While the specific phenomenological Landau models found in the liter-
ature are rather varied, there is a common approach in their construction.
First, the suitable order parameter (or parameters) need to be identified, as
they are the key experimental observable. For complex materials, this step
already proves to be challenging, as sometimes it is not clear which degrees
of freedom to consider, given the large number of changes that can happen
in a phase transition. Once the order parameters are identified, the Landau
free energy function is constructed. In this step, known symmetries of the sys-
tem are taken in account while adding the needed terms, coupling constants
and temperature dependence, which is commonly attached to the lowest order
components. Quantitative values for the coupling constants are either known a
priori (experimentally or otherwise) or obtained through a fit of the measured
order parameter evolution. A reduced number of free parameters for these fits
is preferred in order to improve the fidelity of the model.

1.4 Heterogeneous phase transitions

So far, we have considered that the system undergoing the phase transition
is completely homogeneous, i.e. the order parameter is a representation of
the symmetry state of the whole system but in reality this is rarely the case.
Landau theory does not have an answer for spatial inhomogeneity. It can, how-
ever, be upgraded to include a spatially dependent order parameter. Ginzburg-
Landau (GL) theory considers the Landau free energy to be a functional of the
order parameter, which is a function of spatial coordinates. GL is a mean-
field theory and requires dividing the system into pieces in which the order
parameter is approximately constant. Dividing the system in these regions is
commonly called coarse graining and can be written as η(r), with (r) being the
positions of the center of each of these blocks. The lengthscale, Λ, of the coarse
grain (the distance from the centers of adjacent blocks) should be specified for

16



1.4 Heterogeneous phase transitions

each system as the validity of the mean-field approach will rely on it, as we
will discuss later. The way the coarse-grained texture is introduced into the
Landau free energy is not a mere sum of its individual contributions, as this
would not penalize large differences between adjacent blocks. Rather, a term
that represents the energy cost of domain walls must be introduced, such as
[6]:

L =
∑

r
L(η(r)) +

∑
r

∑
δ

γ

2

Å
η(r)− η(r + δ)

Λ

ã2
(1.9)

Where δ is a vector of magnitude Λ−1 that points to the nearest neighbour
of the block in position (r). γ is a constant that can be temperature-dependent.
The first term includes the homogeneous Landau free-energy from Eq. 5.1. If
we assume a slow spatial variation of the order parameter, we can write:

L =
∫

Ω
d3r
ï
L(η(r)) + 1

2γ(∇η(r))2
ò

(1.10)

This is what is known as the Ginzburg-Landau free energy and it is defined
for a volume Ω. Note that this free energy is a functional of η(x). As an example
of the importance of defining an adequate coarse grain lengthscale we can go
back to the spin system of Figure 1.1. Here the magnetization is the order
parameter and we stated that above Tc, it was zero. Clearly this is only true if
we integrate the local contribution of each magnetic moment, if we attempted
to coarse grain this system into blocks of two magnetic moments we would incur
in two undesired situations: the differences within a block might be too large
to average over, and the spatial variation of the coarse-grained order parameter
will not be smooth nor compact around the mean value, therefore GL theory
will not be accurate. While this is a simplistic example, the breakdown of
Landau theory at the microscopic scale is a known issue which involves further
arguments based on correlations and fluctuations in the order parameter [17].

Alternatively, if the blocks are too big, large scale inhomogeneities which
introduce sharp spatial changes in the order parameter might be critical. This
is particularly relevant in this thesis, since spatially inhomogeneous phenomena
are ubiquitous in strongly correlated systems, even for pristine samples. Phase
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separation, stripes, domain walls and many other heterogeneous phenomena
are intrinsic to several of the most interesting correlated material families [18,
19]. Figure 1.4 shows a table found in a review paper by M. Liu et al. which
highlights many of these phenomena.

Fig. 1.4: Heterogeneity in correlated materials. This table classifies
many of the spatially inhomogeneous phenomena that are currently under
research by type of material and length scale. HTSC stands for high-
temperature superconductors. Taken from [19]

An assessment of the heterogeneity of each system is needed in order
confirm the validity of this approach, and to have a complete understanding
of correlated materials. We will make further comments on the complications
brought by inhomogeneity in a later section, after we introduce how Landau
theory can be extended into the time domain.

1.5 Non-equilibrium phase transitions: tdGL
theory

The GL theory was formulated for adiabatic, in equilibrium phase transitions.
However, extensions into non-equilibrium situations have been made under the
name of time-dependent-Ginzburg-Landau (tdGL) theories. In the context of
ultrafast phase transitions in solids, this is implemented through time depen-
dencies in Eq. 1.4, for instance in an homogeneous system:

L(t) = ε(t)η2(t) + bη4(t) (1.11)
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1.5 Non-equilibrium phase transitions: tdGL theory

As a common expression for the time-dependent free energy [10, 13, 20,
21], the parameter ε(t) represents the time evolution of the control parameter,
in the equilibrium this term is generally a function of the temperature, but
out of the equilibrium it is assumed to be the function of an effective temper-
ature (this could be an electronic or lattice effective temperature, if the model
requires it). To be more precise, in ultrafast pump-probe experiments this pa-
rameter contains the effect of the pump pulse, and it is given a form similar
to ε(t) = H(t)exp(−t/τ)). Upon photoexcitation an initial sharp increase in
temperature happens, and it is represented by the Heaviside function H(t),
and then an exponential decay follows, with a relaxation time τ . With the
free-energy laid out in this way, an equation of motion can be extracted for the
order parameter, with the form:

∂2η

∂t2
+ ζ

∂η

∂t
+A((1− ε)η + η3) = 0 (1.12)

Where A is a constant and ζ is the damping of the dynamics. If spatial
dependence is considered for the Landau free-energy an extra term with a
spatial gradient of the order parameter would be included in Eq. 1.12. The
dynamics of the order parameter are extracted by solving this equation but
some of the key dynamics predicted by tdGL can, however, be understood in
a qualitative way by inspection of the free-energy surface.

In the case of ultrafast photoinduced phase transitions in correlated mate-
rials, the implementation of tdGL usually considers the effect of the photoexci-
tation as a prompt change in the potential energy surface, which is introduced
by a change in the electronic effective temperature that can be very fast. The
order parameter is then left to evolve in this newly formed surface, with the
other degrees of freedom in the system remaining unaffected (Figure 1.5a).
This simple view contains powerful qualitative description of several unique
associated phenomena, which have been experimentally observed. In contrast,
some systems have been modelled by assuming that photo-excitation directly
perturbs the order parameter itself and not the potential. The change in the
order parameter then generates the force to drive the other degrees of freedom
in the system, as shown in Figure 1.5b, which can result in the modification
of the potential energy surface. We will stay in the first picture to explain the
key predictions of the tdGL framework as this simple view contains a power-
ful qualitative description of several unique associated phenomena, which have
been experimentally observed.
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Fig. 1.5: Pathways for ultrafast phase transitions. a Case 1: Optical
excitation causes a change in the potential energy surface of the order
parameter, which then evolves on the new potential. Dynamics like critical
slowing, phase overshoot, and coherent oscillations are predicted, and other
degrees of freedom are of minimal importance to the transition. b Case 2:
Optical excitation causes a prompt change in the order parameter, which
rapidly equilibrates. The change in order parameter then exerts a force
on the other degrees of freedom, potentially driving coherent dynamics in
other subspaces.

If the excitation only perturbs the potential weakly, the inertia of the order
parameter may result in coherent oscillations around the new minimum [10,
12, 22], which still falls within the initial phase, i.e. η 6= 0 (Figure 1.6a). As the
potential evolves continuously with excitation, this behaviour does not show
any threshold. Increased excitation further moves the potential minima to-
wards zero and simultaneously softens the potential, leading to critical slowing
down of the order parameter dynamics [20], which may manifest in a delayed
initial response or frequency softening of coherent oscillations (Figure 1.6b).
For stronger excitations, the inertia of the order parameter in the potential
results in it transiently passing over the high symmetry point then order re-
forming in an alternative domain. Afterwards, the order parameter oscillates
around the high symmetry point [10, 23, 24]. This is represented in Figure
1.6c. Note that all our examples here considered coherent and underdamped
dynamics of the order parameter. In a later section we will discuss cases where
these assumptions do not apply.
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Fig. 1.6: Predictions of tdGL. In the left side, they key predictions for
tdGL are schematically depicted. The right side shows the associated order
parameter time dependence for each situation. a Coherent oscillations b
Phase overshoot c Critical slowdown.

1.6 Measuring dynamical order parameters

Experimental observation of these phenomena requires accurate measurements
of the order parameter. Electron dynamics are critical for an understanding
of non-equilibrium phase transitions, therefore it is imperative to use probes
that can achieve a time resolution in the femtosecond range. This leaves us
with mostly light-based probes, of which we can distinguish two main types:
optical probes and X-ray probes, both of which are integrated in a pump-probe
measurement scheme, where the system is excited into a nonequilibrium state
before being probed.

Optical techniques, in its most basic form, measure transient reflectivity
or transmission of a material after photoexcitation [10, 11, 21]. A wealth of
information can be gathered with this measurements since phase transitions
commonly change the refractive index of a material. Additionally, coherent
phonons can also be measured, which can have a direct connection with phase
changes which involve structural distortions. The main inconvenience is that
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what is measured is ultimately the combined response of several degrees of
freedom of which the order parameter might be only one contribution of many,
this makes isolating individual degrees of freedom or interactions, both when
pumping and probing, the main challenge in optical pump-probe measure-
ments. Greater selectivity can be achieved by tuning the wavelength, intro-
ducing polarization resolution, or probing non-linear terms of the dielectric
function. Terahertz probes, while not in the optical range, are implemented
in similar setups and can provide increased sensitivity to structural order pa-
rameters[11, 15] through direct coupling to phonon modes. Angle Resolved
Photoemission Spectroscopy (ARPES) may also be used to measure dynamics
of a bandgap, which constitutes a very direct probe of some transitions [12].

On the other hand, X-ray techniques boast extreme selectivity at the cost
of less flexible setups. Phase transitions change the symmetry of the unit cell of
the material and, since crystals are periodic structures, the set of Bragg peaks
arising from X-ray diffraction will change in each phase. Electron diffraction
operates on a similar basis an has also been used to study dynamical phase
transitions [25] This results in precise measurements of structural distortions
and, because X-rays can be tuned to resonances of specific atoms, can even
probe charge, orbital and spin distributions, which are proportional to the
magnitude of the order parameter [13, 26]. Here, the complications arise from
the fact that in complex materials phase transitions tend to manifest with
concomitant changes in different degrees of freedom, some of which might only
be a side effect of the transition. These ’side effects’ may in turn leave a
footprint in the measurement of the true order parameter of the transition [2].

For instance, we can take a charge density wave (CDW) system as an
example. A CDW is a periodic modulation of electron density that is accom-
panied by a periodic lattice distortion, which can be commensurate or incom-
mensurate with the electronic modulation [27]. A CDW has a well-defined
wavevector and electron transport along it is remarkably correlated. Notable
systems that develop a CDW below a given temperature are the selenides [28],
tellurides[29] and cuprates[30]. The appearance of a well-defined wavevector
makes CDW relatively easy to detect with X-ray diffraction, which will give a
specific Bragg peak that is generally taken as the order parameter of the tran-
sition. However, as has been shown for the cuprates, the CDW also comes with
numerous structural distortions and unless they are all measured together with
the main CDW some physics may be wrongly attributed to the order parameter
[31].
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1.7 Inhomogeneity in ultrafast phase transi-
tions

There are case where spatially resolved measurements are a requisite for an
accurate understanding of the phase transition at hand. This is particularly
critical if we want to bring the properties of correlated materials into functional
nanoscale devices, where uncontrolled inhomogeneity may severely impact per-
formance [32]. Spatially averaged probes can only infer inhomogeneous effects
through modelling, but are not qualified for a proper description of the mi-
croscopic state of the material. For instance, Figure 1.7 shows two different
pump-induced heterogeneous phase transitions at a point in time where an
averaging probe would measure a value of 0.5 for the order parameter. Ex-
trapolating this mean value of the order parameter down to the atomic scale
requires assumptions. On the left side, the system is assumed to undergo a
continuous, second-order-like, phase transition, the spatial variation of the or-
der parameter is smooth and each local order parameter is compact around
the mean value, 0.5. On the right side we have a discontinuous first-order-
like transition, where the order parameter is either 0, unperturbed, or 1 fully
switched, the spatial variations are sharp and the local order parameter distri-
bution is bimodal around these extrema. In this case, no part of the system
is actually found to be in the state suggested by the mean value. This dis-
crepancy also applies to the dynamics. Thus, understanding heterogeneity is
important for accurately interpreting the microscopic mechanism that drive
phase transitions.
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Fig. 1.7: Inhomogeneous phase transition. A schematic of a spatially
resolved order parameter measured on the mesoscale after photo-excitation
during an ultrafast disordering transition for a 2nd order transition (left)
and 1st order (right). An average value of η2 = 0.5 is measured for the order
parameter in both cases. For second-order transitions the order parameter
can take a continuum of values, and transitioning from the meso-scale to
the atomic scale preserves the order parameter. The system is uniformly
partially melted with a local order parameter distribution peaked at 0.5.
The local dynamics are similar to the average, despite the disorder. How-
ever, for first-order transitions, the order parameter can take one of two
values (0, 1). In this case, the atomic scale view shows a bimodal distribu-
tion peaked at either zero or 1, and no part of the system is at the averaged
value, nor are the dynamics of the average order parameter reflected in the
averaged response. Such distributions require physics beyond the mean-
field to describe.
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To date, most works have focused on how optical excitations, due to the
finite and exponentially decaying pump beam, generate heterogenity. Ultrafast
optical excitations in tellurides can result in the formation of domain walls and
invert CDW order along the depth of the material. These effects can leave
a footprint in spatially averaged optical reflectivity measurements [21] or be
revealed by depth-resolved X-ray scattering, [26]. These two works use the
coherent tdGL approach to model the dynamics with accuracy, including the
domain walls, which leads to remarkable situations where the system oscil-
lates into the opposite domain and relaxes in that configuration. In another
CDW material, 1T-TaS2, time and space resolved measurements of the tran-
sition between incommensurate to nearly-commensurate states of the CDW
have recently shown how the domain structure differs widely in the equilib-
rium and non-equilibrium cases [33], which provides an example of a system
where inhomogeneity manifests differently in the static and dynamic cases

All works to date have assumed that the initial state of the system has been
homogenous. However, inhomogeneity that is already present in the sample
before excitation may also impact the dynamics. Strain fields produced by
defects or substrates (in the case of thin films) may modify fluence thresholds
and timescales [34], which hinders access to the intrinsic nature of the material.
Furthermore, if the excitation happens in a mixed state, with domains of the
high-temperature already present, the dynamics observed will deviate with
respect to a ‘clean’ initial state [35]. This initial inhomogeneity needs to be
taken into account to accurately model light induced effects.

These are just a few examples supporting that a complete description of
the physics of any system requires an assessment of its inhomogeneity or lack
of thereof, to which spatially resolved experimental techniques are needed.
It is not clear if tdGL as commonly implemented may describe properly a
situation like the one in 1.7, however more refined inhomogeneous models, still
in connection with Landau theory, are being developed recently and might be
experimentally tested in the coming years [36, 37].

1.8 Disorder in ultrafast phase transitions

In the previous sections we have discussed the coherent tdGL model which
was used to explain a range of phenomena such as phase overshoot or coherent
slowdown. However, these photoinduced transitions are very different from
their thermal counterparts, in particular when considering atomic trajectories
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Chapter 1 Ultrafast phase transitions

into the high symmetry state. A phase transition in a solid involves a vast
number of atoms changing their position or properties from one initial state to
another. When we trigger the phase change with photoexcitation, what is the
way in which these atoms rearrange to acquire the different symmetry? We can
think in a structural transition, for instance a dimerization process. Without
loss of generality, we can consider a one-dimensional chain of atoms, each
separated by a distance a (Figure 1.8a) in the high temperature phase. Below
a certain temperature, every other atom moves closer to its closest neighbour
(Figure 1.8b). The most direct measurement of the structure in a solid is X-ray
diffraction, our dimerized chain is a succession of scatterers with a clear period
2a, with a well-defined Bragg peak. In the high temperature phase, however,
the period has changed to a and so this particular Bragg peak will vanish in
favour of the corresponding to the new period. The intensity of the 2a period
diffraction peak is then a suitable order parameter for this transition, which
would be the same if the system was found in its alternative domain, shown in
Figure 1.8c.

Fig. 1.8: Dimerization in a one-dimensional lattice. Top At high
temperatures, the chain has a lattice spacing a. Middle Below the tran-
sition temperature, the atoms dimerize, and the new lattice spacing is 2a.
The empty circles indicate the high-temperature phase positions. Bottom
Altenrnative domain for the dimerized phase.

Note that if we were to take a snapshot of the equilibrium state of our
system, we would not find the atoms perfectly arranged with a period a, instead
we would find them randomly distributed near the ideal position. Now we will
consider the case of the photoexcited transition from the dimerized chain into
the high-temperature phase. Upon photoexcitation, it could be the case that
the position of each atom shifts in an organized fashion (Figure 1.9a), which
can be described by a single mode. Here the loss of the 2a period makes
the Bragg peak vanish, but only because a new period has been acquired:
the periodicity remains intact during the whole process. Such a transition
receives the name of displacive or coherent. This is the perspective that tdGL
brings when being translated to the atomic scale. Given the coherent nature
of the field that comes with the pump pulse, and the common observation of

26



1.8 Disorder in ultrafast phase transitions

coherent collective phenomena (mainly phonons) in pump-probe experiments,
it is a reasonable assumption that phase transitions triggered in this way shall
evolve coherently. This picture also offers an intuitive explanation regarding
phase overshoot: if the displaced atoms are set in motion strongly enough,
inertia might transiently arrange in an alternative dimerization pattern before
eventually relaxing into their high-temperature positions.

While coherent transitions represent the vast majority of the ultrafast
phase transitions measured to date, incoherent transitions have also been the-
orized and experimentally reported. Such a transition is pictured in Figure
1.9b, in this case the changes are disorganized, with the atom at each site fol-
lowing a different evolution, uncorrelated from nearby sites. In the end, the
Bragg peak also gets suppressed from the loss of periodicity, preventing con-
structive interference. This is an order-disorder transition [38], and here the
final state is reminiscent of the thermal one, with the atoms having a random
distribution around the nominal lattice sites. In this case multiple modes of
movement in different length scales would be needed to describe the process.

One big departure from coherent transitions is that the phase overshoot
scenario is not possible, since once the disordered state is reached, long-range
domain reformation is prevented. This does not mean that absence of phase
overshoot is proof of a transition being-order disorder, since in principle it could
also signal a coherent and overdamped single-mode transition. What remains
an open question is whether tdGL can properly describe an order-disorder
transition, considering that dephasing at the coarse-grain scale might be strong
enough to compromise the requisite of a slowly varying order parameter.
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Chapter 1 Ultrafast phase transitions

Fig. 1.9: Displacive and order-disorder transitions. a A In a dis-
placive transition, all of the atoms move in the same way towards the
high-temperature positions after photoexcitation. b In an order-disorder
transition each atom moves with its own trajectory.

Determining which systems show disorder transitions and how the tran-
sient properties emerge is crucial for understanding transient phases in corre-
lated materials, however probes that can directly measure disorder are hard to
come by. Our simple dimer chain already exemplifies this: the measured Bragg
peak intensity shows a similar suppression in the two transition types. Work
by S. Wall et al. in 2018 showed that the photoinduced insulator-to-metal
transition in VO2 (which manifests structurally as lattice dimerization) is an
order-disorder process by observing diffuse X-scattering [39]. Diffuse scattering
arises from spurious periodic structures that can show in a disordered system
and are recorded as a low-intensity halo around the main Bragg peak. The au-
thors found that upon photoexcitation, the Bragg peak corresponding to the
unperturbed phase is strongly suppressed, which by itself does not provide in-
formation on disorder, however at the same time diffuse scattering is enhanced,
which does signal an incoherent phase transition.

Certain observable features might point, indirectly, towards an order-
disorder transition. Incoherence in the order parameter dynamics, collective
excitation of different degrees of freedom and speed-up of the dynamics with
stronger excitations. The last two are better understood when thinking on the
order-disorder process as an excitation into a multi-dimensional phase space
where energy can flow through a multitude of channels beyond the specific per-
turbed potential for the order parameter. Stronger excitation may open further
channels which would provide a faster distribution of energy and therefore the
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dynamics may speed up. Note that all three points should manifest together
in order to truly hint at an order-disorder process which means that differ-
ent degrees of freedom should be tracked, ideally simultaneously, for a proper
experimental assessment. Another complication is that while the system as a
whole might be incoherent, coherences might still be found in sub-spaces of it
although not being in direct relation with the order parameter, which remarks
the importance of truly isolating the order parameter in a real measurement,
as discussed in Section 1.5

1.9 Summary

In this chapter we have introduced the Ginzburg-Landau framework, which
constitutes the language used to describe phase transitions, static and dy-
namical, in correlated materials. This approach successfully characterizes the
observed phase change dynamics in a variety of materials, however precise de-
termination of the order parameter is non-trivial in complex systems, where
phase transitions affect several degrees of freedom in the same energy scale.

In addition, the role of inhomogeneity and disorder are still largely unex-
plored since the experimental techniques qualified to directly probe them are
scarce, particularly for non-equilibrium experiments. Nevertheless, there is an
increasing amount of evidence on the impact of these subjects on phase tran-
sition dynamics, and as such addressing these effects is needed for a complete
understanding of these systems, which may or may not clash with the current
interpretations.

In the next chapter we will present the case of a particular system, a
manganite, where both disorder and inhomogeneity might be key pieces of its
dynamics.
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2 | Physics of the manganites

In this chapter we introduce the physics of the charge- and orbital-
ordering transitions in the manganites. Section 2.1 discusses the ba-
sics of these ordered states, which we then detail in the context of the
manganites (Section 2.2) and La0.5Sr1.5MnO4 in particular (Section
2.3). In Section 2.4 we discuss some of the available works on non-
equilibrium physics of the transition in the manganites. Lastly, the role
of inhomogeneity is brought up in Section 2.5

.
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Chapter 2 Physics of the manganites

2.1 Charge and orbital ordering

In a metal, charges are distributed uniformly over the volume of the material.
This is the case for the magnetite, Fe3O4, down to a temperature around 120
K. At this point, there is a phase transition from metal to insulator known
as the Verwey transition [40]. The first explanation for the drastic increase
in electric resistivity was attributed to the fact that charges were no longer
uniformly distributed, but localized in an organized, periodic structure [41].
This was the first observation of what we know as charge ordering, a generic
term that describes spontaneous organized arrangements of charge distribution
in a variety of systems. Charge order is often seen together with localization of
electrons into specific orbitals, something known as orbital order [42]. These
arrangements can come in different shapes such as checkerboard, stripes or
sinusoidal modulations, and depending on the material, they might organize
along one, two or the three spatial directions of the solid. In layered materials
it is common to talk about charge ordering as electronic nematicity, which can
be regarded as a spontaneous breakdown of rotational C4-symmetry of the
charge distribution within these planes [43].

These charge- and orbital-ordered states permeate the phase diagrams
of many strongly correlated systems, and often show signs of a deep con-
nection with neighboring phases. In the manganites, charge order interacts
with magnetic states [44] and has a pivotal role in the colossal magnetoresis-
tance effect which has been attributed to the competition and coexistence of
charge-ordered and ferromagnetic regions [45, 46]. Cuprate superconductors
host charge stripes, which have been proposed as competing with superconduc-
tivity. A good example of this is found in LaBaCuO4. This layered compound
is a member of the high-temperature superconducting cuprates, which are still
missing a complete physical explanation, and has a remarkable drop of its su-
perconducting temperature for x = 1/8. Coincidentally, it is also at x = 1/8
where charge (and spin) order is at its strongest in this material [47]. Such an
observation quickly raised suspicions about the interplay between high temper-
ature superconductivity and electronically ordered states [48], with one of the
leading perspectives being that this relationship is of competition, as evidenced
by recent observations of light-induced melting of the ordered phase opening
the way for superconductivity [3, 49]. More recently, however, some works sug-
gest that the relationship between charge order and superconductivity might be
more intimate than simple competition, this means that charge ordered states
might be precursor, or enablers, of superconductivity [50, 51]. Furthermore,
studies in YBa2Cu3O and LBCO have demonstrated a connection between C4
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2.2 Mixed valence manganites

symmetry broken states and the elusive pseudogap state [52–54]. Evidence for
a similar situation has been shown in STEM studies of BSCCO [55].

Understanding why charge ordering happens, and how to control it seems
key to solving the puzzle of strongly-correlated oxides and eventually harness
their properties. However, the true origin of these ordered states in most
materials is still not fully understood, as even the driving mechanism of the
longest-standing charge-ordered system, the magnetite, remains in contention
[56]. Moreover, it seems that the microscopic origin of charge order in different
systems may be quite different themselves. Some common ground is found
in two facts: the presence of species with different valence value within the
system (for, instance, Fe2+ and Fe3+ coexist in the magnetite, whose chemical
composition is in fact Fe2+(Fe3+)2(O2−)4) and the presence of two or more
degenerate 3d orbitals, but only one electron to occupy them.

There is a tendency to break this degeneracy through the adoption of an
energetically favorable symmetry that, coupled to the mixed-valence nature of
the compounds often results in the arrangement of the different valence species
in a stripe or checkerboard pattern, creating charge order. In this process
localization of the orbitals can also happen, where on each site the electron
occupies one of the originally degenerate 3d orbitals, which have a different
and potentially anisotropic spatial shape. This is the aforementioned orbital
ordering, and may or might not be independent of charge ordering [57].

Indeed, charge and orbital order were first considered to be a purely elec-
tronic effect. Verwey himself proposed a model for magnetite where above 120
K, the ambivalence of Fe2+ and Fe3+ ions were responsible for the electronic
motion giving rise to high conductivity; below that temperature, Coulomb re-
pulsion introduces long range spatial ordering of the two species localizes the
electrons, suppressing carrier mobility [40]. Other kinds of electron-driven ar-
guments were offered for different systems, as we will describe later for the
family of the manganites. In this thesis, we will study the photoinduced melt-
ing of the charge and orbital ordered phase in a manganite, and so first we
need to introduce some general concepts of this family of systems.

2.2 Mixed valence manganites

Manganese oxides, generically named as manganites, have been a valuable en-
vironment for the study of the physics of strongly correlated materials in the
last decades. Similar to other 3d transition metal oxides, the manganites are
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able to host a wide variety of phases, depending on composition and dimension-
ality, many of them presenting remarkable electronic and magnetic properties.
Some of the most researched ground states include ferromagnetic metals (where
colossal magnetoresistivity has been extensively researched [45]), orbital- and
charge- ordered antiferromagnets, and spin-glasses. In this section we will
give an introductory view of the recent perspectives on the half-doped mixed
valence manganites with special attention to the orbital- and charge- order
ground state. For a comprehensive review of the more established properties
of the manganites we refer to B. Salamon et al. [58].

The family of mixed-valence manganites comprises compounds with the
general formula:

{
An(1−x)Bnx+1MnnO3n+1, for n = 1, 2, 3···
A(1−x)BxMnO3, for n =∞

(2.1)

with A a trivalent rare earth (e.g. La, Pr) and B a divalent alkaline earth
metal (e.g. Sr, Ca). The parameter x is the stochiometric proportion between
A and B, and for values of x different from 0 and 1, Mn3+ and Mn4+ ions are
considered to coexist in the sample [59]. The integer n is the ordination number
in the Ruddlesden-Popper series of structures these compounds can crystallize
into. For n = ∞, the general compound A(1−x)BxMnO3 crystallizes into a
three-dimensional cubic perovskite structure. In the unit cell of this structure
the manganese ions lay in the center of an oxygen octahedron, inscribed inside
a cubic structure of A/B atoms (Figure 2.1a).

For a finite value of n, stacks of n consecutive layers of A(1−x)BxMnO3
perovskite and (A,B)O rocksalt-type are intercalated along the c-axis (Figure
2.1b). At the time of this writing, synthesis of the three-dimensional (n =
∞) and n = 1, 2, 3 layered manganites has been experimentally demonstrated
[60]. Some of the properties of the manganites are shared among all four
arrangements, while others are strongly dependent on the dimensionality of
the system. Such is the case, for instance, of the aforementioned colossal
magnetoresistivity, observed for the 3D and double-layered system but not in
the single-layered version [45].

The phase diagrams of these systems are heavily affected by the choice
and proportion of dopants. In particular, low-temperature ordering effects are
more or less pronounced depending on the proportion of Mn3+ and Mn4+

34



2.2 Mixed valence manganites

Fig. 2.1: Crystal structure of the manganites. Left Unit cell of the
cubic perovskite structure for a generic manganite. Right Schematic of
Ruddlesden-Popper series of n-layered manganites. Extracted from [45].

ions. Rational fraction values of x are known to result in stronger charge-
and orbital- ordering, with compounds where x = 0.5 (known as half-doped or
half-filled) showing the most robust ordering.

Charge and orbital ordering in the manganites

Much like with magnetite, early descriptions considered charge order (CO)
as a periodic arrangement of Mn3+ and Mn4+ within the Mn-O planes, owing
to Coulomb repulsion not being screened at low temperatures []. This means
that some of the oxygen octahedra will have a Mn3+ ion in its center and others
will have a Mn4+ ion. The electronic configuration of Mn3+ inside the oxygen
octahedra, 3d tge1g, is susceptible to develop a so-called Jahn-Teller distortion
[61]. The Jahn-Teller (J-T) theorem predicts that any non-linear molecule with
a spatially degenerate electronic ground state will eliminate this degeneracy
via a geometrical distortion resulting in a lower energy configuration. This
general behavior has in fact been traditionally encountered in the octahedral
complexes of transition metal oxides [42]. Figure 2.2 shows a schematic of the
J-T distortion in a manganite, the crystal field of the oxygen octahedra splits
the degeneracy of the 3d levels of the Mn ion into triply degenerate t2g states
and doubly degenerate eg states. The deformation of the oxygen octahedron
further splits the eg doublet into two bands with x2 − y2 and 3z2 − r2 orbitals
and the t2g triplet into one xy orbital and two degenerate yz and zx orbitals.
The J-T distortion resulting in elongated orbitals only occurs for the Mn3+

ions, therefore we can consider the existence of orbital-ordering (OO) in the
system.

A closer inspection of the Mn-O layers in the manganites reveals further
ways to observe its insulator-to-semiconductor phase transition. Figure 2.3
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Fig. 2.2: Jahn-Teller effect. Schematic of the Jahn-Teller effect in the
octahedral complex present in the manganites.

shows the CO-OO transition in a lattice of Mn ions belonging to the ab-aligned
Mn-O planes. Above Tc the lattice is populated by non-specific Mn ions, below
Tc distinct Mn1 and Mn2 sites appear in four possible CE-type orbital patterns
or domains. The CE-type orbital arrangement was first proposed by Goode-
nough almost 70 years ago in order to describe electronic and magnetic ordered
states in the manganites [62], it consists in a checkerboard disposition of Mn
sites where the eg orbital degeneracy has (Mn1) or has not (Mn2) been lifted.
For the Mn2 sites there is an alternation between the two elongated d3x2−r2

and d3y2−r2 orbitals that draws a zig-zag chain along one specific direction in
the ab plane. The charge order appears as stripes along the same direction.
Out of the 4 possible domains, two are related through a 90 degrees rotation
of said zig-zag line (domains type A and B in Figure 2.3) and the other two
are related by a translation of the charge order by one Mn site.

In Figure 2.3 one can see how there is a clear loss of symmetry in the
system when going into the low temperature state, from an initial discrete
rotational symmetry in the C4 group (symmetric to 90º rotations) to a lower-
symmetry C2 group (180º rotations). In accordance to the CO-OO patterns,
the system shows clear ab plane electronic anisotropy, well described by two
principal axes (parallel and perpendicular to the alternating orbital chains
[63]) as in a common birefringent material [64]. This makes in-plane optical
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Fig. 2.3: CO-OO phase transition in the Mn-O layers of a man-
ganite.

anisotropy, birefringence in this case, a suitable probe of the phase transition
in LSMO as it directly measures the change in symmetry of the material.
Indeed, optical birefringence has been used to successfully observe the phase
transition in LSMO [65–67], however this possibility has not been exploited as
extensively as diffraction techniques and the current available results offer wide
room for experimental improvements and a wider scope. The experimental
technique used in [53] is based on detection of in-plane THz birefringence in
thin films and the authors note the value of trying similar measurements with
single crystals and near-infrared light, which is in direct connection with the
experiments presented in this thesis.

The Jahn-Teller distortion discussed above brings up an important ques-
tion about the role of the lattice in CO-OO transitions. This is in fact not
exclusive to the manganites, since in all the the CO-OO order transitions, a
structural change also happens. This was already the case for the mangetite
and the other transition metal oxides[42, 68], and it is particularly important in
notorious CDW systems like the tellurides or nickelates. In principle, CO and
OO could be achieved without the involvement of the structure as proposed in
the Kugel-Khomskii model [69], but strong electron-phonon coupling always
results in structural distortions. We will discuss such a structural change in
detail for the case of the material we will study in this thesis: the prototypical
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half-doped single-layered manganite La0.5Sr1.5MnO4.

2.3 Insulator-to-semiconductor transition in
LSMO

La0.5Sr1.5MnO4 (henceforth referred to simply as LSMO) undergoes a first or-
der semiconductor-to-insulator phase transition when cooled below Tc = 240 K,
which is simultaneous with CO and OO phenomena. The concomitant CO-OO
was first observed with x-ray and neutron diffraction in the three-dimensional
manganite La0.5Ca0.5MnO3 [70], however resonant x-ray scattering later be-
came the experimental tool of choice to directly measure the CO-OO superlat-
tice. The resonant x-ray scattering (RXS) technique has the ability to probe
specific electronic states while also being sensitive to structural symmetries
like regular Bragg scattering. Generally, the X-ray energy is tuned close to an
absorption edge so that the electronic transitions involved are from core levels
into unoccupied states close to the Fermi level. In one of the pioneering imple-
mentations of this technique, Murakami et al. used hard x-rays tuned to the
Mn K-edge to probe the spatial symmetry of the eg electrons exclusive to the
Mn3+ sites in LSMO [71], suggesting the checkerboard arrangement of the dif-
ferent Mn sites. Further Mn K-edge experiments and theoretical refinements
confirmed this picture, however the charge disproportionation between Mn1
and Mn2 in the manganites was found to be tiny, far from the initially pro-
posed 0.5 electrons [72] and even predicted to be negligible for the single-layer
systems [73]. More recently, calculations and experimental results both situate
the charge disproportionation in the LSMO Mn sites at around 0.15 electrons
[74, 75], a value comparable to the one found in La0.5Sr1.5MnO3. Further ex-
perimental techniques have been employed to observe CO and OO in LSMO
and other manganites, such as RXS at the Mn L2,3 edges. At these energies, the
3d states are directly probed, resulting in a more precise measurement of the
orbital and spin interactions occurring in the phase transition. This way, the
existence of OO in LSMO has been claimed to be directly measured through
the study of in-plane (h/2, h/4, 0) (h = odd) resonant reflections forbidden in
the high temperature phase, and often explained as a consequence of the J-T
distortion [76–80].

The fact that charge disproportionation between sites does not correspond
to a separation ofMn3+ andMn4+ puts into question the original descriptions
of CO and OO, not just in LSMO but in the manganites in general as well as
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2.3 Insulator-to-semiconductor transition in LSMO

magnetite [56]. Instead, the role of the structure in driving the transition has
been brought into the spotlight, which is in line with other phase transitions
in correlated systems where electronic and structural contributions are still up
to debate.

Structural changes

Above Tc, LSMO has a tetragonal structure with space group I4/mmm.
This changes to an orthorhombic Cmcm space group structure. The tetragonal
unit cell is well described by Figure 2.4a, where the Mn ions have a formal
valence vMn = 3.5 and the generic A/B atom being La/Sr. The orthorhombic
unit cell is shown in Figure 2.4b, here there are two distinct crystallographic
sites for Mn, Mn1 and Mn2, each with different environments, that form a
chequerboard pattern.

The Mn and La/Sr atoms show minimal distortion, practically remaining
in the tetragonal sites, which suggests a phase transition driven by motion of
the oxygen atoms, according to J. Herrero et al. [74]. Three suitable modes
have been identified in X-ray and neutron diffraction studies [71, 72, 81, 82]:
two symmetrical stretching modes of the oxygen octahedra, one equatorial and
one apical, and one asymmetric stretching mode that introduces anisotropy in
the Mn1 environment.

Fig. 2.4: Unit cell of LSMO in the Left tetragonal phase (adapted from
[83]) and Right orthorhombic phase (adapted from [84]).

Yamamoto et al. provided a detailed Raman spectroscopy study of LSMO
(Figure 2.5)[85] that associates a 15.59 THz phonon mode for the apical stretch-
ing mode, 19.10 THz for the equatorial stretching mode and finally 15.95 THZ
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for the J-T like asymmetric mode (note that the two near 15 THz modes are
measured in-plane and out-of-plane). The latter two are broadened into a sin-
gle peak when temperature is increased above Tc. The fact that they are not
completely suppressed might be linked to the presence of weak CO-OO corre-
lations above Tc (in agreement with observed finite correlation length of the
CO-OO above Tc in diffraction measurements [72]). Some other phonon peaks
activated with the phase transition were also identified, in particular we would
like to highlight one low-energy in plane mode, of 2.91 THz, which has been
interpreted as oscillations of the La/Sr atoms [86].

Fig. 2.5: Raman spectra of LSMO.Temperature dependence of Raman
spectra for LSMO. Adapted from [85]

J. Herrero et al. propose that the insulator-to-semiconductor transition in
LSMO and other manganites is driven purely by structural changes, in partic-
ular movements of the oxygen atoms. They also suggest that the experimental
observations that have been attributed to orbital-ordering may not be such
thing, but also structural effects. Motivated by the structural vs. electronic
debate, El Baggari et al. have very recently looked at the 3D manganite
Nd0.5Sr0.5MnO3 with the STEM technique. Which allowed them to see both
the charge order and structural changes. While not as drastically as J. Herrero
et al., they do find lattice couplings to be of great importance and that the
role they play might be more complex than initially proposed.

We are then in a situation that is most representative of strongly correlated
materials: a transition that involves several degrees of freedom: structural,
electronic, orbital and spin; of which none rises as the driving force in a clear
way that favours consensus and where parallel transitions might be identified.
If we want to describe such a system with a framework like Landau theory,
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what should we take as the order parameter(s)? To strengthen our insight
into these issues, the potential of ultrafast time-resolved measurements can be
used to begin to stablish hierarchical relationships between these degrees of
freedom, if these relationships are to exist.

2.4 Manganites out of equilibrium

In equilibrium, the fundamental interpretation of the insulator-to-metal phase
transition in the manganites remains controversial. In order to acquire further
insight on the transition and perhaps establish a hierarchy among the seem-
ingly concomitant changes in the different degrees of freedom, the possibility
of taking the system out of equilibrium was explored and, as a result, today
there are a wide variety of theoretical and experimental studies on transient
phenomena in the manganites. To take advantage of the ever-improving ul-
trafast pump-probe techniques most of the experiments have focused on the
photoexcitation of the low-temperature CO-OO phase [11, 13, 65–67, 87–93].
In this section we will briefly mention some of the key results obtained in
the last couple of decades from ultrafast photoexcitation experiments in the
manganites, that are particularly relevant for this thesis.

In order to track OO during photoexcitation, T. Ogasawara et al. [89]
performed time-resolved birefringence studies in LSMO in 2001. They hinted
at the slow recovery and two-step nature of the CO-OO after photoexcitation
with 1.55 eV light, however temporal resolution was too poor to see the initial
melting. In 2013 R. Singla et al. measured high resolution time-dependent op-
tical (700 nm) birefringence in LSMO at T = 20 K [90]. Their results show that
the expected drop in birefringence happens around 18 fs after the excitation
with a 4 fs long optical pulse, suggesting the existence of a “bottleneck” delay-
ing the electronic changes which the authors attribute to the slower dynamics
of the Jahn-Teller distortion, suggesting a structural nature for the phase tran-
sition. In both of these works the probe was sensitive to OO trough optical
anisotropy, however, they were not able to discard isotropic contributions to
the pump-probe signal, nor could they provide an absolute measurement in or-
der to know when OO was actually melted. It is worth noting here that these
measurements essentially measure anisotropy in optical conductivity, which is
an electronic probe.

In Section 1.7 we discussed how extracting quantitative information can
be difficult in ultrafast optical measurements. For this reason, time-resolved
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diffraction has become a popular probe to study these systems. In 2011, Ehrke
et al. Looked at the melting of OO order in LSMO through resonant X-ray
diffraction at the Mn L2,3 edges [93]. While this work was the first to directly
look at OO with diffraction techniques, the lack of high enough time resolution
and the incomplete disappearance of OO meant that little could be concluded
about melting of this order.

More recently, in 2014 Beaud et al. [13] performed time-resolved x-ray
diffraction measurements around the Mn K-edge resonance of Pr0.5Ca0.5MnO3.
By tracking the intensity of three distinct diffraction peaks (particularly sen-
sitive to structural changes, J-T distortions and charge order, respectively,
shown in Figure 2.6) upon ultrafast optical photoexcitation (1.55 eV) which,
according to the authors, forces a rapid, initial melting of the CO-OO that
releases the J-T distortions and, as a result, further structural changes are
triggered afterwards in a hierarchical fashion. Remarkably The authors cap-
ture the dynamics of the three observables through the tdGL formalism, using
only one order parameter: the charge order reflection. We reproduce here the
free energy surface they used:

V (t) = −a2(1− n(t))
nc

)y1
2 + b

4y1
4 + c21

2 (y2−y1)2 + c32
2 (y3−y2)2 + c43

2 (y4−y3)2

(2.2)

Where a,b and cij are constants, yi are normalized atomic motion coor-
dinates related to structural changes in the transitions, n is the excitation
energy density and nc is a critical energy density. The authors identify y1,
the motion coordinate related to the Jahn-Teller distortion, as the primary
structural order parameter. With this, the first two terms correspond to the
standard expression for a second order phase transition, like we discussed in
Section 1.5, where the factor (1 − n/nc) is reminiscent of the more common
(1−T/Tc). The other three terms introduce the coupling of the primary order
parameter to other atomic motions. With this model, they are able to capture
all the features seen in the experimental data with a minimal number of free
parameters.

The work by Beaud et al. assumes that, at least in its non-equilibrium
photoinduced version, the transition is of the second order. This is in contrast
with what is found in the equilibrium, where most of the evidence points to-
wards a first-order metal-to-semiconductor transition in the manganites [72,
74]. Determining the order of a transition is not trivial in this kind of sys-
tems, specially out of the equilibrium, where it is unclear if a material that
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Fig. 2.6: Ultrafast temporal evolution of three diffraction peaks
in Pr0.5Ca0.5MnO3.By tuning energy and momentum each peak has in-
creased sensitivity to a structural changes, b J-T distortion and c charge
order. d,e and f show the dynamics of each diffraction peak as calculated
using a tdGL model. Taken from [13]

shows a first order transition statically can have a second order ultrafast tran-
sition. One of the difficulties is found in inhomogeneity, in Section 1.4 we
discussed how spatial inhomogeneity can make a first and second order tran-
sitions undistinguishable. An experimental marker that can distinguish the
order of a transition in this kind of pump-probe measurements would be of
great help. In the next section we will discus this possibility in the context of
the manganites.

2.5 Inhomogeneity in the manganites

Like most strongly correlated materials, the manganites are subject to inho-
mogeneous effects which may lead to nanoscale phase separation [46, 94, 95].
In particular, in LSMO it has been shown that charge and orbital order melts
in the surface at temperatures lower than it does in the bulk [96, 97], with
temperatures closer to Tc retreating the interface between fully ordered and
partially melted deeper into the bulk. The penetration depth of the order of
100 nm of common optical and infrared probes makes them sensitive to this
effect, and this initial inhomogeneity should be addressed for accurate descrip-
tions of order parameter evolution.
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Chapter 2 Physics of the manganites

Fig. 2.7: Surface melting in LSMO.Charge- and orbital-order is known
to melt at a lower temperatue in the surface than in the bulk. We represent
this in our model as a depth-dependent critical temperature Tc.

In order to understand how initial surface melting may affect our mea-
surements, we made a simple one-dimensional model of the phase transition
where we consider a gradient of the critical temperature as a function of depth
into the bulk of LSMO given by

Tc = Tu(1− 1
(1 + ax)2 ) (2.3)

Where x = 0 corresponds to the surface of the crystal, and a is a constant
that determines the thickness of the surface layer. Tu is a constant with tem-
perature units and a value of 1. Since the transition in LSMO is of the first
order, we assume regions of the sample in which the temperature is below the
local Tc are fully ordered (η2 = 1), whereas the regions that are above the local
Tc have no order (η2 = 0). As a function of temperature, the ordered phase first
starts to melt at the surface, with the phase front defined by the start of the
ordered phase moves deeper into the bulk until all of the solid is transformed.
Figure 2.7 shows the spatial dependence of Tc and the depth-dependent order
parameter for a given temperature. Optical measurements average the order
parameter over a certain depth, given by the penetration length, lprobe, of the
employed light. In our simulation we introduce the probe as an exponentially
decaying weight factor with the expression:
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2.5 Inhomogeneity in the manganites

< η2 >=
∫
x η

2(x)e−x/lprobe∫
x e
−x/lprobe

(2.4)

Even though the transition is first order, the averaged order parameter
seen by the probe can take any value, as shown in Figure 2.8, which results in
a smooth dependence with temperature, akin to a second order transition. As
temperature is increased, the phase front is pushed further inside the bulk.

Fig. 2.8: Temperature dependence of the order parameter in inho-
mogeneous LSMO.Here we plot the averaged order parameter measured
by an exponentially decaying probe as a function of temperature. Although
the transition is of the first order, intermediate values are seen as a result
of the melted volume increasing continuously within the probed region.

Pump-induced changes are then assumed to locally change the temper-
ature additively. The temperature rise is dependent on the incident fluence,
which decays exponentially from the surface. We assume that both phases
absorb light equally. We consider three models for translating the absorbed
fluence into a temperature rise, a constant heat capacity,

T (x,F ) = T0 + aFe−x/lpump (2.5)
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Chapter 2 Physics of the manganites

a linear electronic heat capacity

T (x,F ) = T0
√

1 + bFe−x/lpump (2.6)

and a cubic heat capacity, corresponding to the low temperature limit of
the Debye-Waller model,

T (x,F ) = T0
Ä
1 + cFe−x/lpump

ä1/4
(2.7)

Figure 2.9 shows the averaged order parameter as a function of fluence for
the three heat capacity models and two different probe penetration depths. No
significant difference is found. The main difference results from the fact that
the same applied fluence results in different temperature jumps, but the overall
shape is similar. In all cases the main observation, that the shorter penetrating
probe reaches saturation sooner, is the same. These results were also robust
to changes in the spatial dependence of Tc and the main requirement is that
the surface must already show melting.

An initially homogenous 2nd order phase transition

For comparison, we use a homogenous second order model that has been
previously used to characterize dynamical phase transitions. In this case, the
value of the order parameter, locally, is initially independent of position in the
crystal. The smooth transition results from the fact that the local (and global)
order parameter size varies as

η2 = (T − Tc)p,T < Tc (2.8)

Where we only consider positive values of the order parameter. The aver-
age order parameter is calculated in the same way as the inhomogeneous case
and the temperature dependence is shown in Fig 2.10a for p = 0.2, a value
chosen to resemble the inhomogeneous case (a discussion on other values for p
will follow).

46



2.5 Inhomogeneity in the manganites

Fig. 2.9: Modelling the spatial dependence of the local temper-
ature.We consider three cases. The case of a constant heat capacity, the
temperature rise is linear with fluence (Eq. 2.5). The case of a heat capacity
that is linear in temperature (an electronic heat capacity) the temperature
rise follows a square root dependence (Eq. 2.6) . Finally, we also consider
a heat capacity that depends cubically with temperature, corresponding to
the low temperature limit of the Debye-Waller model (Eq. 2.7).

We then simulate the local temperature change via laser excitation in the
same way as for the inhomogenoeus model. The resulting fluence dependence
is shown in Fig 2.10b. An initial decrease is observed in which the order
parameter at the surface is partially suppressed. At a critical fluence a strong
discontinuity, or kink, is observed which corresponds to the first time part
of the sample goes above Tc. As the hottest point is always the surface of
the crystal. This point is seen at the same fluence independent of the probe
wavelength. The probe wavelength only defines the magnitude of the effect,
with more surface sensitive colours showing a larger change. Figure 2.11 shows
the same simulations for the different local temperature dependences as in 2.9,
as well as an additional probe penetration length. The critical point appears
at a different fluence for each case, but in each case it is the same for all the
probes considered.

As mentioned earlier, the value of the critical exponent p has a notable
impact on the temperature and fluence dependences. In the static case, values
closer to 1 result in a more linear growth, as shown in Figure 2.12. For the
fluence dependence, values closer to 1 result in the loss of contrast of the kink,
while remaining in the same fluence, eventually disappearing for p = 1, as
shown in Figure 2.13. This means that for certain values of the exponent, an
experimental measurement will require high signal to noise ratio to be able to
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Chapter 2 Physics of the manganites

Fig. 2.10: Modelling an homogeneous 2nd order phase transition.a
Temperature dependence of the order parameter in the homogeneous 2nd
order transition model. b Sampled order parameter as a function of fluence
for probes with different penetration depth. Dashed line indicates where
part of the sample first reaches Tc.

detect the critical point, and in other cases will be undistinguishable from the
inhomogeneous first order case.

In conclusion, measuring the fluence dependence for different probe wave-
lengths may be informative of the kind of transition at hand. Should a wavelength-
independent kink at a given fluence appear, then it would be suggestive of a
second order transition where initial inhomogeneity does not strongly impact
the outcome. On the contrary, absence of this kink may suggest an inho-
mogeneous first-order transition. Our simple model aims to offer a unified
description of a situation where a first order transition is driven thermally
or dynamically in the presence of initial and induced in-depth inhomogene-
ity, resulting in a seemingly second order behaviour if observed with common
spatially-averaged probes. With this picture, we do not need to assume dif-
ferent critical exponents for the thermal and dynamical cases as proposed in
previous works[13]. This is, however, a simple model, and so certain caveats
are worth mentioning. For instance, the possibility of an initially inhomoge-
neous but still second order transition, which would not show a kink in the
fluence dependence, should also be considered. Experimentally, distinguishing
between first and second order inhomogeneous transitions is remarkably diffi-
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2.5 Inhomogeneity in the manganites

Fig. 2.11: Modelling the evolution of the spatially averaged order
parameter for a second order transition where we consider an initially
homogeneous state. We consider the same three expressions for the heat
capacity as in Figure 2.9. a Constant heat capacity. b Linear and c Debye-
Waller-like.

cult, particularly out of equilibrium, and requires the development of spatially
resolved techniques (which we will discuss later in this Thesis). We would also
like to note that the theoretical description of non-equilibrium inhomogeneous
phase transitions is a very active field, and new models have been proposed
recently [36, 37], mainly dealing with second order transitions.
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Fig. 2.12: Role of the critical exponent in a thermal, homoge-
neous second order transition Temperature dependence of the order
parameter for a homogeneous second order transition as calculated with
2.8 for different values of p.

Fig. 2.13: Role of the critical exponent in the fluence dependence
of an initially homogeneous second order transition. Fluence de-
pendence of the order parameter for an initially homogeneous second order
transition as calculated with 2.8 for different values of p and lprobe. Values
of p closer to 1 result in the progressive smoothing ot the critical point. A
constant heat capacity was considered for these plots.
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2.6 Summary

In this Chapter we have discussed how the physics of the insulator-to-semiconductor
transition in LSMO and other manganites is still not completely understood.
The role of structural distortions is particularly debated, with recent works
placing it as a key factor driving the transition, as opposed to the previous
electron-oriented descriptions. Out of equilibrium, the photoinduced melting
of the charge- and orbital- order in a manganite has been described as a sec-
ond order transition, although statically it appears to be first-order. This may
hint at the ultrafast process being quite different from its static counterpart.
Furthermore, the role of inhomogeneity -known to be present in LSMO due to
surface melting of the ordered phase even below Tc -remains to be explored in
an ultrafast scenario.

In order to offer a new perspective on the transition, in this thesis we look
at the transition in LSMO as a C4-symmetry breaking event and use optical
anisotropy as the probe. In the next chapter we will detail the experimental
setup that allowed us to do so.
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3 | Reflection anisotropy setup

In this chapter we introduce the optical setup we developed in order
to track C4 symmetry breaking phase transitions in layered materials
through optical anisotropy. Section 3.1 states the requirements that we
aimed for with the setup. Section 3.2 introduces the implementation of
these requirements, with a detailed follow-through of all the optics in-
volved. In Section 3.3 we describe the data acquisition process, followed
by how we analyse it in Section 3.4. Initial characterization measure-
ments are shown in Section 3.5. Lastly, Section 3.6 briefly describes
a complementary high time resolution pump-probe setup that was also
employed on LSMO in the studies of this thesis.

53



Chapter 3 Reflection anisotropy setup

3.1 Ultrafast measurements of optical anisotropy

In this thesis, we aimed to develop a novel experimental setup that is capable
of measuring static and dynamic C4 symmetry breaking transitions in layered
materials through optical anisotropy with great accuracy. This meant fulfilling
several criteria:

1. The setup must be compatible with the pump-probe technique. The
technique employs two light pulses: the pump pulse, which excites the
sample, and the probe pulse, which measures the excited sample without
changing its condition. By changing the temporal delay between pump
and probe we should be able to capture dynamics down the femtosec-
ond scale, which requires working with optics that will preserve pulse
duration.

2. The full rotational dependence must be sampled with high angular reso-
lution. In previous work, only two orthogonal angles were sampled [66,
89, 90]. This approach may lead to interpretation mistakes, especially in
out-of-equilibrium measurements, in cases where rotations of the optical
axis may happen along with or instead of changes in anisotropy.

3. Each acquisition of the full rotational dependence must take short time,
in order achieve high-quality statistics in short experimental runs that
occur faster than the fluctuations in the light source. Normal incidence
into the sample must be ensured to avoid an intrinsic anisotropy induced
simply by the angle of reflection. This will also prevent c-axis effects
having an effect on the measured signal.

4. Flexibility for pump and probe wavelengths and sample environment are
preferred, in order to allow a wider variety of samples to be studied
without major changes in the setup.

The experimental setup presented in this chapter meets all the criteria.
By using a rotating waveplate that samples the reflectivity of the sample for
all polarization angles we are able to acquire reflection optical anisotropy mea-
surements with 0.2 degree resolution in under 100 ms of acquisition time. A
similar approach has been used recently by D. Hsieh and collaborators [98–101],
where non-linear harmonic generation rotational anisotropy is probed with a
rotating grating that rotates the scattering plane around a point in the sample.
The angle of the scattering plane is then encoded in a spatial position which is
captured by a CCD camera. In comparison, our system offers less complexity
and more stability, which allow us to streamline the data collection procedure.
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3.2 Reflection anisotropy setup

Since we do not use diffractive optics, chromatic aberration is minimized, thus
preserving the femtosecond duration of our pulses.

3.2 Reflection anisotropy setup

Fig. 3.1: Schematic of the reflection anisotropy setup. The sample
is excited with 800 nm pump pulses and probed with wavelengths in the
1200 to 1500 nm range. The reference diode samples part of the probe
beam to normalize laser source intensity fluctuations. The schematic is
not to scale, incidence of pump and probe beams on the sample is close to
normal in the real setup

For the work presented in this thesis the source of the pump pulses was a
Ti:Shapphire laser system providing 35 fs long pulses at 5 kHz repetition rate
with a central wavelength of 800 nm and a 40 nm bandwidth. The pulses are
subsequently amplified to reach an energy around 1 mJ per pulse. While most
of the energy is not dedicated to exciting the sample, high output power is
needed to generate our probe pulses through non-linear optics methods. We
probe LSMO with mid-infrared light out of a commercial optical parametric
amplifier (OPA) system, in the range between 1200 and 1500 nm.

To measure the reflection anisotropy, we adopt a double-pass scheme (Fig-
ure 3.1). A fraction of the output of the OPA is first sampled using a beam
splitter and sent to a reference diode to normalize intensity fluctuations. The
rest of the beam passes through a fixed wire-grid linear polarizer to define the
input polarization state, before passing through a halfwave plate rotating at
3 Hz. Passing through the waveplate causes a rotation of the polarization by
2θ with respect to the initial polarization state: the probe polarization thus
undergoes a full polarization rotation at a rate of 6 Hz.

The polarization varying probe beam is then focused with a lens (f =
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500 mm) onto the sample, which is held in a liquid nitrogen cryostat with
2 mm thick quartz window. The sample, mounted at near-normal incidence
at the focal point of the lens, reflects the beam with a potentially different
polarization state. The reflected beam passes back through the wave plate,
which rotates the polarization by −2θ, undoing the initial rotation and leaving
only the factor introduced by the sample (the rotation of the waveplate during
the time taken to reflect from the sample is negligible). Finally, the light passes
back through the initial polarizer, transmitting only the component parallel
to the incident light. Using the same polarizer guarantees a correct parallel
alignment, since we do not need to adjust two different polarizers.We refer
to this arrangement as the parallel-polarized configuration. The transmitted
component is collected with an InGaAs photodiode, and is modulated at the
6 Hz repetition rate according to the optical birefringence, as described in the
following section. The duration of the probe beam, measured at the sample
plane using frequency resolved optical gating [102], was approximately 60 fs
(See Figure 3.2), and the focal spot diameter was 150 µm.

For pump-probe measurements the sample was excited with an 800 nm
pump pulse from the same laser, mechanically delayed with respect to the
probe pulses, and modulated with an optical chopper at 2.5 kHz. The polar-
ization was approximately aligned to the horizontal direction in the laboratory
reference frame and the pulse duration was 50 fs (see Figure 3.2). The pump
spot size at the sample was approximately 7.5 larger than the probe spot size.
Fluence control was achieved through a combination of rotating half-waveplate
and linear polarizer.
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3.3 Detection scheme

Fig. 3.2: Pump and probe pulse durations. a Pump and probe
pulses used in the reflection anisotropy setup reconstructed using frequency-
resolved optical gating [102]. The 800 nm pulses are of 50 fs duration (full-
width half maximum) and the 1500 nm probe pulses are 60 fs duration. b
Cross correlation of the 1800 nm pump and 650 nm probe pulses used in
the high time resolution setup, measured in a 15 µm thick barium borate
crystal. A full-width half maximum of 25 fs is obtained.

3.3 Detection scheme

The signal and reference diodes were read by a four-channel oscilloscope, along
with output signals from the active mechanical components which encode the
angle of the rotation stage and the chopper state on a shot-by-shot basis. Figure
3.3 shows the four different signals collected to produce a reflection anisotropy
measurement. The fast rotation stage that holds the half-wave plate emits an
electronic pulse each time it crosses a particular reference angle. This pulse is
too short to be properly read by the oscilloscope with the settings used in our
measurements: we trigger the oscilloscope in sequence mode at 5 kHz from the
laser and we acquire a segment in the microseconds range. The signal coming
from the waveplate is only 100 ns long and it may fall between acquisition win-
dows. Therefore, it is first sent to an electronic pulse stretcher which extends
the pulse up to a 200 us before being read by the oscilloscope, note that this
also contributes to limit angular resolution, since there is an intrinsic uncer-
tainty between the real signal and the time that we sample the stretched pulse.
We also use the on-board processing capabilities of the oscilloscope to calcu-
late the area of each diode trace, and so the measurements output one number
for each diode, rather than the whole trace. Figure 3.3c shows the rotation
stage signal during the timeframe of one acquisition of 170 ms, a time window
chosen so the system measures the complete angular spread two times. The
three spikes indicate the points where the reference angle was crossed, allowing
us to infer the angle at all times between them. Figure 3.3a and 3.3b show

57



Chapter 3 Reflection anisotropy setup

Fig. 3.3: Data channels in the reflection anisotropy setup. a Signal
diode. The vertical striped lines delimit one period of the rotation stage.
b Reference diode signal. Any fluctuation of the input laser intensity is
captured by this diode for subsequent normalization. c Rotation stage
signal. The three spikes mark when the stage crossed the reference angle.
A complete 360º rotation occurs between each spike. d Chopper signal.
The insert shows a zoomed-in portion of the data, revealing its boolean
nature.

the sample and reference diodes signal over the same timeframe, respectively.
By sorting them using the rotation stage signal we are able to filter the data
by angle. Figure 3.3d shows the chopper signal during the acquisitions, which
we use to sort the data from the sample diode into on and off channels when
performing pump-probe measurements. Static measurements are performed in
the same way, but the chopper signal is discarded.

3.4 Analytical model and data fit procedure

We can model the reflection anisotropy setup using Jones algebra formalism.
We can write the reflectivity matrix of a birefringent sample with reflection
coefficient ri and phase shift φi along each principal axis as
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R =
Ç
r1e

iφ1 0
0 r2e

iφ2

å
= α

Ç
1 0
0 ρeiχ

å
, (3.1)

where α = r1e
iφ1 , ρ = r2

r1
and χ = φ1 − φ2, which quantifies the ellipticity

that the sample might introduce in the reflected light. The half-wave plate can
be written as

W = i

Ç
−2 cos θ −2 sin θ
−2 sin θ 2 cos θ

å
, (3.2)

where θ is the angle made by the input polarization state relative to the
waveplate fast axis. The matrix corresponding to a polarizer is written as

P =
Ç

cos2 ϕ cosϕ sinϕ
cosϕ sinϕ sin2 ϕ

å
(3.3)

where ϕ is the angle made by the input polarization state relative to the
polarizer axis of transmission. In our setup, the effective Jones matrix after
the second pass through the waveplate is given by

Rsetup = W T ·R ·W · Pϕ=0 =
Ç

cos2 θ + ρeiχ sin2 θ 0
1
2 sin 2θ(1− ρeiχ) 0

å
. (3.4)

After passing through the final polarizer in the parallel configuration (such
as pictured in Figure 3.1), the corresponding matrix will be given by

Rpar = Pϕ=0 ·Rsetup =
Ç

cos2 θ + ρeiχ sin2 θ 0
0 0

å
. (3.5)
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Defining the input polarization as
Ç

1
0

å
, the detected intensity varies as

IV V = r2
1
8
(
4
(
1− ρ2) cos 2θ +

(
1 + ρ2 − 2ρ cosχ

)
cos 4θ + 6 + 2ρ cosχ

)
, (3.6)

which can be written as

IV V = IDC + I4 cos 4Φ + I8 cos 8Φ. (3.7)

Here Φ = θ
2 is the angle of the rotation stage holding the waveplate, which

rotates the polarization at twice the rate of the waveplate rotation. IDC , I4
and I8 can be directly extracted from our data. All terms are sensive to the
birefringence ratio ρ, as well as other factors. As will be shown later, the eight-
fold peak is not detected in the sample measured in this thesis, in this case, by
setting I8 = 0 we have IDC = r2

1
8
(
7 + ρ2) and I4 = r2

1
2
(
1− ρ2). This allows

us to solve for r1 and ρ:

r2
1 = IDC + I4

4 , (3.8)

ρ2 =
4− 7 I4

IDCÄ
4 + I4

IDC

ä . (3.9)

When the system is isotropic, I4 = 0, which implies ρ = 1 (Figure 3.4a).
In a sample such as LSMO, values of ρ > 1 correspond to domains of one
parity, whereas ρ < 1 corresponds to domains of the alternative parity (Figure
3.4b). Optical measurements cannot distinguish between domains of the same
parity, therefore we define the parameter η2 ∝ r1 − r2. We normalize η2 to lie
in the range ±1 with

η2 = 2 r1 − r2
r1 + r2

= 1− ρ
1 + ρ

. (3.10)
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We also define the isotropic reflectivity as

r = r1+r2
2 = r1

1 + ρ

2 . (3.11)

When fitting the data, we fit as a function of the waveplate angle using
the following equation for IV V :

IfV V = IDC + I1 cos (Φ + ψ1) + I2 cos (2Φ + ψ2) + I4 cos (4Φ + ψ4). (3.12)

The I1 term captures a small constant which is modulated at the frequency
of the rotating waveplate. Such a term most likely corresponds to scatter from
the waveplate to the detector. The I2 term can also account for other small
imperfections in alignment. These two correction terms also have an associated
phase. In addition, the phase term ψ4 allows us to correct for the fact that the
sample principal axis might not be aligned to the input polarization axis and
that the optical axis may rotate during a pump-probe measurement.

Fig. 3.4: Predicted RA patterns as a function of waveplate angle.
All radial axis are in arbitrary units. a IV V of a (red) isotropic sample
with ρ = 1 and (blue) birefringent sample ρ > 1. b IV V of a (red) bire-
fringent sample with ρ < 1 and (blue) birefringent sample with ρ > 1. The
values for α have been chosen to match the intensities of both patterns. c
Comparison of parallel and perpendicular setup configurations. The purple
line corresponds to the same IV V shown, also in purple, in a. The red line
corresponds to IVH for the same sample parameters. The intensity of IVH
has been multiplied by a factor 100 in this plot.

In the case of the perpendicular configuration, we have
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Rperp = Pϕ=90 ·Rsetup = α

Ç
0 0

1
2 sin 2θ

(
1− ρeiχ

)
0

å
. (3.13)

Defining the input polarization as
Ç

1
0

å
, the detected intensity varies as

IHH = r2
1
8
(
(1− sin 8Φ)

(
1 + ρ2 − 2ρ cosχ

))
. (3.14)

The 8-peaked shape of the signal as a function of wave plate angle can
be seen in Figure 3.4c. The right hand term in IHH is close to zero for values
of ρ near 1. Indeed, the predicted overall intensity of IV H is two orders of
magnitude smaller than IV V . Furthermore, any spread in the polarization
can render this term undetectable in our current setup for samples with small
optical anisotropy.

3.5 Characterization measurements

In the parallel configuration of the reflection anisotropy setup, a birefringent
sample will show four lobes in one period of the rotation stage. Since the half-
wave plate rotates the polarization by 2θ, all polarization states are sampled
twice. we average the two samples to obtain the final reflection anisotropy
pattern, which shows two lobes in the parallel configuration, as pictured in
Figure 3.5.

We have calibrated our system using a number of measurements. We
first introduce a gold mirror in the sample plane. Planar gold mirrors at
normal incidence have negligible optical anisotropy and the circular shape of
the resulting RA pattern shown in Figure 3.6a confirms our system has no
intrinsic birefringence. Afterwards, a linear polarizer was placed in front of the
mirror. As a result, the laser beam first crosses the polarizer, is reflected by the
mirror, and crosses the polarizer again before passing through the rest of the
setup as usual. The polarizer acts as a sample with extreme optical anisotropy.
Figure 3.6b shows the resulting RA measurement, which matches perfectly the
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shape predicted by the model. Furthermore, by aligning the sample polarizer
with the initial wire grid polarizer, we are also able to later determine the
real sample principal axis orientation relative to the input polarization. To
do so we compare the angular positions of the peaks in the RA pattern of
the known polarizer with the peaks of the RA pattern of the material sample,
which correspond to polarization states aligned with either principal axis of
the sample.

Fig. 3.5: Conversion from rotation stage angle to polarization an-
gle. (left) Optical anisotropy measurement as a function of rotation stage
angle (right) Optical anisotropy measurement as a function of polarization
angle.

While most of our measurements have been taken in the parallel-polarized
configuration, we also tested the cross-polarized configuration, where the re-
flected beam does not go through the initial polarizer after the second pass
through the waveplate, but rather goes through a different polarizer set in
the normal orientation with respect to the first one. Figure 3.6c shows that,
again, the four-lobe RA pattern obtained matches the predict. Although not
shown in Figure 3.6, the measured intensity of the signal in the cross-polarized
configuration is several times smaller than in the parallel configuration, as is
expected.
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Fig. 3.6: Reflection anisotropy patterns. (Radial axis has been nor-
malized for all plots. a RA pattern of a gold mirror. The circular shape
of the pattern is expected from an isotropic sample. The increased noise
around 225º is due to slight saturation of the photodiode. b RA pattern of
a linear polarizer in the parallel-polarized configuration. c RA pattern of
the same linear polarizer in the cross-polarized configuration.

While in the cross-polarized configuration, we tested the efficacy of the
on-off sorting with the optical chopper signal, to do so we set the chopper to
chop the probe beam at 2.5 kHz, blocking every second pulse. If the sorting is
correct, the on channel should contain a sine wave and the off channel a flat,
empty signal. Figure 3.7 shows the accuracy of the sorting procedure.

Fig. 3.7: Optical chopper sorting test.
Angle-averaged measurement of a RA pattern with an optical chopper set to
block every second probe pulse. The dark and light blue points correspond to
pulses sorted as “on” and “off” respectively. As expected, the off points fall
within the noise background of the photodiode, indicating the accuracy of the

sorting procedure.
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One important aspect of this setup is that the anisotropy of the majority
of the optical components is constant, and can be characterized with the setup
itself. As an example, we measured the optical anisotropy of the cryostat
quartz window, finding negligible polarization dependence on its transmission,
as shown in Figure 3.8. This measurement was done by placing the quartz
window in front of the gold mirror in the sample plane, in the parallel-polarized
configuration of the setup.

Fig. 3.8: Optical anisotropy measurement of a quartz cryostat
window. The RA pattern of the quartz window of the cryostat used for
LSMO measurements has a circular shape, evidencing the lack of optical
anisotropy. The slight off-center position can be attributed to small devia-
tions in the waveplate rotation axis.

3.6 High time-resolution setup

High-frequency phonon dynamics were studied in a different experimental setup,
using a different Ti:Sapphire laser system producing 1800 nm pump pulses of
11 fs duration and 650 nm probe pulses of 10 fs duration at 1 kHz repetition
rate. A time resolution of 25 fs, sufficient for observing the fastest phonon
modes in LSMO, was determined from their cross correlation in a fifteen mi-
cron thick BBO crystal (Figure 3.2b). Further details of these sources can
be found in A. S. Johnson et al. [102]. An achromatic ultrafast spectroscopy
system compatible with few-cycle duration pulses was used to perform the
pump-probe measurements at near-normal incidence. The LSMO sample was
held in a closed cycle helium cryostat at 180 K, and pump-induced changes to
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the probe reflectivity were recorded with a pair of diodes sampling the parallel
and perpendicular polarization components. The pump spot size was set to 50
times larger than the probe to ensure homogenous excitation, and the pump
beam was chopped at 250 Hz.

3.7 Sample growth

A single crystal of LSMO was grown using the optical float-zone method and
cut with a 001 surface, then polished to an optical finish (see Figure 3.9 for
microscope images of the sample surface). All measurements presented here
were performed on the same crystal. The transition was characterized using
the temperature-dependent magnetization, which shows a single peak at Tc in
agreement with the RA measurements, which we will show in the next Chapter.

Fig. 3.9: Microscope images of the LSMO sample.
(left) Picture of the whole milimeters-long sample. This is a composite image
from two takes, hence the sharp change of brightness. (right) Close up of the

sample surface.

3.8 LSMO in the anisotropy setup

In the next Chapter we will present the experimental results achieved by study-
ing LSMO with the RA setup. But before, we will discuss here how the phase
transition in LSMO is expected to manifest in our measurements. Figure 3.10a
shows a schematic summary of the RA setup. Depending on the phase of the
LSMO sample the corresponding RA pattern will vary. Figure 3.10b shows
what kind of RA pattern should be measured for a variety of AB-plane arrange-
ments. Often, a technique cannot distinguish different domains of an ordered
phase, i. e. η and −η. When this is the case it is common to interpret the
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3.8 LSMO in the anisotropy setup

measurements in terms of η2, as we will do. This means that phase overshoot
will manifest as a rebound of the measured order parameter when crossing to
the alternative domain, instead of oscillations around the 0 value. When the
sample is in its C4-symmetric state there should be no optical anisotropy, with
η and η2 being 0, leading to a circular pattern as described in Section 3.4. In
the low-temperature phase, η2 will take a non-zero value and the RA pattern
will show a two-lobe shape. As we discussed in Section 2.3, four domains are
possible. Domains situated in opposite quadrants of the phase diagram of Fig-
ure 3.10b are connected by a 180° rotation and lattice translation, and are thus
optically identical (same value of η2), whereas domains in adjacent quadrants
are related by 90 º rotations and have opposite optical anisotropies (opposite
sign of η2). Upon high fluence photoexcitation in the low-temperature phase
or statically warming the sample above Tc, we expect η2 to become zero as C4
symmetry is restored.

Fig. 3.10: LSMO in the RA setup.a Schematic summary of the RA
setup. The angle of incidence on the ab plane of LSMO is exaggerated
for clarity. In the real setup, incidence is close to normal. b Schematic
representation of the potential energy surface of the symmetry broken phase
in LSMO. The four minima (η,−η,−1η0,iη) correspond to the directions
along which the low temperature structure can form, , labelled η0. Inserts
show the RA signal for each domain structure.
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der in LSMO

In this Chapter we present the results of our experimental studies of
the C4-symmetry breaking transition in LSMO. Sections 4.2 to 4.5
show data acquired with the reflection anisotropy setup, while Section
4.6 presents further data on LSMO acquired in a high time resolution
pump-probe setup. The last three sections draw an interpretation of the
results, which reveal disorder and inhomogeneity as major players in
the transition dynamics.
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4.1 Melting the charge- and orbital-ordered
phase in LSMO

In this chapter we present the experimental results achieved by studying LSMO
with the RA setup detailed in Chapter 3. Specifically, we will look at the
photoinduced melting of the charge- and orbital- ordered state after excitation
with an optical pulse. This process constitutes the restoration of C4 symmetry
out of the equilibrium. We also performed complementary measurements of
the same LSMO sample in an optical setup with greater time resolution, in
order to track structural modes with are unable to be resolved in the current
implementation of the RA setup.

Prior to the pump-probe measurements, the results of the static charac-
terization of the transition in our sample are also shown and discussed, as they
already show the footprint of inhomogeneity.

4.2 Static phase transition

Fig. 4.1: Static phase transition in LSMO.a η2 and r as a function of
temperature in our single-crystal LSMO sample. The polar plot radial axes
run from 1.42 to 1.8 with divisions marked every 0.1 (arb. units). η2 shows
a clear discontinuity at TCO while r is less clear. The small non-zero value
of η2 above Tc is due to strain. b Magnetic susceptibility as a function of
temperature of our LSMO sample, the slope change around 230 K signals
the phase transition. Courtesy of D. Prabhakaran.
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In order to demonstrate our sensitivity to the phase transition and to char-
acterize the LSMO sample, we acquired RA measurements as a function of
temperature. Figure 4.1a shows the results of such characterization with a
1500 nm probe, but similar characterization was carried out at 1200 nm as
well, with consistent results. There is a clear and sharp increase of the order
parameter η2 when cooling below T = 230 K, consistent with the Tc found
in the literature and in the magnetic characterization of this sample (Figure
4.1b). In terms of the isotropic reflectivity, r, there is a modest change without
a clear marker for the phase transition. The position of the sample was cor-
rected at each temperature value to compensate for thermal expansion effects.
Additional measurements warming the sample instead of cooling it showed
negligible hysteresis within our temperature step size (Figure 4.2).

Fig. 4.2: Hystersis in LSMO.η2 as a function of temperature for cooling
and warming scans. Hysteresis around Tc is not observed. Probe wave-
length for this measurement was 1200 nm.

From the non-zero value of η2 above Tc and thus lack of complete circular
symmetry in the RA pattern at T = 300 K we can confirm the presence of
residual order in the sample, which we attribute to the presence of strain in the
sample. This is confirmed by looking at its orientation. Figure 4.3 shows the
ψ4 parameter in Eq. 3.12 as a function of temperature. The phase transition
can be clearly identified at T = 230 K by looking at the RA pattern rotation.
We can observe how the strain-induced anisotropy is rotated by 3 degrees with
respect to the ordered state anisotropy, note that this allows us to identify this
signal as strain since ordered domains can only go along the crystal axes, while
strain go along any direction.
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Chapter 4 Tracking charge and orbital order in LSMO

Fig. 4.3: Anisotropy pattern rotation as a function of temperature
(The shift is shown relative to the 77 K value)

4.3 Dynamic phase transition

Having confirmed the sensitivity of our setup to the C2 to C4 symmetry change
in the LSMO sample, we proceed with time-resolved measurements with dif-
ferent pump fluences at T = 180 K. For each fluence, 5 time-scans are acquired
and averaged. Considering that for each time delay four complete RA patterns
are gathered, we acquired a total of 20 RA measurements for each delay point,
resulting in high signal-to-noise data. At a temperature of 180 K the system
was found to return to the initial state repeatably.
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4.3 Dynamic phase transition

Fig. 4.4: Ultrafast evolution of the isotropic and anisotropic re-
flectivity of LSMO after photoexcitation, as a function of fluence.
The system is excited with 800-nm pulses and probed at 1500 nm a RA
patterns as a function of pump-probe time delay for high (orange) and low
(black) fluence. The radial axis runs from 1.63 to 2.015, with divisions every
0.05 (arb. units). b Ultrafast evolution of the normalized order parame-
ter η2 as a function of pump fluence which shows an ultrafast suppression.
Neither rebounding nor overshooting is observed. c Ultrafast evolution of
the isotropic reflectivity r. Clear coherent phonon oscillations at 2.7 THz
are observed.

Figure 4.4 shows the dynamics of η2 and r as a function of pump fluence for
a 1500 nm probe. Figure 4.4a shows the typical evolution of the RA pattern at
several delays when the C4 symmetry is partly (black) and completely (orange)
restored. It is evident that the isotropic reflectivity increases while optical
anisotropy decreases after photoexcitation. To get quantitative insight into
the dynamics, we plot the time dependence of η2 and r for several fluences in
Figure 4.4b and c, which reveals several striking features. We first note that the
order parameter exhibits an ultrafast and monotonic suppression, consistent
with an incoherent change. As the fluence is increased, the order parameter
is increasingly suppressed and eventually saturates at the strain level observed
above Tc, without rebound or sign change. The isotropic reflectivity, shown in
Figure 4.4c, shows strong coherent oscillations at 2.7 THz when excited at low
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Chapter 4 Tracking charge and orbital order in LSMO

fluences, but behaves non-monotonically with fluence, and the phonon mode
is suppressed at the highest excitations.

Fig. 4.5: Anisotropy pattern rotation (dynamic) as a function of
pump fluence (shift is shown relative to the negative time delay value).

Figure 4.5 shows the orientation of the RA patterns as a function of fluence.
We can see there how for high fluence, where OO is fully melted, the patterns
rotate by 3 degrees, exactly as in the static scenario. This doubly confirms
that we are indeed completely melting the ordered phase. Figure 4.6 focuses
on the first 500 fs. For η2, a monotonic speedup of the transition with fluence
can be seen. Fig 4.4b shows that, in contrast to the order parameter, the
time it takes for the reflectivity dynamics to reach its maximum is larger when
pumped across the phase transition, i.e., its dynamics slow down.
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4.3 Dynamic phase transition

Fig. 4.6: Early dynamics of the photoinduced phase transition.a
Focused and normalized view of the first 500 fs of η2 showing a marked
speedup with increasing fluence. b Same as a but for r. In contrast to η2,
a slowdown is observed with increasing fluence.

Additionally, a careful analysis of η2 after background subtraction reveals
that there is a weak 2.7 THz that can be seen in the order parameter, as shown
in Figure 4.7a. It is known from Raman measurements that this mode is not the
driving mode of the transition, but rather represents motion of the La/Sr ions,
whose position barely changes during the phase transition and is not needed to
explain the electronic changes[74], which can slightly modify the crystal field
affecting the Mn and O atoms in the ab plane, modifying the magnitude of the
optical anisotropy as a result. In order to investigate the potential relationship
of the order parameter and the 2.7 THz phonon mode, we look at the fluence
dependence of different quantities. Figure 4.7b shows the fluence dependence
of the 1 ps delay values of η2, r and the 2.7 THz phonon amplitude. The
fluence dependence of r lacks a definitive marker for the symmetry change.
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The phonon amplitude starts growing with fluence until the phase transition
starts taking hold and henceforth it gets suppressed as fluence increases. The
suppression curve for the phonon mode appears very similar to that of the
order parameter.

Fig. 4.7: Evolution of multiple degrees of freedom in LSMO. a
Background subtracted traces of η2 and r at intermediate fluences show-
ing the strong influence of the 2.7 THz mode on the isotropic component.
In contrast the phonon effect on the order parameter is weak. b Fluence
dependence of the order parameter and reflectivity at 1 ps delay, and the
amplitude of the 2.7 THz mode. The order-parameter and phonon ampli-
tude show a concurrent suppression at high-fluences, while the reflectivity
does not directly map to either.

4.4 Wavelength dependence

The OPA system used to produce the infrared probe pulses in the RA setup
can be tuned to a variety of output wavelengths. Probing LSMO with different
colors provides not only information about the spectral dependence of the
optical anisotropy, but also serves as a depth-resolved sampling of the ordered
phase, owing to the different penetration depth of each probe color. Figure
4.8 shows the static phase transition in LSMO probed with 1200 nm light
which, assuming a negligible change in the refractive index, should penetrate
less deeply than 1500 nm light by a factor of 0.8. Like seen in Section 4.3, we
can see how there is a clear increase of the order parameter η2 when cooling
below T = 230 K. The strain value for this wavelength is markedly smaller than
for the 1500 nm probe. In contrast, the tendency of r is different than what
was seen with 1500 nm, with higher temperatures resulting in a monotonic
decrease of the isotropic reflectivity.
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4.4 Wavelength dependence

Fig. 4.8: Static phase transition in LSMO (1200 nm probe). η2

and r as a function of temperature in our single-crystal LSMO sample.
The polar plot radial axes run from 0.79 to 0.93 with divisions marked
every 0.35(arb. units). η2 shows a clear discontinuity at Tc while r is less
sensitive.

Figure 4.9 shows the dynamics of η2 and r as a function of pump fluence
for a 1200 nm probe, taken at a temperature T = 180 K. We plot the time
dependence of η2 and r for several fluences in Figure 4.9a and 4.9b. We first
note that the order parameter exhibits the same response as in the 1500 nm
probe case, including the monotonic speedup as seen in the first 500 fs. In
contrast, while the isotropic reflectivity, shown in Figure 4.9b, still shows strong
coherent oscillations at 2.7 THz when excited at low fluences, it behaves non-
monotonically with fluence. There is a clear difference with respect to the
1500 nm probing, which is the appearance of a dip in the signal in the early
timescale.
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Fig. 4.9: Ultrafast evolution of the isotropic and anisotropic re-
flectivity of LSMO after photoexcitation (1200 nm probe) as a
function of fluence. The system is excited with 800-nm pulses and probed
at 1200 nm a Ultrafast evolution of the normalized order parameter η2 as
a function of pump fluence. b Ultrafast evolution of the isotropic reflec-
tivity r. Clear coherent phonon oscillations at 2.7 THz are observed. An
initial dip in the signal also appears as fluence is increased. c Focused and
normalized view on the first 500 fs of η2 showing a speedup with increasing
fluence.

Figure 4.10 shows the results of doing the same type of scans at 290 K,
well above Tc and close to room temperature. Figure 4.10a shows how η2

does not react to photoexcitation, while r, shown in Figure 4.10b does show
a pump-probe signal, without any oscillations. Note how, in contrast to the
case below Tc, the reflectivity here increases with photoexcitation for all time
delays and fluencess.

78



4.4 Wavelength dependence

Fig. 4.10: Pump-probe measurements of LSMO at room temper-
ature. At a temperature T = 290 K the system is excited with 800-nm
pulses and probed at 1200 nm a Ultrafast evolution of the normalized order
parameter η2 as a function of pump fluence. b Ultrafast evolution of the
isotropic reflectivity r.

In order to more clearly show the wavelength dependence, Figure 4.11
shows the comparison of the ultrafast evolution of the η2 and r parameters
probed with 1200 nm and 1500 nm. The fluences shown have been chosen
to match the initial reduction of η2 after strain was accounted for, as shown
in Figure 4.11b. This result shows how the dynamics of the order parameter
are equivalent for both probe colors. This is not the case for the isotropic
reflectivity, as shown in Figure 4.11a., where there is a remarkable difference
of the dynamics for the two wavelengths.
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Fig. 4.11: Probe wavelength dependence of the ultrafast evolution
of the isotropic and anisotropic reflectivity of LSMO. a Ultrafast
evolution of the isotropic reflectivity r and b normalized order parameter η2

probed with 1500 nm (continuous lines) and 1200 nm (dashed lines) pulses.
The baseline non-zero value for η2 induced by strain has been compensated
through renormalization for both probe colors. To do so the strain value
of η2 is substracted from both on and off signals.

4.5 High time resolution measurements

If we follow the thorough assessment of structural changes in LSMO done by
J. Herrero et al.[74], the coincidence of the fluence required to suppress the 2.7
THz phonon and the order parameter suggests that optical excitation perturbs
several degrees of freedom, rather than that of just that of the order parameter,
similar to what is observed in VO2 [39]. To test this hypothesis, we performed
additional pump-probe experiments using few-cycle pulses in the experimental
setup described in Section 3.6, which allow us to measure the photo-induced
effects on the highest frequency, Jahn-Teller-like, modes of the oxygen ions.
These higher frequency modes are associated to Mn and O motions which are
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involved in the phase transition [85]. Ultrafast reflection anisotropy measure-
ments were taken with 800 nm pump pulses, in contrast with the 1800 nm
excitation used in the high time resolution setup. To ensure the consistency of
these two data sets we directly compare transient reflectivity dynamics mea-
sured with 800 nm and 1800 nm pump pulses in the high time resolution setup
under identical probing and temperature condition (Figure 4.12). No signifi-
cant differences are found, confirming the validity of the comparison.

Fig. 4.12: Pump wavelength comparison. Comparison of different
pump wavelengths. Probe and temperature were kept identical for both
measurements.

Figure 4.13a shows the fluence dependence of the time traces taken at
T = 140 K. Data acquisition for this graph was made right after cycling the
temperature of the sample well above Tc. This ensured a clean initial state
without prior laser induced metastable phases. Repeats of the low fluence
traces after the whole fluence dependence showed no indication of any induced
metastable state. By fitting the data to a combination of three exponential
decay functions, we are able to isolate the oscillating components of the signal,
as shown in Figure 4.13b. An additional time trace above Tc was also taken,
shown in black.
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Fig. 4.13: Few-cycle 1800 nm Pump, 650 nm probe transient re-
flectivity data. Fluence dependent data (coloured) is performed at 140 K,
well below Tc, while the black trace (T = 254 K, 0.5 mJ/cm-2) is performed
above Tc. a Raw transient reflectivity changes (offset for clarity) and b
background subtracted changes after fitting the data with three exponen-
tial decays. Due to the different base temperatures and pump wavelengths,
the fluences here are not directly comparable to the fluences used in the
reflection anisotropy measurements in which the pump wavelength was 800
nm.

We then extract the frequencies of the oscillations in the time traces via
Fourier transform. Figure 4.14 shows that 2.7, 6, 16 and 19 THz modes can
be observed, consistent with equilibrium Raman scattering. The temperature
dependence of these modes suggests that the 2.7 and 6 THz modes should be
completely suppressed in the high temperature C4 phase, while the 16 and 19
THz modes are still present but are broadened into a single peak [85]. In our
measurements the 6 THz mode is suppressed at the same fluence as the 2.7 THz
mode, while the high frequency modes exhibit concurrent transfer of spectral
weight to higher frequencies and asymmetrical broadening with components up
to 25 THz. The lattice thus responds to the change in symmetry in less than
one-half period of the high frequency mode (26 fs), supporting the assertion
that the electronic excitation couples directly to all modes of the lattice, and
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not via the order parameter, which would generally result in a delayed response.

Fig. 4.14: Few-cycle pump probe measurements of phonon dy-
namics. With 1800 nm pump and 650 nm probe pulses. 2.7 THz, 6 THz,
16 THz and 19 THz modes of LSMO are clearly observed. The 2.7 THz
and 6 THz modes are suppressed as the system is pumped through the
transition, while the high frequency modes blueshift and broaden.

4.6 Discussion: Dynamics

In section 1.5 we discussed the three main predictions for the dynamics of the
order parameter coming from time-dependent Ginzburg-Landau theory (tdGL)
where the Landau surface is the primary driver of dynamics: coherent oscilla-
tions, “rebounds” when crossing the high-symmetry point of the potential and
critical slowdown. In this section we will discuss how well our experimental
results match these predictions.

We have seen how isotropic reflectivity dynamics bear little resemblance
to the response of the order parameter, which shows a rapid and incoherent
suppression. As the fluence is increased, the order parameter is increasingly
suppressed and eventually saturates at the high temperature value. In other
words, the first two key predictions of tdGL as described in Section 1.4 are
not observed here. While this implies that a coherent tdGL theory cannot
explain this data, an overdamped tdGL response (as described in Section 1.6)
may still be applicable. Indeed, the fluence dependence of the order parameter
(Figure 4.4b) shows a continuous decrease with fluence and no evidence of a
threshold, consistent with the thresholdless response expected from tdGL in a
second-order transition. Therefore, intermediate values of the order parameter
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in LSMO could be interpreted as a transient non-thermal structure.

However, according to tdGL theory, the order-parameter dynamics should
slow down the closer the system gets to complete melting of the phase tran-
sition when the potential approaches the minimal curvature point, and thus
the weakest driving force. In direct contrast, the normalized response of the
order parameter shown in Figure 4.6a and 4.9c shows that the order parameter
actually speeds up as the system approaches the phase transition. We note
that the reflectivity dynamics do slow down when pumped across the phase
transition, and has been interpreted as a signature of critical slowdown [20]
or a bottle-neck timescale [65, 87, 90] in other materials, but here is found to
be unrelated to the order parameter. Notably the isotropic reflectivity shows
significant probe wavelength dependence, while the anisotropic dynamics do
not (Figure 4.11), further indicating the reflectivity measures fundamentally
different effects.

To better understand the transient state, we examined the response of
the lattice through coherent phonons. The 2.7 THz mode, which modulates
the reflectivity, has a weak effect on the order parameter (Figure 4.7a). As
we mentioned earlier, this mode is not the amplitude mode of the transition,
but rather movement of the La/Sr ions [86]. The slight modulation seen then
implies that either the phonon weakly drives the order parameter, or the mode
itself generates an additional anisotropy independent of the order parameter,
similar to strain. However, the concomitant loss in phonon signal with the
suppression of the order parameter (Figure 4.7b) suggests an intimate connec-
tion between both degrees of freedom at the phase transition, despite the weak
coupling.

Due to the doubling of the unit cell during the phase transition, multiple
phonon modes become Raman-active in the low temperature phase and can
potentially be excited by the laser, that are otherwise forbidden in the high
symmetry state. As we mentioned in Section 2.3, high-frequency Jahn-Teller
modes of Mn and O have been suggested as being responsible for the transi-
tion [74]. As we have observed with our high-time resolution measurements,
all modes show changes at the same fluences, with the 2.7 and 6 THz modes
becoming suppressed and the 16 and 19 THz modes broadened into a single
peak when the order parameter is suppressed. The concomitant changes sug-
gest the entire potential energy for all degrees of freedom is perturbed. This
change must be occurring faster than the highest frequency mode we measure,
suggesting a sub-25 fs timescale.

The excitation of a large number of modes as well as the order parameter
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and reflectivity without any hint of hierarchy is then better described as an
order-disorder transition. In this case multiple degrees of freedom are excited at
once, and the evolution of the system is overall incoherent, even if coherence can
still be found in a subset of the system (as is shown in the reflectivity dynamics).
The observed speed-up in order parameter dynamics can be attributed to the
expansion of the phase space providing new energy pathways, which make the
loss of long-range order occur faster.

4.7 Discussion: Inhomogeneity

The insulator-to-metal phase transition in the manganites is considered to be
of the first order kind, however, Figure 4.1a shows a rather smooth transition
which includes continuous increase in η2 when cooling down beyond Tc. We are
also able to observe all sorts of intermediate values for η2 in our pump-probe
measurements. This points towards an heterogeneous phase transition, and
might imply a situation where tdGL may not accurate describe the process, as
discussed in Section 1.5.

To understand how we then interpret our data, we investigate the role of
inhomogeneity in the system. In first order phase transitions inhomogeneity is
known to locally modify Tc, and in LSMO in particular, it is known that the
orbital ordering melts at the surface before the bulk [96]. Furthermore, the
phonon modes involved in the transition show no softening in their frequen-
cies, but do gradually lose amplitude, which points to portions of the sample
switching discretely at different temperature. As our probe is absorbed in less
than the first 100 nm [13], we are sensitive to this effect and it, together with
other sources of inhomogeneity, results in the smooth transition experimentally
observed in Figure 4.1. Importantly, the continued increase in orbital order be-
low Tc is not due to an increasing magnitude of a local order as would be the
case for a homogeneous second order transition, but results from more of the
sample becoming ordered.

85



Chapter 4 Tracking charge and orbital order in LSMO

Fig. 4.15: Inhomogeneity in the photo induced phase transition.
a First order phase transitions can show surface melting, with the orbital
of the phase transition melting at a lower transition temperature than the
bulk. The black dashed line shows the thermodynamic transition tem-
perature as a function of position in the sample from the surface at x=0,
together with two pump-induced temperature profiles. b The effect of the
pump on the spatial dependence of the order parameter. Due to surface
melting, part of the sample is already melted before the pump, resulting in
a phase front. This phase front moves deeper into the bulk for harder exci-
tation. The dashed lines indicate the weighting of the local order parameter
on the averaged order parameter measured by probes which penetrate two
different depths. c The simulated spatially averaged order parameter as a
function of pump fluence for two different probe conditions. Probes that
penetrate less into the bulk reach saturation at a lower fluence than those
that penetrate deeper. d Experimental data showing that changing the
probe wavelength to 1200 nm reaches saturation before 1500 nm, demon-
strating the role of spatial inhomogeneity in the probe.

This can have a major influence on understanding the fluence dependence,
as shown in Figure 4.15. Here we bring back the model described in Section
2.5, 4.15a shows the simulated temperature profile after the pump, with the
depth-dependent Tc also shown. For each fluence value, 4.15b shows the re-
sulting depth-dependence of the order parameter, any energy absorbed by the
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laser can push the ordered surface deeper into the bulk and there is no thresh-
old to melt the surface of the system, even if a critical fluence dependence
would be observed in a homogenous system. The system completely melts
once the ordered surface has been pushed deep into the bulk and out of the
probed volume, represented by the dashed lines in Figure 4.15b). Thus, the
threshold-less behaviour earlier taken as evidence of a 2nd-order-like tdGL can
be explained without invoking a different order for the phase transition in-
and out-of-equilibrium. By repeating our measurements at 1200 nm, which
penetrates less deeply than 1500 nm, we observe a fluence dependence of the
order parameter taken at 1 ps delay (Figure 4.15d) that is strongly reminiscent
of the simulated values from the model in section 2.5 (Figure 4.15c). As we
also discussed briefly in Section 2.5, this behaviour may also be found for an
initially homogeneous second order phase transition with a critical exponent
equal or close to 1 [13, 103] as well as a completely inhomogeneous second
order process. The former case does not address surface melting and would
imply that the parameters that describe the thermal phase transition are not
valid for the ultrafast one, as the temperature dependence as given by 2.8 with
p = 1 differs strongly from the observed in Figures 4.1 and 4.8, as exemplified
in Figure 2.12. The latter case is more complex, and would require a more de-
tailed experimental measurement of the inhomogeneity before modelling such
a transition.

4.8 Conclusions

Our results show that photoexcited LSMO undergoes an inhomogenous and
local ultrafast disordering, where all degrees of freedom are excited simultane-
ously and not just those required for the phase transition, if we follow the work
by J. Herrero et al.[74] placing the 2.7 THz mode as a ’satellite’ to the tran-
sition. The resulting dynamics then take place in a multi-dimensional phase
space and when the system is more strongly excited, more phase space becomes
accessible enabling the system to disorder faster. Such an effective change in
dimensionality seems to be almost instantaneous, with the lattice responding
to the change in symmetry in less than one-half period of the high frequency
mode (25 fs). This points to physics beyond tdGL, which is a low dimensional
theory in which the system is necessarily coarse-grained and the main dynam-
ics are confined to the order parameter in a restricted phase space of the global
system. The close proximity to a metastable state in our sample also suggests
a shared disorder origin for metastable states observed across the manganites.
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Here we must note that for the case of the charge-ordering transition in some
3D manganites, the motion of La/Sr[13] and La/Ca[104] has been reported to
be significant and proposed as an important component of the transition. It is
unclear if this structural mode may need to be considered differently in the 3D
and single-layered cases, which could be elucidated by systematic comparisons
of both kinds of system.

While only VO2 and LSMO have been described in terms of order-disorder
transitions to date, the local dynamics which characterize 1st order phase tran-
sitions in equilibrium naturally lend themselves to inhomogeneous, disordered
transitions. In spite of this, many transient phase changes in first order ma-
terials, such as charge density wave systems, have been modelled with tdGL.
It then remains an open question as to if and why some C4-symmetric sys-
tems should show a fundamentally non-thermal and coherent response while
others show disorder. Key to resolving this issue will be to understand how
inhomogeneity both before and after excitation could impact previous anal-
ysis. Alternatively, disorder and fluctuations may stabilize the equilibrium
high temperature phase in both VO2 and LSMO as both systems show large
fluctuations above Tc, and systems that are stabilized by entropy may show
fundamentally different dynamics to those driven by soft modes.

Disordered states in quantum materials in equilibrium are emerging as a
new route to explain and generate new phenomena[4], and recent theoretical
work suggest that all Jahn-Teller active layered oxides might present order-
disorder transitions [105]. To date, explanations of effects such as light-induced
superconductivity, have focused on possible non-equilibrium, ordered transient
crystal structures [106] that would be expected from tdGL approaches. How-
ever, these systems also show large amounts of light induced inhomogeneity and
the restoration of C4 symmetry would also be expected to generate disorder.

Alternatively, a strongly coupled tdGL model could be brought up to ex-
plain our observations, where the Landau surface for the order parameter is
strongly affected by other degrees of freedom coupled to it, which may result in
a behaviour that deviates from the basic representation introduced in Section
1.5, for instance with the absence of critical slowdown or the introduction of
a speed-up even in a coherent transition. In this case, the observed phonon
modes can be in unison with the order parameter, but strongly damped once
in the transient metallic phase. The strong coupling would also account for our
perceived lack of hierarchy among degrees of freedom. While this constitutes
an interesting approach to the transition in LSMO, and has been successfully
implemented for other systems, it does raise some questions which are cur-
rently, in our opinion, unanswered. Concretely, the role of the 2.7 THz and
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its connection to the order parameter should be elucidated: is it a mere spec-
tator, a secondary order parameter, or a structural order parameter strongly
coupled to the electronic one and equal drivers of the transition? Does this
phonon mode need a different treatment in the layered and 3D manganites?
How different should our parameters be compared with the thermal transi-
tion? For this Thesis, we opted for a perspective which builds on the thermal
properties of the material and can recreate the dynamics without changing the
fundamental nature of the transition and features a single order parameter that
changes incoherently upon a photoexcitation event that excites many degrees
of freedom. Whether our explanation remains accurate will depend on future
developments in tdGL theory, spatially resolved techniques, and measurements
that can directly address incoherence, such as diffuse scattering,
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5 | Introduction to VO2

In this Chapter we switch to a different material, VO2. Section 5.1
serves as an introduction to the physics of this prototypical correlated
material, which hosts long-standing questions. Section 5.2 and 5.3
present some of the most recent literature on the studies of the VO2
metal-to-insulator transition, static and ultrafast, respectively. This
material is known to show strongly inhomogeneous behaviour, which is
discussed in Section 5.4

.
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5.1 Preface

One of the aims of this thesis is to explore the role of spatial inhomogene-
ity in ultrafast phase transitions. In the previous chapters we discussed how
the spatial dependence of the critical temperature in LSMO leads to an in-
homogeneous distribution of the ordered phase, both before and during the
pump-probe event, which has identifiable experimental footprints: the smooth
evolution of the order parameter with temperature –despite the transition be-
ing first order- and the shape of the fluence dependence for probes of different
penetration length.

This supposes a step forward towards understanding the effects of inho-
mogeneity, however the measurements are still rather indirect, as there is no
clear observation of the two phases at the same time. Ideally, a single probe
should be capable of resolving the presence of inhomogeneity, be it the depth
of the material or laterally, as it is done with imaging techniques. In this
thesis we also developed experimental techniques that allow to directly image
an inhomogeneous phase transition greatly affected by phase separation. We
did this for vanadium dioxide, VO2, as it is one of the strongly correlated sys-
tems where the phenomenon of phase separation –where regions of two phases
can be observed to coexist- is remarkably strong and has a clear impact on
its ultrafast dynamics. Moreover, there are open questions regarding the na-
ture of its phase transition, which may be addressed through ultrafast imaging
techniques. Before we delve into the specifics of imaging phase separation in
VO2 we will first introduce its relevant physics and some of the questions that
remain unanswered around them.

5.2 Introduction to VO2

Vanadium dioxide, possibly the most researched member of the transition metal
oxides, undergoes an insulator to metal transition at 340 K [107] and, much like
in LSMO, this transition comprises structural and electronic changes. Regard-
ing the structure, the high-temperature phase, R, exhibits rutile (tetragonal)
symmetry [108, 109] while in the low temperature it changes to a monoclinic
(orthorombic) structure, referred to as M1 phase [109, 110]. The structural
phase transition is often explained as the dimerization of pairs of vanadium
atoms along the c-axis, which also results in shortening some of the V-O bonds
in such a way that the dimers end up tilting in a zig-zag pattern. The dimer-

92



5.2 Introduction to VO2

ization then results in the doubling of the unit cell and the adoption of the
monoclinic symmetry group.

Whether the structural changes drive the electronic transition is not so
clear cut. After decades of theoretical and experimental work, two different
models remain as compelling explanations to the electronic changes in this
phase transition. One of them relies on lattice distortions to explain the elec-
tronic changes, while the other is based on electron-electron interactions driving
the whole transition.

The first model was proposed by Goodenough and uses crystal-fields as
its fundamental piece [111]. Just as we described for the Mn atoms in section
2.2, V atoms sit in the center of an oxygen octahedra in VO2. In the high-
temperature phase, the crystal field of the octahedron splits the degeneracy of
the d-orbitals of vanadium into eg and t2g degenerated orbitals. The degeneracy
can be lifted even further via a structural distortion as illustrated in Figure
5.1, note how this is very similar to the Jahn-Teller effect described in Chapter
2, but it is not the same. Here it is worth describing the final energy levels in
more detail: the 3dxy and 3dz2 orbitals are categorized as the σ∗ states. The
lower energy 3dxz and 3dyz make the π∗ states and finally the 3dx2−y2 state is
known as d//.

Fig. 5.1: Rutile VO2 structure and energy bands. The degeneracy
of the d-electrons of the vanadium atom (red spheres) is lifted by the crys-
tal field of the oxygen octahedron (blue spheres). Further splits happen
through a structural distortion of said octahedron. The final energy states
are classified into the σ, π and d// bands. c-axis is defined along the x
direction. Adapted from [112]

When transitioning from rutile to monoclinic phase, the energy levels are
further modified. The dimerization of vanadium atoms leads to an energy split
of the d// band and the alternating dimer tilt results in an increase in energy
of the π∗ band of ≈ 0.5 eV, placing it above the Fermi level. Both dimerization
and tilting are then responsible for the opening of a bandgap, which suggests
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that the mechanism driving the transition must be found in electron-phonon
coupling.

The alternative description was introduced by Mott and Zylbersztejn [113],
and places electron-electron interactions at the core of the transition, with the
structural distortion being a side effect. This was later integrated into the
so-called Mott-Hubbard model [114], which places electrons in a lattice and
features two competing elements: site-to-site hops of electrons and on-site
Coulomb interactions:

H = −t
∑

(i,j),σ
(c†i,σcj,σ + c†j,σci,σ) + U

∑
i

ni↑ni↓ (5.1)

Here (i, j) stands for summation over nearest-neighbour lattice sites, ci,σ
and c†i,σ are the annihilation and creation operators for electrons of spin σ at
site i, and niσ is the number operator which represents the density of electrons
with spin σ at site i. The term t accounts for the kinetic energy of the electrons
hopping from one site to another. The term U contains the strength of the
Coulomb interaction, and penalizes energetically the presence of more than one
electron per site. Intuitively, if U is small compared to t, electrons will be free
to spread along the lattice in a non-localized fashion. This situation is already
well described by regular band theory. On the other hand, if U dominates (i.e.
electron-electron interaction is strong) electron localization is favoured, and
conductivity suppressed. One could then think about the insulator-to-metal
transition in VO2 as a change of regime from U -dominated to t-dominated.

In the Mott picture for VO2, the structural distortion alone is not enough
to make the material an insulator, but rather the electrons in the d// band,
susceptible to strong electron-electron coupling, play a major role. In the high
temperature R phase, this coupling is screened by the π∗ states. When temper-
ature is lowered, the π∗ band is depleted and so the d// electrons are allowed
to interact, creating a U -dominated situation, and therefore preventing popu-
lation of the conduction band. This, combined with the structural distortion
will result in the opening of a band gap and the insulating behaviour of the
material.

If the lattice distortion is not sufficient to make VO2 an insulator, then
a state with the electronic properties of high temperature metallic phase but
the lattice structure of the low temperature M1 phase should be a feasible
situation. This is what is known as the monoclinic metal phase. Experimental
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Fig. 5.2: Energy bands in VO2. A metallic rutile phase. No split in
the d// band is present and both d// and π∗ overlap at the Fermi level B
Monoclinic metal phase. d// band splits, however it still overlaps with the
Fermi level. The π∗ band is depleted but still overlaps the Fermi level C
Monoclinic insulator, the bandgap widens and the d// band lies below the
Fermi level The π∗ band rises above the Fermi level.

observation of the monoclinic metal phase would be a definite proof of the
accuracy of the Mott picture but, as we will discuss later on, claims of this phase
existing remain controversial. What makes this problem resist the theoretical
and experimental advances over the decades? The answer is, most likely, the
sheer complexity of the near-threshold behaviour of VO2 and its high sensitivity
to all sorts of intrinsic and extrinsic forces. In the following sections we will
comment on some of the most recent experimental results that aimed to shed
light on this long-standing puzzle.

5.3 Static studies of VO2

In 2007, decoupled structural and electronic transitions were first reported by
Arcangeletti et al. [115]. By measuring mid infrared transmission and reflec-
tivity as well as Raman spectra as a function of applied pressure. The reason
behind using high pressure instead of temperature to induce the transition is
that higher lattice compression favours the overlap of electrons, hence boosting
electron-electron correlations. The changes manifesting the phase transition in
the lattice (through changes in Raman spectrum) and electrons (through the
optical gap) were found to happen at different pressure values, suggesting a
range of pressure where the monoclinic metal phase was stable. These results
did not end the debate, as only the onset of gap filling was found in the optical
measurements, rather than a definite proof of the metallic state of the sample.
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Another claim for the detection of a monoclinic metal phase was done
by J. Laverock et al. in 2014 [116]. In this work electron microscopy imag-
ing was used to look at the crystalline structure of a VO2 thin films. At the
same time, photoemission spectra were gathered, probing the near-bandgap
electronic state of the sample. In the range of 330 to 365 K, the content of
metallic phase in the photoemission spectra was larger than the amount of
metallic phase as seen in the low-energy electron microscopy (LEEM) images.
The conclusion was that the sample was in a mixed state of rutile metal and
monoclinic metal VO2. The presence of weakened V-V dimers was proposed
as the agent for the stabilization of a monoclinic metal phase, a picture also
proposed by other works [117], which also provided numerical predictions aris-
ing from dynamical mean-field theory. Later work by Laverock et al, where
the LEEM images were compared to energy-resolved X-ray photoemission elec-
tron microscopy (XPEEM) also suggested the presence of the monoclinic-metal
phase [118].

The picture of weak V-V dimers being a key factor was further strength-
ened by the work of Gray et al. in 2016 [119]. Here, a combination of X-ray
absorption spectroscopy and diffraction, photoelectron microscopy and elec-
tronic transport measurements were used (non-simultaneously) to track the
transition in a VO2 thin film. Their results suggested that V-V dimers start to
weaken at a temperature around 7 K before the structure changes and the gap
closes. This initial weakening makes for a weaker Coulomb interaction among
the associated electrons, or in other words, a reduction in the U term con-
tribution in the Hubbard model, which sets the stage for an electronic-driven
transition.

While these works appear very conclusive regarding the Mott nature of
the phase transition in VO2, the controversy is not over. In 2013 Park et
al. characterized transition pathways in single crystal VO2 nanobeams with
great precision with resistance measurements and optical microscopy [120].
They were able to find three configurations of the insulating phase, but no
evidence of a monoclinic metal phase. One year later, thermal diffusion X-
ray scattering studies of lattice vibrations in a VO2 single crystal done by
Budai et al. [121], place anharmonic phonons as a critical driving force of
the MIT. These measurements were accompanied by comprehensive ab initio
calculations that show how increased population of the dx2−y2 orbitals can
trigger a structural distortion, which then drives the MIT.

One source of concern regarding the claims of a monoclinic metal phase
is found in sample quality, as the observations come from thin film sam-
ples. Substrates like TiO2(110) used by Laverock et al. can introduce a
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non-inhomogeneous strain field which in turn modifies Tc locally, favouring
a spatially staged transition where parts of the sample switch at different tem-
peratures [122, 123]. Topographic or stoichiometric defects in the sample will
also be particularly important for surface-sensitive techniques. Beyond inho-
mogeneity, substrate strain can also deform the oxygen octahedra, enhancing
or reducing the strength of electron correlation in thin films with respect to
bulk VO2 [124, 125]. All these factors can obstruct proper observation of the
tentative decoupling of structural and electronic transitions, given the high
sensitivity of VO2.

A very recent work by G. J. Paez et al. in 2020 took upon the task of
performing simultaneous measurements of the electronic and structural tran-
sitions in strained epitaxially grown VO2 on a TiO2(001) substrate through
the use of the X-ray standing wave technique [126]. This substrate provides
the most bulk-like properties, and the authors found the structural and elec-
tronic transitions to be simultaneous, without any evidence of a monoclinic
metal phase, although electron-electron correlations were found non-negligible.
Still, further insights on the role of strain and inhomogeneity are needed for a
complete description.

We will offer more detail on the role of strain and inhomogeneity in VO2 in
a later section. But first we shall discuss the experimental efforts made towards
the elucidating the nature of the transition in a non-equilibrium situation.

5.4 VO2 out of equilibrium

In a strongly correlated material such as VO2, when several degrees of freedom
are involved and interact concomitantly it is hard to disentangle individual
contributions in a static scenario. Once again, the introduction of the time
axis may separate these mechanisms based on their timescales. Not only that,
but even if it turns out that the monoclinic metal phase cannot be stabilized
in equilibrium, it may be observed transiently.

In the last two decades, several ultrafast pump-probe experiments were
carried out in VO2 with a strong case: if the insulator to metal transition
happens faster than what lattice dynamics allow or a transient decoupling in
the electronic and structural changes is observed, then the Mott picture is the
right interpretation.

As it turns out, the first breakthrough experiments pointed towards the
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Goodenough scenario. Initial measurements of structural and electronic dy-
namics by A. Cavalleri et al. [127, 128] found a 80 fs inferior limit for the
phase transition completion time, although pump duration was 15 fs. The
discrepancy was attributed to the relatively long period of an optical phonon
mode acting as a bottleneck in the process, therefore suggesting the structural
origin of the transition.

Shortly after, in 2006, Kim et al. reported for the first time the exis-
tence of a transient monoclinic metal-like phase in VO2 through optical means
[129]. The observation was that phonon modes pertaining to the rutile phase
appeared only after the band-gap closes as a result of photoexciting holes into
the π valence band. Several more experiments followed suit and reported a de-
layed response in the structure, both through optical [130–132] and diffraction
based techniques [133, 134].

The interpretation of these results is the following: The ultrashort pump
pulse excites holes into the top of the valence band. The increased number of
free carriers strengthens the screening of the Coulomb interactions, creating
a t-dominated system (in terms of the Hubbard model) where the band-gap
collapses. In the time window where this happens, the structure is still in
the initial, unexcited, state and it is only much later when it catches up and
acquires the rutile symmetry [135]. Once again, the Mott picture stands as
the prevailing description of the MIT in VO2. However, two concerns remain
unaddressed.

The first issue is found in the assumption that structural dynamics are
necessarily slower than the electronic counterpart. The reasoning behind this
lies in the amount of time taken by atoms to reach their new positions in the
new phase, which is intimately related to the period of the associated phonon
modes in the low-temperature phase. So far, the most direct measurements of
structural dynamics in VO2 are obtained through Bragg scattering [127, 133,
134, 136], which gives information on the equilibrium positions of the atoms
involved but the temporal resolution might be to poor to offer a conclusive
description. A more recent perspective is that the time taken to go from one
equilibrium position to another might not be an accurate descriptor of non-
equilibrium dynamics, as first suggested by the observation of changes in the
phonon spectrum as fast as 50 fs [137] as well as the more recent observation of
an order-disorder kind of transition through diffuse X-ray scattering [39] which
suggests that a coherent, complete motion of the atoms is not needed to lose
the long-range order that characterizes the ordered state.

The other issue has more of a practical nature. The kind of samples
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used in these experiments are strongly affected by their environment, making
comparison of measurements taken in different conditions (i.e. synchrotron
X-ray diffraction and lab-based optical measurements) difficult and possibly
incorrect. An exhaustive work by L. Vidas et al. in 2019 [34] highlighted
how both sample geometry (thin films vs. bulk crystals) and environment
(atmospheric pressure vs. high vacuum) can lead to non-trivial changes in
observed dynamics due to enhanced or reduced heat dissipation. Moreover,
the effects of inhomogeneity in the ultrafast MIT remain uncharted, and can
also alter the observed dynamics in a considerable way, this was highlighted by
M. Otto et al. in 2019 [138] with an experiment combining electron diffraction
and terahertz spectroscopy which found two separate phase transitions (M1 to
R and M1 to monoclinic metal) in a VO2 thin film by examining the activation
thresholds of different dynamics in their space-averaged probes. In particular,
they predict that low fluences leads to the formation of the monoclinic metal
phase, while stronger excitation activates the M1 to R pathway, without ruling
out phase coexistence (Figure 5.3)

Fig. 5.3: Proposed pathways for heterogeneous monoclinic metal
phase formation. Adapted from [138]. According to work by Otto et al.,
the presence of many crystallites, common in VO2 films such as shown in
the SEM image of their sample, leads to an inhomogeneous distribution of
monoclinic metal and rutile metal upon photoexcitation of the monoclinic
insulator phase. The fluence threshold for monoclinic metal formation is
lower.

Both in and out of equilibrium, inhomogeneity seems to be an important
player in the physics of VO2, specially for its widely used thin films. In the
next section we will discuss some aspects of phase separation in VO2 that are
relevant when designing an experiment with the intent of spatially resolving
the heterogeneous distribution of phases.
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5.5 Inhomogeneity in VO2

In section 1.8 we discussed the prevalence of phase separation in strongly cor-
related materials. This is found to be particularly relevant in VO2, and it
involves phases beyond M1 and R. The first indication of phase separation can
be indirectly inferred through the temperature-dependent hysteresis curve of
the resistance of VO2 across the phase transition. The MIT in VO2 is a first
order transition, in a situation where the sample is completely homogeneous
the resistivity (resistivity is the order parameter commonly used for charac-
terizing newly grown VO2 samples) across the phase change should show as a
step in the temperature dependence (Figure 5.4a). VO2 is also known to be a
hysteretic material, so the position in temperature of this step will be different
upon cooling and warming the sample. This is an ideal case, as in practice
what is found is a slope instead of a step (Figure 5.4b).

Fig. 5.4: Schematic resistance vs. Temperature hysteresis curves
in VO2. a A near ideal sample will display true-first order behaviour,
with the resistance changing as a step across Tc. b Samples prone to phase
separation show a slope insted of a step.

This smooth change in the resistivity is explained by the presence of not
one but several different critical temperatures in the sample. Any topographic
accident (grains of varied size, cracks, etc), strain or stochiometric variation
may create a region of the sample that switches phase at a different temper-
ature, i. e. there is phase separation in the sample. The stronger the phase
separation the lower the slope seen in the hysteresis curve (indeed, this serves
as an initial assessment of sample quality). Single crystals tend to show quasi-
ideal hysteresis curves [139], thin films on the other hand rarely show a spread
less than a few degrees, even for the highest quality films [119].

Two key factors that favour inhomogeneity in thin films are the presence of
grains of different orientation, which leads to samples referred to as polycrys-
talline, and the high impact of strain. This can lead to a situation where VO2
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transitions into phases beyond R and M1. Two other insulating structures can
be stabilized in VO2, as it was discovered through addition of Cr as a dopant
[140] and through application of uniaxial strain [141]. The phase M2 also has
monoclinic symmetry, however unlike M1, only half of the V chains along the
c axis dimerize while the other half adopts the zig-zag arrangement. Note that
in this phase, dimerized V-V chains do not bend, while bent V chains do not
dimerize. The third insulating phase, T, has triclinic symmetry. Here all V
chains dimerize and adopt a zig-zag structure, but not as much as in the M1
phase.

The metallic phase and the three insulating phase are found to be in a
solid-state triple point around room temperature [120], as shown in Figure
5.5b. This makes the system highly sensitive to parameters such as tempera-
ture or strain as well as strongly inhomogeneous forces such as defects. This
high sensitivity combined with the strongly first order character of phase tran-
sitions makes VO2 prone to show patches of different phases that might span
lengthscales from the nanoscale to several micrometers.

Fig. 5.5: Alternative insulating phases of VO2. A Representation of
the V chains across the c-axis in the different phases of VO2. Orange lines
represent dimerization. B Phase diagram of VO2 near its critical temper-
ature. This was measured in nanorods where strain is highly controllable.
Adapted from [120]

Images of the VO2 phases coexisting in the same sample have been ac-
quired with various techniques. Scanning infrared near-field imaging was used
by M. M. Qazilbash et. al .(2007) [142] and M. Liu et al. [122] to observe do-
mains of M1, R (Figure 5.6). and in the latter case also M2 phases coexisting
during the ITM transition. Optical microscopy has also been used to observe
a striped pattern of phase domains in VO2 nanobeams [9, 143]. Owing to the
high sensitivity of the system, it is not a surprise that sample geometry plays

101



Chapter 5 Introduction to VO2

an important role for phase separation. Bulk crystals, thin films and nanorods
show different kinds of strain fields, which manifest in domain shape near the
transition temperature. The situation becomes more challenging when driv-
ing the transition out of the equilibrium. Imaging techniques that offer high
spatial resolution, access to contrast mechanisms in VO2 and ultrafast imag-
ing capabilities are hard to come by, hence a proper assessment of the role of
phase separation in the phase transition is still pending. Furthermore, real-
space observations of the tentative monoclinic metal transient state in VO2
remain elusive, as all claims of its existence are based on non-spatially resolved
and often indirect measurements or in other cases two different techniques are
needed to determine structural and electornic changes.

Fig. 5.6: Optical near-field images of phase separation in VO2.
Blue regions correspond to M1 phase, with green being R phase. Taken
from [142]

The works mentioned in Section 5.4 assume homogeneous behaviour in
thin films of VO2, often grown epitaxially on a substrate. This sample format
is known to favor significant inhomogeneity, which manifests in rather wide
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hysteresis compared to what is seen in high-quality single crystals [122]. We
can think about various scenarios where phase separation will affect overall
dynamics. Photoexciting a sample that initially is found completely in the M1
phase does not guarantee a direct M1 to R behaviour for all the excited volume,
intermediate M2 and T might appear, which will have an effect regarding heat
flow and spectral content along the transition. Photoexciting a sample which
already hosts domains of R phase, when pumping near Tc, is expected to
have lower fluence thresholds and faster dynamics due to the already-made
nucleation spots for the high temperature phase.

The complexity of the critical behaviour in the VO2 phase transition calls
for an assessment of the effect of phase inhomogeneity. For this, experiments
that provide spatially resolved information on both structural and electronic
components simultaneously are needed for a complete understanding. In the
following chapter we will introduce soft X-ray holography, a technique that
meets the proposed requirements to shed light on this problem and was recently
demonstrated as suitable for observing phase domains in VO2.
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In this Chapter we show the X-ray imaging techniques that we have
employed in the study of VO2. Section 6.1 introduces the basics of co-
herent diffraction imaging and the so-called Phase Problem. Sections
6.2 and 6.3 show two solutions to this problem: numerical reconstruc-
tion and Fourier transform holography, respectively. In Section 6.4 we
discuss the effect on imaging of the presence of a beamblock culling the
zeroth order diffraction terms. After this general discussion we discuss
the specific implementation of these techniques for VO2, with Section
6.5 describing its X-ray absorption spectrum and Section 6.5 sample
preparation for X-ray imaging. Finally, Section 6.6 presents the re-
sults of our first observation of the phase transition through Fourier
transform holography.
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6.1 Coherent Diffraction Imaging

The x-ray imaging techniques that have been employed for this thesis pertain
to the range of techniques commonly known as Coherent Diffraction Imag-
ing (CDI) [144, 145]. Coherence and diffraction are certainly not exclusive to
x-rays, however thanks to the technological advances in 3rd generation syn-
chrotrons and X-ray free elector lasers there has been a real surge of interest in
the possibilities allowed by the combination of the short wavelengths of X-rays
and the high coherence achievable by these sources.

The diffraction part arises from the limited availability of high-resolution
X-ray optics, especially in the early days of X-ray imaging. The difficulty of
replicating real-space imaging schemes such as in an optical microscope directed
the attention towards the way X-rays diffract in free-space after traversing an
object, with the end goal of numerically retrieving an image of the diffracting
object out of its diffraction pattern alone.

The CDI paradigm of dealing only with the object/sample and its X-ray
diffraction pattern remains alive and well despite the now-possible fabrication
of high-resolution X-ray optics such as Fresnel zone plates, which serve as X-ray
lenses. Full field transmission X-ray microscopy (TMX) uses two zone plates
in a configuration similar to the objective of a simple optical microscope. A
nanometer-resolved image of the whole object can be acquired in a matter of
seconds. This technique has been particularly successful in imaging biological
samples [146], however it has certain inconvenient aspects. First, the use of
two zone plates sets a high requirement for the stability for all the components
(which makes changes in sample environment such as temperature or pressure
harder to manage) as well as a limited bandwidth. Second, X-ray optics are
notoriously inefficient (up to half of the intensity may be discarded in a zone
plate), which is compensated through high dosage on the sample, which makes
radiation damage a real problem.

These concerns are alleviated by changing the full-field approach to a scan-
ning one. Scanning X-ray microscopy (SMX) is an imaging technique that has
been widely used in material science to great success [147, 148]. Here only one
zone-plate is used, before the sample, and the sample is mechanically rasterized
through the focused X-rays (which allows for extended effective fields of view
compared to TMX). Fewer optics reduces the stability demands and enables a
bigger bandwidth system, but the scanning procedure increases the acquisition
time of each image by a considerable amount, which leads to the limitation
that different points in space are captured at different point of time and only
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dynamics that are much slower than the scanning speed can be measured.

CDI does offer techniques that are potentially capable of ultrafast single-
shot imaging while being relatively easy to implement in an actual X-ray beam-
line. Note that this is not true for every CDI technique, as is the case of pty-
chography [149] which still requires rasterizing the sample. Nevertheless, we
can start with a description of the basics of CDI.

CDI basics

We can begin by laying out the three basic components of CDI: the sample
to be imaged, the coherent X-ray beams going through it, and finally the
detector capturing the diffracted light. A schematic representation is shown
in Figure 6.1. CDI setups situate the detector at a distance z long enough to
be considered as the far-field, in optics terms. Therefore, we can calculate the
distribution (both phase and amplitude) of the light reaching the detector with
Fraunhofer’s equation [150]:

Ψ(X,Y ) = eikzei
k

2z (X2 + Y 2)
iλz

∫∫ ∞
−∞

ψ(x, y)e−i
2π
λz

(xX+yY )dxdy, (6.1)

Here, ψ(x, y) is the light state right after exiting the sample. x and y are
the spatial coordinates at the sample plane, normal to the beam propagation
direction. λ is the wavelength of the light and k the wavenumber. X and
Y are the transversal spatial coordinates at the detector plane. Note that
this expression is not X-ray specific. The two-dimensional Fourier transform
operation,

F [g(x, y))] = G(u, v) =
∫∫ ∞
−∞

g(x, y)e−i2π(xu+yv)dxdy, (6.2)

can be identified in Fraunhofer’s equation, showing how Ψ(X,Y ) is in
fact the Fourier transform of psi (multiplicative factors aside) evaluated at the
spatial frequencies u = X/λz and v = Y/λz.
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Fig. 6.1: Geometry of CDI imaging. Coherent X-rays go through the
object (red star) which imparts its transmission ψ(x, y) in the object plane.
The diffracted light is recorded in detector (or Fourier) plane, which is
placed in the far field.

Unfortunately, access to psi by using the inverse Fourier transform oper-
ation on F(ψ) is hurdled by the fact that X-ray detectors only capture the
intensity of the light field, Ψ2, therefore discarding pure phase components.
Loss of phase information precludes imaging of the sample. This is known as
the phase problem, and a large amount of works dedicated to overcoming it
have been done over the years. Before we discuss how to work around the
phase problem, we shall make a comment on the maximum resolution and field
of view achievable with this approach.

The resolution will be set by the light wavelength, the distance between
sample and detector, D, and the detector specific parameters, namely pixel
size ω and number of pixels N through the expression:

δ = λD

Nω
. (6.3)

The field of view is given by:

Nδ = λD

ω
. (6.4)
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The detector-specific parameters enter here through the necessity of sam-
pling the diffraction pattern finely enough before obtaining an image, which
makes resolution and field of view competing quantities. Note that each specific
implementation of CDI may have different expressions for resolution and/or
field of view, Eqs. 6.3 and 6.4 are the general case. Likewise, transverse co-
herence length will also have a generally strong (but still technique-dependent)
impact on image quality which may range from a progressive loss of resolution
or the appearance of artifacts in the final image [151].

6.2 Numerical reconstruction

At the core of CDI lies an inverse problem: we have the Fourier transform of
an object and we want to invert it to retrieve said object, but we are missing
the phase, how do we get around this? The key to the solution is that the
object is not a complete unknown. General features of the object to be imaged
are known a priori, which set constraints to the phase problem, facilitating
the inversion. In CDI terms this a priori knowledge receives the name of
support, which is a finite region in the xy plane where the object is confined,
and it is an essential component of phase retrieval algorithms. Note that an
initial guess for the support can be found by inverse Fourier transforming the
measured wavefield, which contains the autocorrelation of the object, and then
taking the shape of the autocorrelation with half its diameter as the support.
Another common constraint is forcing the object to be non-negative or that
the imaginary component of the object must be non-positive [].

Over the years, a variety of phase retrieval algorithms have been proposed,
but the most common in CDI are Fienup’s pioneer error-reduction and hybrid
input-output algorithms. The paradigm of this algorithms is relatively simple,
and it is based on iterative transformations between Fourier and real spaces
while imposing the constraints given by the support at each step. For instance,
the error reduction algorithm can be written as [152]:

ψ(x, y) = lim
N→∞

(P1F−1P2F)NψN=0(x, y). (6.5)

With, ψN=0(x, y) being a starting guess for the object, often the inverse
Fourier transform of our measured wave field with a given arbitrary phase
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although a priori knowledge can be used for a more educated first guess. P1
and P2 are operator that impose the constraints in real and Fourier space,
respectively. For instance, if our support is a region Ω in the xy plane we
would have:

P1ψ(x, y) ≡
®
ψ(x, y), (x, y) ∈ Ω,
0, otherwise.

(6.6)

That is, we discard any field outside the support. The sequence that is
iterated in this algorithm is the following, starting from the measured wavefield:

1. Make an initial guess of the object. Fourier transform it, this is the initial
guess for the object in Fourier space.

2. Apply the operator P2, which replaces the modulus of the Fourier space
object guess calculated in step 1 by the one experimentally measured.

3. Inverse Fourier transform into real space.

4. Apply P1 for an updated guess of the object.

5. Fourier transform for an updated guess of the complete Fourier transform
of the object.

6. Repeat steps 2 to 5

This is a convergent process, however convergence speed may stagnate,
leading to unreasonably large amounts of iterations needed. The hybrid input-
output algorithm is a generalization of the error-reduction algorithm that al-
leviates this issue. We can write this algorithm as [144, 153]:

ψN+1(x, y) ≡
®

(F−1P2F)ψN (x, y), (x, y) ∈ Ω,
ψN (x, y)− β(F−1P2F)ψN (x, y), otherwise.

. (6.7)

Where the starting point ψN=0(x, y) is the initial guess of the object. Note
that this initial guess is technically arbitrary, however good initial guesses lead
to better convergence. On this note is also worth to mention that different
initial guesses providing the same results after iteration can be used as a proof
of the robustness of the implementation of the algorithms. Ω is again the region
in the xy plane defined by the support.

Here the main difference is that the field outside of the support is not
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completely discarded in each object estimate, but instead is hybridized with
the one obtained in the previous iteration. The constant control parameter
beta sets the strength of this hybridization, which has to be decided upon
beforehand and may be tweaked for best results. What makes this algorithm
less prone to stagnation is that each iteration gets feedback from the previous
one, so the convergence rate is faster [153]. Note that different algorithms can
also be applied in succession for optimal results.

Fig. 6.2: Example of CDI with phase retrieval algorithms. An
object resembling the sun a is to be imaged out of the modulus squared of
its Fourier transform b, which is what is measured in a CDI experiment.
The hybrid input-output is used for the reconstructions starting with an
initial guess of a randomly filled square, which after 230 and 600 iterations
converges to (d) and (e) respectively. Alternatively, a randomly filled circle
of roughly the same size of the object can be used as initial guess, which
yields faster convergence as seen in the reconstructions after 2 (g) and 215
(h) iterations. Adapted from [153].

A good example of the hybrid input-output algorithm can be found in
Fienup’s 1978 paper introducing it [153], Figure 6.2 shows two reconstructions
of a test object (Figure 6.2a) out of the modulus of its Fourier transform (Figure
6.2b). Reconstructions were carried out with two different initial guesses, a
square filled with random values (Figure 6.2c) which leads to a final result
and 6.2e after iterations and a circle with a diameter similar to the object also
filled with random values. This last initial guess produces a result shown in
Figure 6.2h after iterations. As we can see, a good initial guess speeds up
convergence. Remarkably, Figure 6.2h is an inverted version of 6.2e, this is
a common situation in these kind of reconstructions, and its origin is that
modulus = modulus conjugate which makes inverted solutions valid. This
may lead to instability in the convergence, as the algorithm might alternate
between converging to one solution and its conjugate, but there are numerical
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techniques that can solve this issue [154].

Partial Coherence

In a case where the object size is near the transverse coherence length of
the X-ray source it is possible that some parts of the object are illuminated
by less coherent light. This partial coherence of the X-rays can be addressed
through the use of algorithms such as the one proposed by Clark et al. [155].
In this algorithm, the step where the modulus of the current estimated Fourier
space object is substituted by the measured one is modified. Instead, the
substitution is by a convolution of the measured modulus with a coherence
function. This coherence function is not measured but rather also converges
to a solution starting from a guess, using this approach both a higher-quality
reconstruction of the object and a coherence function are produced as a result.
The coherence function is usually updated along the reconstruction process
by using the Lucy-Richardson deconvolution algorithm [156, 157]. Algorithm-
based CDI is very sensitive to partial coherence, and including a coherence
function is critical for accurate object reconstructions. Other CDI techniques
that do not require numerical phase retrieval are more robust against partial
coherence, as is the case of the holography technique that we will introduce in
the next section.

6.3 Holography

X-ray holography, or more specifically, Fourier transform holography (FTH) is
a CDI technique that can produce an image of the sample without the use of
any reconstruction algorithm. It is based on the introduction of another object,
which we will call reference, in the sample plane. Coherent X-rays will then go
through both sample and reference, and the combined diffraction patterns will
be recorded at the detector. We can rewrite the ψ(x, y) term of Eq. 6.1 as the
independent sum of the reference (r(x, y)) and object (o(x, y)) wavefields:

ψ(x, y) = o(x, y) + r(x, y) (6.8)

In the far field, Ψ is the Fourier transform of ψ, therefore:
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Ψ(X,Y ) = F {ψ(x, y)} = F {o(x, y)}+ F {r(x, y)} = O(X,Y ) +R(X,Y ),
(6.9)

Where O and R are the independent respective Fourier transforms for
o and r. The detector will record the intensity of this field, which we call
hologram, such as:

I(X,Y ) = Ψ(X,Y )Ψ∗(X,Y ) = OO∗ +RR∗ +OR∗ +RO∗ (6.10)

If we then numerically perform the inverse Fourier transform operation on
the recorded I(X,Y ), we have

F−1 {I(X,Y )} = F−1
¶
|O|2
©

+ F−1
¶
|R|2
©

+ F−1 {OR∗}+ F−1 {RO∗} .
(6.11)

And, following the convolution theorem this is equivalent to:

F−1 {I(X,Y )} = o ∗ o+ r ∗ r + o ∗ r + r ∗ o (6.12)

Where * represents the convolution operation. We can identify here that
the first two terms are the autocorrelations of the object and reference, while
the remaining terms are the cross-correlation of object and reference. In order
to retrieve an image from the combined diffraction the reference must have
specific features, we can consider the simplest case of the reference being a
point source. In this case, we can write r(x, y) as a Dirac delta distribution
placed at a position (dx, dy) in the object plane. For a convolution with such
distribution it follows,

f(x, y) ∗ δ(x− dx, y − dy) = f(x− dx, y − dy). (6.13)
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Which consists in the re-centering of the function f(x,y) at the position
(dx,dy). Bringing this to Eq. 6.12 yields:

F−1 {I(X,Y )} = o∗o+δ(x, y)+o(x−dx, y−dy)+o∗(−x−dx,−y−dy), (6.14)

The first two terms are of no use for imaging purposes, however the third is
an image of o(x, y), recentred at the position (dx, dy). The fourth term is also an
image of o(x, y), although conjugated, inverted and at the position (−dx,−dy),
mirroring the image coming from the third term. An example of the whole
process is shown in Figure 6.3, for an ideal case. We would like to emphasize
that the only step needed to acquire an image from a recorded hologram is an
inverse Fourier transform, which enables quick in-situ evaluations.

Fig. 6.3: Fundamentals of Fourier Transform Holography. a En-
semble of object (image in the center) and reference (in the center of the red
circle) that will be shone by the X-rays. Note that the reference is a single
white pixel in order to represent a delta function and black regions corre-
spond to zero transmission. b Modulus square of the Fourier transform of
the ensemble a, this is what is measured in a real experiment. c Real part
of the inverse Fourier transform of b. The central part is the saturated
autocorrelation of the object. In the position of the reference an image of
the object is recovered, an additional conjugate image also appears. The
picture of the cats was taken by the author of this Thesis.

Some considerations are needed when bringing this idea to practice. First,
the images of o(x, y) should not overlap the central o ∗ o autocorrelation, oth-
erwise information may be lost. To ensure this the reference should be located
at a sufficient distance from the object. Given how o ∗ o has double the size of
the real object, the reference should be placed at least twice the sample size
away. This limits the size of the object to be imaged, since both object and
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reference should have a total size that falls within the transverse coherence of
the X-ray beam. A similar argument follows if one wants to use more than one
reference at the same time, which is allowed as long as the images coming from
each reference do not overlap the others.

Fig. 6.4: Spatial resolution in Fourier Transform Holography. Re-
trieved images of the object as shown in Figure 6.3 with a reference being
a circle of radius a 1 pixel, b 3 pixels and c 7 pixels. Increasing reference
size leads to lower spatial resolution.

Secondly, real-world references are not delta distributions. Approxima-
tions to a point scatterer are commonly done through finite-size holes or
spheres. The spatial width of the reference will result in a blurred reproduction
of the object, as illustrated in Figure 6.4. This means that spatial resolution
of the image is tied to the size of the reference, the smaller the reference the
higher the resolution. However, if the reference does not diffract enough light,
the visibility of the interference pattern in the detector might be too low. An
adequate reference size needs to be chosen in order to have the right balance
of spatial resolution and visibility of the interferences.

Pioneer implementations of this technique can be found in Eisebitt et al.
(2004) [158] and Schlotter et al. (2006) [159]. While the use of references with
geometries beyond the point-scatterer have been proposed and demonstrated
[160], in this thesis we opt for a design like the one used by Eisebitt et al, with
the object and the reference being defined by apertures in an opaque frame.
This choice is motivated by the aim of translating this technique into X-ray
free electron laser conditions, whose less than ideal stability favours simpler
designs. We will describe our specific experimental implementation in a later
section.
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6.4 Effect of a beamblock

CDI experiments often require the use of a beamblock, an object placed in front
of the detector (but after the sample to image) so the central, more direct and
brightest part of the X-ray beam gets discarded. There are two practical rea-
sons to use a beamblock: one is that the high intensity of the X-rays could
easily damage the detector, the other has to do with dynamical range. From
the imaging point of view the most interesting part of the diffraction pattern
is found in the higher momentum components, i. e. the components further
away from the center. These components have an intensity orders of magni-
tude lower than the central part and the detectors currently available for CDI
imaging are charge-coupled devices (CCD) which do not have enough dynamic
range to accommodate both contributions. With a beamblock, however, one is
able to extend acquisition time to boost the statistics on the high-momentum
information without worrying about the central beam completely saturating
the device.

While the beamblock does not prevent the acquisition of high-resolution
images, it does have an effect on the quantitative information that can be
extracted from the images. Let us consider the case of an abstract metal-
to-insulator transition in a one-dimensional material. The transmission can
be represented by a square function with a different height. This is pictured
in Figure 6.5a, where we also show the case for a sample in a mixed-state
where some parts have the transmission of the metal state and some others
that of the insulator state. We then simulate a FTH experiment. First add
a delta function with unity height at the position x = -30 in the transmission
of all three cases. Then we Fourier transform the ensemble, take the modulus
squared of the result and add a beamblock to it, which is represented by setting
the 0th order of the diffraction pattern to 0. An inverse Fourier transform is
performed on this, retrieving a reconstructed image as shown in Figure 6.5b.
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Fig. 6.5: Effect of a beamblock in Fourier Transform Holography.
a For this simulation we consider a one-dimensional sample that can host
two phases with different transmission. b After imaging the sample using
FTH with a beamblock discarding the 0th diffraction order in the measured
hologram, absolute transmission information is lost, but relative differences
can still be observed

The beamblock is, effectively, a high-pass filter. It blocks the 0th order
diffraction, or DC term, of the Fourier transform, thus discards the average
transmission of the entire sample and therefore precludes obtaining quantita-
tive information on the absolute transmission of the sample. This is exemplified
in Figure 6.5b by how the pure metal and pure insulator transmission functions
are blended together in their FTH versions. Note that, the relative differences
remain present which brings the contrast needed to image phase domains in
the sample and to obtain their relative spectra.

We have seen how CDI techniques can produce images with high resolu-
tion. However, if we want to make use of this capabilities in the study of VO2
domains, a contrast mechanism is necessary. Luckily, the soft X-rays that can
be used for imaging with FTH also offer a contrast mechanism in VO2, as we
will discuss in the following section.

6.5 Soft X-rays and VO2

We can recall Figure 5.2, which show the energy bands for the rutile metal
and monoclinic insulator phases of VO2, as well as for the tentative monoclinic
metal phase. The relevant states are all near the bandgap, however they can
also be probed by exciting electrons from core levels into these bands [161,
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162]. This is the basis for X-ray absorption spectroscopy (XAS). Soft X-rays
(300 to 1000 eV) can be tuned to oxygen and vanadium absorption edges which
will provide element sensitivity and also phase sensitivity, which in an imaging
scenario will offer contrast for V- or O- rich areas in the sample and most
importantly, for phase domains.

To be more specific, the main edges in VO2 are the vanadium L-edge
which probes 2p -> 3d transitions and oxygen K-edge which probes 1s ->
2p transitions [163]. In first instance, the V L-edge should offer the most
direct probing of the 3d states involved in the energy bands of Figure 5.2,
however strong interactions between core holes and valence electrons in the
same bandwidth make the spectra harder to interpret, unlike what is found in
the oxygen edge. Fortunately, strong hybridization between O 2p and V 3d
orbitals makes it so that the 3d orbitals of vanadium ions are also probed in
the oxygen near-edge region.

Figure 6.6 shows the transmission spectra of VO2 at the oxygen K-edge.
Some features can be observed and identified with energy bands shown in
Figure 5.2. At 529 eV we have transitions into π∗ states, which is shifted
slightly between the two phases. At 530 eV σ∗ states are probed, which shows
little change in the phase transition. Finally at 530.5 eV we find an absorption
peak only present in the insulating phase, as it corresponds to the unoccupied
d‖ band, only split due to the structural transition at low temperature [112,
162, 164]. This XAS spectrum suggests that the MIT can be followed through
the changes in the dπ (which probes the position of the Fermi level and is
sensitive to metallicity) and d‖ (which probe band splitting and are sensitive
to structural changes) states. The insert shows how the absorption feature at
530.5 eV is polarization dependent, an is stronger when the X-rays are polarized
along the rutile c axis. This is explained by the fact that d‖ bands come from
the dx2−y2 orbitals, which show anisotropy along the rutile c-axis. There is
also a very subtle polarization-dependent shift around 529 eV, that cannot be
attributed to the isotropic π∗ states [111], labelled as dc‖. This subtle change has
been ascribed to electronic correlations [119, 164, 165]. In summary, dπ serves
as an electronic probe while d‖ is more sensitive to the structure and if the
changes in each band appear decoupled as a function of location, temperature
or time, it might be indicative of decoupled electronic and structural changes
in the transition, as would be expected in the monoclinic metal phase.
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Fig. 6.6: X-ray transmission spectra of VO2 oxygen K-edge. Mea-
sured in a holography-ready sample for temperatures above and below Tc,
where the sample is either all rutile metal or monoclinic insulator. X-ray
source is the UE52-SGM beamline at BESSY II. The insert shows the polar-
ization dependence around the 530 eV absorption peak for the monoclinic
phase. The energy bands probed by each absorption feature are indicated.
From [166]

6.6 Preparing VO2 for holography

The first step for a successful holography experiment is correct preparation
of the sample to image, as both reference and object need to fulfil certain
requirements. Given this is a transmission experiment in the soft X-ray regime,
the thickness of our VO2 sample must be kept below two or three hundred
nanometers thick (including substrate) in order to allow enough intensity to
pass through the object. Once this requirement is met, further processing is
needed to enable FTH measurements. The VO2 samples used for imaging in
this thesis were grown by our collaborators in Richard Haglund Jr’s group in
Vanderbilt University. These samples were afterwards made holography-ready
by our collaborators from Stefan Eisebitt’s group in Technische Universität
Berlin.

119



Chapter 6 Lensless X-ray imaging

Fig. 6.7: Holography mask for VO2. a Schematic side view of an
holography-ready VO2 sample. b SEM image of a holography-ready VO2
sample, the dark circle is the object. The observed topography is found in
the VO2 film.

Initially, a 75-nm-thick layer of VO2 is deposited onto a 100-nm-thick
Si3N4 membrane through Pulsed Laser Deposition (PLD) (more information
on sample deposition can be found in the supplementary information of [166]).
The membranes are supported by a thick silicon frame. The surface opposite
to the VO2 is then coated with a [Cr(5nm)/Au(55nm)]20 multilayer (1.1 µm
integrated Au thickness), which blocks the X-rays. The multilayer structure is
chosen to prevent the formation of crystallites in the gold. This gold cover is
then milled by a focused ion beam (FIB) to define object and references. The
object is defined by opening a circular aperture of 2um diameter, exposing the
VO2. At a distance of 5 µm from the center of this aperture, three holes with
exit diameters within 50 to 90 nm are milled across the whole sample (see
Figure 6.7a for a schematic transversal section of the final sample). The three
reference holes are kept as separated as possible from each other, an image
of the arrangement of object and reference is shown in Figure 6.7b. Each
reference hole will produce one image and its conjugate, which we can average
to increase the signal to noise ratio. Furthermore, multiple references also act
as a safeguard against any potential blockage of the hole.

Before the CDI experiment, three characterization measurements are taken
on each sample. First, the MIT hysteresis curve is gathered through optical
transmission (Figure 6.8a). The probe used is a white tungsten-halogen lamp
(300-2600 nm) which is detected by an amplified InGaAs PIN photodiode.
The hysteresis width (6 K) is consistent with a high-quiality VO2 film. Raman
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scattering measurements are also done, with the aim of detecting any phase
other than M1 at room temperature. A Raman spectrum of our employed
VO2 sample is shown in Figure 6.8b, and corresponds to a uniquely M1 sample
[167].

Fig. 6.8: Characterization measurements of VO2 samples. a Tem-
perature dependence of the transmission of our employed VO2 thin films,
hysteresis shows a width of 6 K b Raman spectrum of the same sample at
room temperature. Peaks at 190 and 220 cm−1 correspond to V motion,
while the 620 cm−1 peak corresponds to O ions connected to the V chains
along the rutile c-axis. Both measurements were performed by Kent Hall-
man at Vanderbilt University.

With the samples already in-situ for the X-ray imaging experiments, XAS
spectra above and below the transition temperature are always gathered prior
to hologram acquisition. This has the double purpose of characterizing the
sample as well as the energy calibration of the light source. Figure 6.6 shows
such a XAS spectra of our sample. In this step, the energies that offer the
highest contrast between metallic and insulator phases are identified, which is
found to be 530.5 eV, the probe of the splitting of the d‖ band.

6.7 Imaging VO2 with holography

The first measurements of the MIT in VO2 with holography were carried out
at the UE52-SGM beamline of the BESSY II synchrotron radiation source at
Helmholtz Zentrum Berlin using the ALICE X-ray scattering instrument [168].
The instrument is equipped with a cryostat and resistive heaters which were
used to control the sample temperature with a stability of 0.1 K. The charge-
coupled device (CCD) camera was placed approximately 40 cm away from
the sample. This geometry corresponds to a maximum detectable in-plane
momentum transfer of about 90 µm−1 and a maximum spatial resolution of
41 nm (following Eq. 6.3). The beamline provides coherent soft X-rays with a
spectral resolution of 0.1 eV and a flux around 1012 photons per pulse, which
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we focus down to a 60 µm spot size (FWHM). The sample is placed 40 cm
downstream from the focus and so the beam at the sample plane is 200 µm
(vertical) x 1 mm (horizontal). This ensures that the object and references
ensemble is well illuminated.

Fig. 6.9: Hologram and reconstruction. a Hologram of a VO2 sam-
ple as measured by the detector. The central part has been blocked by
a beamblock b Raw inverse Fourier transform of the hologram (real com-
ponent). Each reference hole produces one image and its conjugate, for a
total of 6 images. These images appear far away from the central auto-
correlations. Some other features can be seen in this reconstruction, like
reference-reference cross-correlations (intense and isolated small dots) and
some presence of second harmonic contamination (faint images near the
edge of the image, at twice the distance from the center and twice the ra-
dius).

Figure 6.9 shows the general look of the recorded holograms and recon-
structions. The diffraction pattern shows a series of Airy rings, owing to the
circular symmetry of the object. Note that the central part of the hologram
is suppressed via the use of a beamblock. Expositions of 5 s were taken for
each hologram, and ten acquisitions per X-ray energy were gathered to boost
statistics in the images. Although FTH, as described in Section 6.2, only needs
a Fourier transform of the hologram to retrieve an image, in practice the holo-
gram needs some pre-processing to avoid the introduction of artifacts. First,
the hologram must be re-centered so the center of the Airy rings matches the
center of the image to be Fourier-transform, otherwise, due to the shift prop-
erty of the Fourier transform operation, wavy modulations will appear in the
reconstruction. The next step is getting rid of the sharp intensity drop intro-
duced by the beamblock, to do so a gaussian high-pass filter is applied to the
hologram to smooth the central part, which effectively increases the size of the
beamblock. If images taken at different wavelengths are to be compared, it is
convenient to apply a spatial scaling factor to the hologram. This is irrespective
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of image quality, but the wavelength scaling in Eq. 6.1 makes reconstructed
images for different X-ray energies to appear at different positions with respect
to the center, which can be compensated by rescaling the hologram by the
ratio of wavelengths.

After Fourier transforming the hologram, all reconstructed images (in-
cluding the conjugated versions) can be averaged to maximize signal to noise
ratio. The reconstruction is a complex-valued image and, in principle, real and
imaginary parts should measure the respective amplitude and phase parts of
the wave field of the object, which can be converted to the refractive index if
the thickness is known. However, this is only true in an ideal case as noise,
phase variations in the source beam and, most importantly, the presence of a
beamblock break with this correlation. As a result, it is customary to rotate
the phase of the whole reconstruction to bring the relevant information into
one channel, for instance the real part. The value of the phase shift is chosen
so that the topography of the sample in the reconstructed image has maximum
definition.

Fig. 6.10: FTH image of VO2. a SEM image of the sample to be imaged
through FTH. b Reconstructed image with FTH at a photon energy of 530.5
eV. Sample topography can clearly be seen and the resolution is around 50
nm, as shown on the line out in c.
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Fig. 6.11: Domain growth in VO2. FTH images of VO2 at different
temperatures are displayed along the warm-up optical transmission curve
shown in Figure 6.8a. The metallic phase first shows as bright stripes
that nucleate at defects, eventually the stripes thicken until taking over the
whole sample. X-ray energy is kept at 530.5 eV and the position of the
sample adjusted to compensate for thermal dilation. From [166].

Figure 6.10 shows a SEM image of the VO2 sample used in the experi-
ment and its reconstruction through FTH. All the topographic features can
be observed with a spatial resolution around 50 nm, consistent with the size
of the reference holes. The highlighted area of the sample corresponds to a
single large crystal of VO2, in contrast with the grainy areas elsewhere, which
correspond to grainy distribution of crystallites where domains are harder to
observe. Figure 6.11 shows FTH images of this sample taken at increasing
temperatures at a resonant energy. Initially, the whole sample is in the insu-
lator state and as the temperature enters the hysteresis region of Figure 6.8,
domains of the metallic phase nucleate at defects and further grow as stripes
before finally expanding and taking over all the sample at 360 K. This is consis-
tent with observations of domain growth in VO2 with other imaging techniques
[122, 142]. Note that there is no significant differences in the images at 300 K
and 360 K, the use of a beamblock makes the all-insulator and all-metal phases
largely indistinguishable through the images.
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Fig. 6.12: Spectral contrast of VO2 domains. At 530.5 eV the metallic
phase domains show as bright stripes. At 53.7 eV the difference in XAS
spectrum for the two phases has an opposite sign, this makes the domains
show as dark stripes. The topography, however, stays the same. Images
taken at 330 K

As we mentioned in Section 6.3, relative spectral information can still be
acquired. A clear example of this is found if we compare images taken at
530.5 eV and 531.7 eV, where the sign of the differential XAS signal is inverted
for the two phases. This is shown in Figure 6.12, where we can see how the
domains that show as bright stripes at 530.5 eV show as dark stripes in the
other energy, while the topography remains the same. We then acquire images
at three specific energies, 518 eV to probe the vanadium L2-edge, 529 eV which
probes d∗π and dc‖ levels and 530.5 eV which is resonant to transitions into the d‖
states. The polarization of the X-rays was adjusted to be parallel to the rutile
c-axis, which was confirmed by acquiring dichroic images [See supplementary
information of [166]]. Each of the three images is coded to one color to create
a false-color image which shows the spectral fingerprint of each contributor.
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Fig. 6.13: Spectrally resolved images of VO2 at the O K-edge. The
images are recorded at 518, 529, and 530.5 eV and are used to encode the
intensities of the three color channels of an RGB (red, green, blue) image.
At 330 K, an increase in intensity of the green channel, which probes the
rutile phase through the d‖ state, is observed in small regions. As the sam-
ple is heated further, it becomes increasingly clear that the blue channel,
which probes the dc‖ state, also changes but in different regions. At 334 K,
three distinct regions can be observed corresponding to the monoclinic M1,
M2, and R phases. As the temperature increases, the R phase dominates.
The circular field of view is 2 µm in diameter. From [166].

In a scenario consistent with Gray et al. [119], electronic changes (probed
by dc‖, coded blue) may precede structural changes (d‖, green) by as much as
7 K. Figure 6.13 shows our false-color images at different temperatures, for
a different object aperture in the same VO2 film. Below Tc, the red channel
dominates, but as temperature is increased, blue and green channels begin to
take over. At 334 K, there seems to be a coexistence of all three colors in
separated regions. This could point towards a separation of electronic and
structural correlations, however a finer temperature scan revealed that not all
the green regions start as blue, but rather blue regions only appear for a limited
range of temperatures in specific parts of the sample, before turning green [166].
This led us to assign the blue regions to the M2 phase in VO2, and its spatial
distribution represents different spots on the sample following different local
pathways towards the R phase, some of which involve going through the M2
phase. Furthermore, the claim was also supported DFT calculations of the M2
density of states, which show anisotropic changes in the dxz and dyz orbitals
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[169], the ones that form the π∗ states. This results in polarization-sensitive
changes in the vicinity of the d‖ XAS feature. Thus, no monoclinic metal phase
was identified in this experiment, however the presence of M2 was not directly
confirmed as quantitative spectroscopy would be needed.

In the next chapter we will discuss further advances on the imaging of
VO2 with soft X-rays. First we will demonstrate quantitative spectral coherent
diffraction imaging on the same VO2 sample and afterwards we will show ultra-
fast changes in the domain structure of VO2 measured through time-resolved
holography.
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In this Chapter we show quantitative nanoscale imaging of the phase
transition in VO2, achieved with coherent diffraction imaging tech-
niques as published in [170]. We first describe a first attempt to perform
FTH without a beamblock in Section 7.2, and in 7.3 we discuss the role
of ’focusing’ in lensless X-ray image methods. Sections 7.4 to 7.6 show
how numerical reconstruction of full momentum range holograms can
image domain growth with high quality and also provide values for the
local complex refractive index. Section 7.7 compares the results of this
analysis with the former experiment based on FTH on the same sample
of VO2.
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7.1 Preface

Fourier transform holography can image different solid state phases in the
nanoscale, however in the previous implementation, the nature of the distinct
phases observed is rather indirect, since the loss of quantitative information
arising from the use of a beamblock makes determination of states only possible
in a relative fashion. Given the number of states that may be present in solid-
solid transitions, particularly out of equilibrium, it is important to overcome
this limitation in order to properly characterize inhomogeneous features in a
sample.

7.2 Holography without a beamblock

In order to image VO2 without loss of DC order we make combined holograms
out of two acquisitions: one 5s long with a beamblock and one 0.03s long
without beamblock. This allows us to reconstruct images out of holograms
with high signal to noise ratio in all the range of momenta on the detector.
The long exposure take is scaled to ensure the integral over the first Airy disk
ring was the same between both holograms (Figure 7.1) and then, to ensure
that the combined holograms have a smooth ‘stitching’, a circular gaussian
mask is applied (Figure 7.1a). A total of ten long exposure and ten short
exposure acquisitions are averaged for the final hologram (Figure 7.1b).
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Fig. 7.1: Holograms with full momentum range. a Line cuts through
the center of a hologram acquired with a beamblock and long exposure
(blue) and another without a beamblock and short exposure (red), which
has already been scaled so the first Airy ring matches. The two are added
together after a gaussian mask is applied to the hologram without a beam-
block, keeping only the center b Complete view of the resulting hologram
in logarithmic scale. The high momentum components are well defined,
and there is no loss of DC components.

In principle, these combined holograms can be analysed with the same
FTH approach as in Chapter 6, with just an inverse Fourier transform providing
the images with the DC information restored. Figure 7.2 shows the result of
such procedure for a combined hologram taken at 336 K and 515 eV X-rays.
The central autocorrelation is several orders of magnitude brighter than the
images, and it exhibits a large diameter secondary plateau, likely resulting from
second harmonic contamination, which overlaps with the images. The overlap
with this second order ‘halo’ as well as the ‘cloudy’ features stemming from
the lack of complete coherence prevents accurate data extraction; in addition
to the obvious strong intensity gradient introduced by the overlap, interference
between the image and the distribution actually cause some features to switch
sign, even relative to their neighbours, or even simply be washed out. Although
increasing the space between object aperture and references could be a solution,
the current size of the ensemble is already nearing the transverse coherence
length of 3rd generation synchrotrons and increasing it further may lead to
worse imaging performance overall.
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Fig. 7.2: Fourier Transform Holography analysis of full momen-
tum range holograms. a A log10 image of the amplitude channel show-
ing the 6 images (two per reference hole) and the central autocorrelation.
The autocorrelation is several orders of magnitude brighter, and a sec-
ondary plateau overlaps the sample images. b Zoomed in view of the red
area in part a, on a linear scale. Features can be discerned, but the auto-
correlation overlap prevents quantitative data extraction. From [170].

Therefore, image reconstruction for this dataset will be carried out follow-
ing the more general CDI approach of using phase retrieval algorithms. But
before implementing the algorithms first we must ensure that the sample is ‘in
focus’.

7.3 Focusing on the sample plane

In order to extract accurate quantitative information of the images, it is crit-
ical to ensure that the phase and amplitude components obtained from the
images correspond such of the sample. This implies that the reconstructed
image should be of the plane where the sample is found, i.e. the sample is ‘in
focus’. What determines the focal plane in a lensless imaging system? In our
holography samples this is set by the gold mask, while in a more general CDI
experiment it is set by the applied spatial constraint: the plane of the aperture
in a sample with a mask, or the plane of the smallest spatial size for an iso-
lated object [171]. This may be displaced with respect to the actual material
to be imaged, as is the case of our holography samples, where the gold mask
is separated from the VO2 by a small distance due to its thickness.

Propagating the field away from the correct plane leads to coupling be-
tween the amplitude and phase channels; as it is well exemplified by the use of
propagation to generate shadow images of phase-only objects [172]. In order
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to extract quantitative information like the δ and β of the sample in a 2D ge-
ometry, it is thus critical to analyze features in the object plane. The relative
shift between focal plane and sample plane can be corrected by applying the
free-space propagator of a wavefield to the hologram [173].

ψ(x, y)z=0 = F−1
¶
ei∆
√
k2−u2−v2Ψ(X,Y )

©
(7.1)

Where delta is the separation of the sample plane (z = 0) and the ini-
tial focal plane in the z direction, k is the wavenumber and u and v are the
reciprocal coordinates in the detector plane, u = X/λz and v = Y/λz. In
holography, the propagator is applied so the features of interest (topography
and/or domains) come into focus, where they appear sharpest. For quantita-
tive imaging, a stricter criterion is needed since in coherent imaging methods
there is an inherent ambiguity in choosing whether to bring the amplitude or
phase component into focus. For instance, an amplitude-only object propa-
gated until the phase component came into focus would map to the wrong
plane and create an apparent but artificial phase component to the sample, as
shown in Figure 7.3; the inverse relationship also holds. If only one contrast
mechanism (amplitude or phase) is significant and it is known a priori, then
the propagation can be performed to bring the correct component into focus.
Alternatively, and more generally, the artificial propagation-induced amplitude
or phase components flip sign as they are propagated through the object plane
while the real components maintain their physically meaningful sign.
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Fig. 7.3: Effect on propagation of an originally purely amplitude
image. Amplitude A and phase (φ) of an amplitude only object imaged be-
fore, at, and after the object plane. Propagation causes features in the am-
plitude channel to appear in the phase channel. The artificial propagation-
induced phase changes sign through the real focus at the object plane. From
[170].

This can be seen from a Huygens principle view of a source plane, which
is made of point sources of spherical wavelets; propagation through the object
plane converts each outgoing spherical wave into an incoming one, inverting the
sign. We can use this sign change to identify the correct sample plane, what
we do is to numerically propagate the wavefield until the amplitude component
comes into focus. We do this at resonant energies, which follow a Lorentzian
absorption peak which does not introduce phase shifts. By propagating back
and forth we can confirm that the focal plane is correct by observing the sign
flip. The propagation is the same for all wavelengths, as the reconstruction
algorithms output a reconstruction that is located at the mask plane.

7.4 Numerical image reconstruction

The reconstructions are done with the algorithms introduced in Section 6.2,
which involve the definition of a support to set constraints on the object. Figure
7.4 shows such a support, which needs to include the reference holes present
in the mask. To determine the shape of the support we start with the SEM
image of the object and reference ensemble as the basis, however the correct
pixel-by-pixel mask was determined by comparison to the SEM image of the
VO2 sample, from the FTH reconstructions, and by trial and error. Incorrect
determination of the support leads to significant low-frequency noise in the
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reconstructions.

Fig. 7.4: Support for numerical reconstruction.Left: SEM image of
processed sample with sample aperture and reference holes clearly visible.
Right: Object plane constraint used in reconstructions. The exact positions
of the reference apertures are refined using the FTH approach, where the
center of mass of each image gives the location of the reference apertures.
From [170].

Despite not using the FTH technique, the reference holes still play an im-
portant role, as they provide an absolute phase reference and additionally pin
the zeros of the interference fringes, improving reconstruction robustness. How-
ever, as we mentioned earlier, the ensemble is nearing the size of the transverse
coherence length of the X-ray source therefore we need to use partial-coherence
reconstruction algorithms which return both the complex object and the X-ray
coherence function.

As such, reconstructions were performed using the partially coherent re-
construction algorithm of Clark et al. [155]; 50 iterations of the error reduction
algorithm were followed by 100 iterations of the hybrid input-output algorithm
[153], ending with another 49 iterations of error reduction. Every 15 iterations
the coherence function was updated by 25 iterations of the Lucy-Richardson
deconvolution algorithm [156, 157]. The use of partially coherent methods was
essential, as fully coherent methods would retrieve noisy images. Most critical
to obtaining high quality reconstructions was the accurate determination of
the mask function, particularly for the hybrid input-output method – a sin-
gle pixel error in the mask radius introduced significant reconstruction noise.
With correct determination of the mask the algorithms always converged to
the same value regardless of the initial guess. Figure 7.5 shows an image of the
sample retrieved with this method, with a line cut showing a spatial resolution
of 25 nm. Resolution is higher than with FTH, since here we are not limited
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by reference hole size.

Fig. 7.5: Resolution estimate from reconstruction at 336K, 518
eV.The red line on the image indicates the lineout plotted on the right.
The valley feature shows a width of 25 nm, consistent with the resolution
offered by the highest momentum in the far-field. The resolution is weakly
direction dependent due to the square CCD detector, and drops to 35 nm
in the horizontal direction.

7.5 Hyperspectral images

Fig. 7.6: Experimental setup for coherent diffractive imaging
spectroscopy.A tunable synchrotron X-ray radiation source illuminates
the sample, and the scattered radiation is collected on a CCD camera.
Holographic reference holes in the sample mask provide an absolute phase
reference. Long and short exposures are combined to yield a high dynamic
range diffraction pattern. Images are recorded at a range of photon ener-
gies across the relevant absorption edges; three representative amplitude
images are shown. From [170].
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Now that we have confirmed the accuracy of the reconstructions, we proceed to
acquire images for 4 different temperatures, for which we acquire 101 different
energies, from 510 to 535 eV, in 0.25 eV steps spanning the oxygen K-edge
and vanadium L-edge, we call this stack an hyperspectral image. A summary
of the acquisition procedure is shown in Figure 7.6. For display purposes, we
select 8 energy bands and make false color images out of them. To that end,
the sum- and difference-images at various photon energies are considered in
order to take advantage of the full spectral information. For amplitude images
the red channel was taken as the sum of images at 514.25 eV and 517 eV with
images at 518.25 eV and 515.25 eV subtracted, the green channel images 521
eV and 529.5 eV added with 530.5 eV subtracted, and the blue channel at
517 eV. A DC level of 0.5 was added to the red channel, and the channels
were scaled by 1.6, 1, and 1.3, respectively, for plotting. Phase images were
composed with the red channel taken as the sum of images at 514.75 eV,
517.75 eV, and 529.75 eV with images at 518.75 eV, 522.75 eV, and 531 eV
subtracted, the green channel images 521.5 eV, 524 eV, 525.5 eV, and 528.75
eV added and the blue channel the sum of 515 eV and 517.75 eV with 516.5 eV
subtracted. A DC level of 0.5 was subtracted from the red channel, and the
channels were scaled by 1, -1, and -1.2, respectively, for plotting. This scheme
was chosen instead of a simple mapping of differences between the relative
phases to different colour channels for two reasons. The first is to maximize
the spectral information utilized to differentiate different phases, reducing the
impact of reconstruction noise or sample contamination, particularly at the
oxygen K-edge. And second, to enable the simultaneous viewing of the sample
topography and phase/oxidization state separation, to better understand the
relationship or lack thereof between topography and said separation. One of
this false-color images, acquired at 320 K, is shown in Figure 7.7a, next to an
SEM image of the sample, and shows a distinct region where the blue channel
dominates without a clear connection to the topography which appears as
light-blue/white. The remainder of the sample is pink-dominated.
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Fig. 7.7: Hyperspectral imaging of a vanadate thin film. a Scanning
electron microscopy image of the sample and comparison to a false-colour
composite image of the sample at 320K. Scale bar 200 nm. Two differ-
ent regions (pink, green) are clearly visible in addition to the topography
(blue-white). The composite is formed from a combination of images taken
at individual photon images. A total of 101 monochromatic images are
taken, allowing us to extract a full transmission spectrum for each pixel in
a hyperspectral imaging scheme. Comparison of lineouts around the finest
spatial features reveals a spatial resolution of 25 nm. b Transmission spec-
tra of the pink and green regions of the sample, along with the integrated
spectrum as would be observed in absorption spectroscopy (black). The
full spectral information allows us to identify the green region as V2O5 and
the pink as monoclinic phase VO2. From [170].

We can plot the complete spectral dependence of the transmission for
the pink and green areas, as shown in Figure 7.7b. Clear differences appear
particularly on the vanadium L2,3-edges (518 and 522 eV). The features of the
XAS spectra of various vanadium oxides is well known [162, 164], and so we
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can identify the pink regions as monoclinic insulating phase (M1) VO2 and the
blue region as V2O5, which is a particularly stable compund and its presence
likely stemming from exposure of the sample to oxygen-rich environments.

Telling appart V2O5 from VO2 can be done thanks to the fact that the
absorption peak at 516 eV and the resonance at 522 eV are much more pro-
nounced in VO2, furthermore, the ratio of the two oxygen peaks at 529 eV and
532 eV also reflect the charge state [162]. Despite V2O5 making up 20% of the
sample and the large differences in their spectra, the integrated spectrum is
broadly consistent with that of nominal film composition. All the images are
taken at a fixed X-ray polarization and given how the spectra of both VO2 and
V2O5 are polarization-sensitive [174, 175] we should be able to discern local
orientations of the crystals found in the sample. We found no evidence of local
variations in the more polarization-dependent energies, so we conclude that
the sample, at least within our field of view, has a homogeneous orientation of
the present anisotropy axis.

7.6 Quantitative domain growth

Below the transition temperature only the monoclinic M1 phase of VO2 (pink)
and V2O5 (green) are observed. As the sample temperature is increased, metal-
lic domains of R-phase VO2 (purple) nucleate and gradually grow to encompass
almost all parts of the sample, which previously were in the VO2 M1 phase.
This is shown in Figure 7.8, and as we previously observed with holography, do-
mains of R phase begin at defects, and then form stripes which eventually grow
thicker and take over all the sample. The regions of the sample made of V2O5
do not undergo any change with temperature, as is expected. Our goal here
is to extract both components of the complex refractive index n = 1 − δ − iβ
and not just the relative phase shift between different parts of the sample,
something we are able to do because the reference holes in the mask provide
an absolute phase reference for the input wave.
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Fig. 7.8: Temperature dependence of the domain structure in the
vanadium oxide thin film. Metallic rutile domains of VO2 nucleate and
gradually grow with increasing temperature. False color images follow the
same criteria as in Figure 7.7. From [170].

We can identify the growing phase domains as metallic R-phase VO2 by
comparison to the absorption spectra found in the literature, with a clear
marker being the large shift in the 529 eV resonance at the oxygen edge. As
temperature is increased, the volume fraction of R phase increases, and no
intermediate phase is observed, indicating a direct M1-R transition pathway.
There is no evidence for strain-induced alternative pathways such as M1-M2-R
and neither for local appearances of a monoclinic metallic phase. Lastly, the
domains are also the same in the amplitude and phase channels.

Figure 7.9a shows the amplitude reconstruction for 336K, together with
the phase component in 7.9b (note that the color map for the phase had to be
defined different to the amplitude one) where the domains are also identifiable.
Knowing the nominal thickness of our VO2 sample, 70 nm, and using the full
complex field we can locally extract the complex refractive index of all three
constituents (V2O5, R- and M-phase VO2) from a single hyperspectral data
set as shown in Figure 7.9c, which was acquired at 336 K. The imaginary part
of the refractive index β is in excellent agreement with previous absorption
measurements for all three constituents, while the real part δ, which to our
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knowledge was previously unmeasured, can provide a constraint for ab-initio
models of vanadium oxides [176]. The retrieved δ is noisier than β because the
phase shift is measured relative to the reference holes, which have low ampli-
tude due to their small size and are imaged as near single-pixel size. However,
as the values at different regions are measured simultaneously and relative to
the same reference, this noise cancels when considering the differences in δ and
β. This also ensures the differences are robust with respect to drift during mea-
surement, an advantage of full field-imaging like CDI over scanning methods
like ptychography. The differences in δ and β between different constituents
are shown in Figure 7.9d and 7.9e, and show oscillations characteristic of the
resonance structure, with n and k oscillating out of phase.
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Fig. 7.9: Fully quantitative amplitude and phase imaging of ther-
modynamic phase and oxidization state coexistence in vanadium
oxide. a False-colour amplitude of the VO2/V2O5 sample at 336K. The
new purple regions correspond to the R-phase of VO2. Scale bar 200 nm.
b Corresponding phase image. c Extracted real (solid lines) and imaginary
(faded lines) parts of the refractive index for V2O5 and the monoclinic and
rutile phases of VO2, with colours corresponding to the false-colour ampli-
tude image. (D) Difference between the real and imaginary parts of the
refractive index for VO2 R- and M1-phase. (E) Difference between the real
and imaginary parts of the refractive index for V2O5 and VO2 M1-phase.
The standard error of the spectra calculated across their respective regions
of interest result in error bars too small to be seen here. From [170].
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7.7 M2 phase in holography

This kind of quantitative coherent diffractive imaging spectroscopy (CDIS)
on the same sample where M2 phase VO2 was previously seen through FTH
(Chapter 6) shows no trace of any intermediate phase in the M1 to R pathway.
Since CDIS boasts higher spatial resolution and accurate determination of local
states a re-evaluation of the previous reports of the M2 phase being present
in this sample. What was attributed to M2 phase domains is, most likely,
an artifact originating from amplitude-phase coupling. We can take a closer
look at the region of the sample where M2 and R phase coexistence was most
obvious, as was shown in Figure 6.13. With CDIS analysis, in the optimal focal
plane (Figure 7.10 top) as found with the criteria from Section 7.3 at 336 K
we see a striped pattern of domains, we identify three distinct regions in the
amplitude component and label them as P1, P2 and P3. In the same focal
plane, but at a lower temperature of 320 K regions P1 and P3 are the same as
at 336K, in the amplitude component but P2 is different (was green, is blue).
In the phase channel, however, P1, P2 and P3 are not readily identifiable at
336 K.

The story changes if we move away from the correct focal plane, as shown
in the bottom part of Figure 7.10, where the mixing of phase and amplitude
makes the stripes apparent both in amplitude and phase with similar sharpness.
In the amplitude channel, changes with temperature are almost the same as
in the correct plane: we see how P1 and P3 remain the same when increasing
temperature. In the phase channel, though, we see the opposite: P1 and P3
remain the same when increasing temperature, but P2 seems to change. In the
holography experiment we took the real part of images where the amplitude and
phase channels were mixed and so it is not possible to completely determine
which features were real, as changes may be seen in all regions (note how
the purple line in Figure 6.5 shows a ’valley’ in the left side), thus what was
identified as M2 phase is likely still M1 phase, which would agree with the
CDIS analysis.
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Fig. 7.10: Propagation induced features in CDI. Top: composite
amplitude and phase images at 320K and 336K at the optimal focal plane.
As the sample is heated domains grow, splitting the crystal into stripes,
3 of which are labelled P1, P2, and P3. Comparison of the amplitude
channel at the two temperatures show that P2 corresponds to the emergent
phase. Bottom: Corresponding plots propagating the spectrogram forward
in space to the optimal mask plane. Differences now appear in both the
amplitude and phase channel. Comparison of the two temperatures show
that P2 appears as the emergent phase in the amplitude channel, while in
the phase P1 and P3 appear to be emergent. Images are composed with
red, green and blue channels corresponding to 518 eV, 530.5 eV, and 529
eV. From [170].

7.8 Conclusions

This experiment constitutes the first time that coherent X-ray imaging has
been implemented as a full spectroscopic method to obtain quantitative mea-
surements of a solid-state phase transition. The benefit of this approach over
the holography presented in the previous Chapter is that it can unequivocally
identify different local phases and oxidization states in the sample by compar-
ison to known XAS spectra. Furthermore, if sample thickness is known, the

144



7.8 Conclusions

complex refractive index can be retrieved from the hyperspectral images, which
in this case is the first time these are obtained for V2O5 and M1 and R phase
VO2.

We found no evidence for intermediate phases, which include alternate
insulating configurations such as M2 and T and, most importantly, the pro-
posed monoclinic metal phase. In fact, we show how previous observations
with FTH of M2 phase in this sample were actually an artefact arising from
phase-amplitude coupling. There is still the possibility that the intermediate
phases appear locally as domains below our current resolution [177]. These
domains would not be imaged directly with out approach, but their spectral
content might still leave a footprint in the optical properties that might be pos-
sible to be detected, enabling the inference of the presence of sub-resolution
domains.
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In this Chapter we demonstrate ultrafast imaging of nanoscale dynam-
ics in VO2 with the FTH technique at PAL-XFEL. After an intro-
duction to the aim of the experiment we first discuss in Section 8.2
the repeatability of the dynamics and show results from a synchrotron-
based experiment suggesting that domains are stable upon repeated pho-
toexcitation. Section 8.3 describes the pump-probe setup implemented
at PAL-XFEL. 8.4 shows images of the static transition taken in the
pump-probe setup. Lastly, 8.5 shows the time-resolved data, where we
observe global dynamics for all the domain pattern.
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8.1 Time-resolved imaging

The coherent diffraction imaging experiments described in previous chapters
studied the metal to insulator transition in VO2 as a function of temperature,
in a static scenario. In addition, one of the appeals of CDI in general and
holography in particular is that they can be implemented for time-resolved
studies as potentially only one pulse of X-rays is needed to make an image of the
sample, and therefore can be translated to a pump-probe kind of measurement.
Such a technique able to explore transient states with spatial resolution would
address the effects of inhomogeneity and phase separation and therefore push
beyond some of the limits of the available time-resolved studies of the transition
in VO2. For this material femtosecond dynamics are critical and synchrotron
sources are unable to provide pulses with the required lenghts, instead, we
require the use of the few X-ray free electron lasers (XFEL) facilities, which
can provide bright soft X-ray pulses in the femtosecond range and good spatial
coherence.

Although single-shot imaging can be implemented into holography with-
out any change to the setup, in most cases several acquisitions are needed in
order to have sufficient signal to noise ratio, specially for higher momentum
components. Whether several snapshots of a dynamical phase transition at a
given delay can be acquired and averaged will depend on the repeatability of
the changes induced by the pump. For VO2 this means answering the ques-
tions: will the transient domain landscape be the same each time we expose the
sample to the pump pulse? And will the sample relax to the original state after
each pump?. Within the hysteresis region of the sample there are, presumably,
a wide variety of possible domain patterns (Figure 8.1), and if we transiently
increase the temperature of the system there is a number of trajectories which
it can follow during the excitation and also during relaxation. In principle
domains grow from random fluctuations thus the trajectory could be different
every time we drive the transition, and imaging will not be able to resolve the
domain structure, however in reality defects often pin domains. In fact, the
temperature dependent measurements have shown that the thermal domain
structure is highly repeatable, thus the same may hold true in ultrafast mea-
surements, allowing us to image with multi-shot. To answer these questions,
we first performed preliminary measurements of laser-induced changes in the
phase landscape of VO2.
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Fig. 8.1: Domain pathways. Photoexciting VO2 in the mixed phase
will make the sample move in a particular trajectory through the hysteresis
region. The sample can then relax to the initial state, or potentially to
another domain configuration.

8.2 Repeatability of the photoinduced phase
transition

The following experiment was done in the I06 beamline at Diamond Light
Source with the aim of testing the repeatability of the pump-laser-induced
phase transition of VO2. As the synchrotron does not have the time resolution
to observe domain dynamics we cannot tell if the transient domain structure
is repeatable. However, if we heat into a mixed phase, we can observe if the
domain structure is stable when we pump with sufficient fluence to transform
the whole material to the metallic phase before relaxing back to a, in principle,
mixed state again. Once the domains are identified, we excite the sample with
single shots of an 800 nm femtosecond laser and look at the resulting domain
pattern. Repeating the operation for a different number of pulses and difference
fluence values will inform us on the repeatability of the process.

The sample used is the same VO2 thin film as in the previous imaging
experiments in this thesis, however the field of view is in a different part ot
the film. The holography mask is also the same as described in Chapter 6. In
the I06 beamline the X-ray spot size on the sample was 180x80 um, and the
CCD was placed 30 cm downstream after the sample. A beamblock was placed
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before the camera, and the FTH approach was used to retrieve images. Figure
8.2 shows an SEM image of the sample together with a reconstructed image
at room temperature and 520 eV X-ray energy, all the topography features are
visible. A line cut over one of the finest features reveals a spatial resolution
around 50 nm, consistent with the reference hole size.

Fig. 8.2: Holography at Diamond Light Source. On the left, an SEM
image of the VO2 sample. On the right, an image reconstructed through
holography at 520 eV and room temperature. All topographic features are
visible with a resolution around 50 nm.

We then increase the temperature until domains of the metallic phase
appear on the images. At 336 K we found clear looking domains, as shown in
the left side of Figure 8.2 for an X-ray energy of 530.5 eV. With the domains
in place, we proceed to expose the sample to single shots of a pulsed 800 nm
laser with 35 fs pulse duration and a spot-size several times larger than the
object and references ensemble of our sample. We find that, above a certain
fluence threshold, the domain pattern changes after the initial shot with higher
fluences incurring in further changes, as shown in the right side of Figure 8.3.
Further shots at the same fluence, however, do not seem to affect the domain
pattern, suggesting stability of the domain pattern after the initial excitation.
The fact that the start and end point of the photo-induced changes are the
same suggests repeatability in the process, justifying the option of averaging
several snapshots of the dynamical phase transition to increase image quality.
An explanation as to why stability is only reached after the first pulse can
be given if we consider that the initial state has been accessed through static
heating in the warming branch of hysteresis. The pulse then excites the sample
high above the hysteresis range, and it relaxes in the cooling branch into a
domain configuration dictated, most likely, by defects and strain. After this,
every pulse makes the sample go to through the same cycle, and if experimental
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conditions do not change (pump fluence, base temperature) it is not surprising
that the end result is the same.

Fig. 8.3: Stability of domains in VO2. The left side shows an image
of the sample at 336 K. The two rectangles highlight two regions where
phase domains can be seen. On the right side the effect of a given num-
ber of pump laser shots is shown. While the initial shot introduces some
changes, the domain pattern remains unchanged after the impact of more
pulses. Increasing pump fluence leads to more changes, but with the same
dependence on the number of shots.

8.3 Time-resolved holography: setup

The following experiment was conducted in the SSS beamline in PAL-XFEL
[178]. The soft X-ray pulses enter the end station with 60 Hz repetition rate.
Beam width at the sample plane as around 30 µm FWHM, and the CCD
camera which captures the holograms was placed 30 cm downstream from the
sample. An oval-shaped beamblock was placed in front of the CCD camera
to block the central part of the X-ray beam. Energy can be tuned along the
oxygen and vanadium edges of interest (510–540 eV) with an energy resolution
of 0.2 eV. Polarization of the X-ray pulses is linear and rotations were not
possible. X-ray pulse duration is around 30 fs which, for a central wavelength
of 530 eV amounts to a bandwidth of 0.4 eV, which still leaves us with a good
enough energy resolution to probe the different phases of VO2. Figure 8.4 shows
the XAS spectrum of the sample at 330 K, showing the oxygen peaks clearly.
Lastly, the loss of spatial resolution induced by the increased bandwidth of our
probe (compared to a synchrotron source) is found to be negligible and, as will
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be shown in a later section, resolution is still around 50 nm as expected from
the reference hole width.

Fig. 8.4: XAS spectrum of VO2 taken at PAL-XFEL. In order of
increasing energy, the V L3,L2 and O K-edges are clearly resolved.

Since XFEL pulses are rather powerful, it is important to ensure that there
is no risk of damage to the sample, nor X-ray-induced heating. We aimed for a
fluence of 2 mJ/cm2, as estimated from beamwidth and the nominal intensity
of the pulses, which meant reducing pulse energy down to 14 nJ. To compensate
for this, exposition time for the images was long, averaging 10 min per image,
divided in ten acquisitions.

The pump laser is almost collinear with the X-rays and has a beamwidth of
191 µm FWHM, enough to evenly excite our field of view of the VO2 sample.
Central wavelength is 800 nm, and the polarization is fixed s-polarization.
Repetition rate is 60 Hz as well. Considering the pulse durations of both laser
and X-rays, and the average temporal jitter, time-resolution amounts to 140
fs. Pump laser impinges on the VO2 side of the sample, in order to prevent
any near-field effects from focused light on the gold edges.
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8.4 Static imaging

Before the time-resolved imaging we first statically heat the sample until the
domains become visible. We find 325 K to be the onset of domain formation.
Figure 8.5 shows a comparison of the field of view observed in the experiment
as seen with scanning electron microscopy (SEM) and holography at an energy
of 531 eV, resonant with the transition. The topography is visible and the
spatial resolution is around 50 nm, as expected from the size of the reference
holes we use. The domains are most visible as stripes in the flat areas of the
sample, much like in our previous observations elsewhere in the same sample.
The area in red in Figure 8.5 shows one particularly evident domain, although
there are changes with temperature all around the sample.

Fig. 8.5: Holography in PAL-XFEL. Holography images present all
the topographic features seen in the SEM images. At 325 K domains are
readily identifiable, as highlighted within the area described by the red
dashed line.

Increasing the temperature further, within the hysteresis range, results
in the formation of new domains and the enlargement of the already present
ones. Figure 8.6 shows reconstructed images for three increasing temperatures.
The highlighted area shows the most obvious changes, but there are changes
all around the field of view. Although the topography is well resolved, the
domains seem less sharp than in previous experiments, this is likely due to
the fact that polarization of the X-rays is not optimal for maximum contrast
between M1 and R phases, but in this setup it was not possible to rotate it.
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Fig. 8.6: Domain growth at PAL-XFEL. This set of holography im-
ages at increasing temperatures and fixed energy show domain growth in
the sample used for the time-resolved holography experiment. Real and
imaginary components of the reconstructions are shown in the left and
right columns, respectively. The highlithed region corresponds to a partic-
ularly flat area of the sample as seen in the SEM images, here the stripe
shaped domains are easy to observe at glance.

We acquire images at various energies along the oxygen edge, which fur-

154



8.4 Static imaging

ther confirms the presence of phase domains due to spectral variations which
separate them from topographic features. In particular, antiresonant energies
are helpful to distinguish domains from other features, since contrast changes
sign only for domains, as shown in Figure 8.7. This is most visible in differ-
ential images, as shown in Figure 8.8, where the images shown are referenced
with an image of the sample at the antiresonant energy for a set of tempera-
tures. By examinating the growth of the green regions with temperature, we
conclude that they are made of R phase VO2.

Fig. 8.7: Domain growth: Differential images. Real component of
two images taken at 327 K at 529.25 eV and 531 eV respectively, which are
antiresonant energies. Highlighted inside the red areas are some domains
that clearly show opposite contrast for each energy, something that does
not happen for topographic features.

Fig. 8.8: Domain growth: Differential images. The real component
of the reconstructed images at various temperatures (left column of Figure
8.4) are referenced with an image at 300 K.

Following on the energy dependence, the contrast of the domains shows
similar behaviour as in the previously described experiments. Figure 8.9 shows
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a false-color image out of three channels, 517 eV as red, which is non-resonant
and highlights the topography, 529.5 eV and 531.25 eV as blue and green,
respectively, which show different-sign changes in the differential spectra of
the two phases of VO2.

Fig. 8.9: Spectrally resolved holography at PAL-XFEL. The images
are recorded at 517, 531.25, and 529.5 eV and are used to encode the
intensities of the three color channels of an RGB (red, green, blue) image.
By comparison with the temperature dependence on Figure 8.8, we ascribe
the green regions to metallic R phase and the blue ones to insulating M1
phase VO2.

8.5 Time-resolved imaging

For the time-resolved measurements we bring the sample to a constant tem-
perature of 325 K. The expectation is that, upon photoexcitation, the do-
main pattern should undergo modifications under a, presumably, femtosecond
timescale. In this setup we did not have access to an straightforward deter-
mination of time-zero, which is when the X-ray and laser pulses arrive on the
sample at the same time. What we did is, starting from an initial guess of time-
zero given by the beamline configuration, acquiring images at alternate positive
and negative time delays, searching for when do changes appear. Starting with
-20 and +20 ps, and repeating the procedure for increasingly smaller time de-
lays allowed us to pin-point the start of the photoinduced changes accurately.
Interweaving positive and negative time delay images also helps to separate
any potential static heating effect from the actual dynamics, and provides a
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data set from which we can already extract a timetrace for domain changes.
In addition, images for longer delays (up to 500 ps) were acquired to observe
potential slower dynamics.

In Figure 8.10 we examine the evolution of three regions in detail. Line-
outs in an image taken at 325 K and 331.15 eV reveal stripe-like domains with
50 nm width, our resolution limit, which were identified as belonging to the
metallic rutile phase by comparison to the thermal scans. Upon optical pump-
ing the domain contrast is dramatically reduced within the first few-hundred
femtoseconds, but is not completely lost until several hundred picoseconds
later, where other non trivial dynamics are also observed afterwards.

Fig. 8.10: Domain dynamics. The linecuts look at the temporal evolu-
tion of two M1 domains upon photoexcitation. The positions of the linecuts
are indicated on a negative time image (left) and colour coded. The curves
for each delay have an added offset for visualization. Approximately 50 nm
wide domains are rapidly transformed within a few-hundred femtoseconds,
but continue to evolve over several hundred picoseconds.

It is important to note that although it may seem that it is the metallic
domain what is being selectively deleted, in reality all the sample is switching
to the metallic phase, and the contrast is lost. As this experiment was done
with a beamblock blocking the DC component of the holograms we are not
sensitive to global changes in the transmission, however we can still identify
changes happening all over the field of view, Figure 8.11 shows a selection of
differential images relative to a large negative time delay (-8.5 ps) for a pump
fluence of 24 mJ/cm2. Similar to the static case, changes happen all over the
sample.
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Fig. 8.11: Time-resolved holography. Selection of images taken at a
different time delay, following photoinduced changes after irradiation with
a 24 mJ/cm2 fluence, 800 nm laser pulse. Changes are referenced to a large
negative time delay image (-8.5 ps). Prompt changes are observed across
the sample.

In order to investigate whether there are multiple timescales involved in the
process, we make use of principal component analysis (PCA) [179]. We apply
PCA to the stack of images at different time delays, to decompose the dataset
in a basis of 10 spatial modes (or PCA components), each with a different
weight at each time delay. Out of the 11 spatial modes, only three contain
actual information on the sample, the remainder being simply noise (Figures
8.12 and 8.16). Of the three relevant spatial modes, only one, mode number
1, appears to show a dynamic behaviour in its magnitude (Figure 8.13). Mode
number 0 appears to be a constant DC level which, due to the beamblock, does
not provide strong information on the sample. In these figures, the colorscale is
simply normalized to the minimum and maximum values of each spatial mode,
and signal levels can not be compared between different modes in a meaningful
way.
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Fig. 8.12: PCA analysis of the time-resolved images. The PCA
analysis decomposes each image in a basis of spatial modes, each with a dif-
ferent weight at every time-delay. For the time-scan in the short timescale,
11 modes are needed to accurately represent each image. In this Figure
we show such decomposition for the real part of the reconstructed images.
Only the spatial modes 0,1 and 2 contain information on the sample, with
the rest being noise. In particular, mode number 1 is the one which more
clearly captures the domain pattern. Mode number 10 has been left out in
this figure, but it contains only noise similarly to modes 8 and 9.

Fig. 8.13: PCA analysis of dynamics. Here we show the weight of
each spatial mode (sans number 11) of the PCA decomposition for the
short timescale scan. The red curves correspond to the real part of the
images, which is shown in Figure 8.12, while the blue lines are for the
imaginary part. Only in spatial mode number 1 of the real component we
can identify dynamics corresponding to a pump-probe event.

We do the same kind of PCA analysis for data corresponding to a longer
timescale scan. Here the number of datapoints is lower, and so are the number
of spatial modes needed for accurate PCA decomposition. This is due to the
fact that less images amount to a smaller amount of noise distributions. Re-
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gardless, the relevant modes are still the same as for the previously described
dataset as shown in Figure 8.14 and 8.16. Again, the only dynamics consistent
with a pump-probe event are found in spatial mode 1 of the real component
of the images. Note that for both the long and short timescans this mode has
the same shape.

Fig. 8.14: PCA analysis of the time-resolved images. The PCA
analysis decomposes each image in a basis of spatial modes, each with a
different weight at every time-delay. For the time-scan in the long timescale,
8 modes are needed to accurately represent each image. In this Figure we
show such decomposition for the real part of the reconstructed images.
Only the spatial modes 0,1 and 2 contain information on the sample, with
the rest being noise. In particular, mode number 1 is the one which more
clearly captures the domain pattern.

Fig. 8.15: PCA analysis of dynamics. Here we show the weight of each
spatial mode of the PCA decomposition for the long timescale scan (up to
20 ps). The red curves correspond to the real part of the images, which is
shown in Figure 8.14, while the blue lines are for the imaginary part. Only
in spatial mode number 1 of the real component we can identify dynamics
corresponding to a pump-probe event.
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Fig. 8.16: PCA values. The PCA analysis outputs a value for each
principal component, which is a metric of the weigth of each mode with
respect to the whole dataset . Values are normalized to the first component,
and vertical axis is in logarithmic scale. For both scans, there is a clear
cutoff after mode number 3.

We then extract the timetraces from the weight of spatial mode number
2 of both short and long time scans and normalize them each to the mean of
their pre-time-zero signal. We find both datasets to be well represented by the
function

H(t− t0)(B(1− e(−(t−t0)/τ1)) + C(1− e(−(t−t0)/τ2)) +D) + 1 (8.1)

Where the time-constants τ1 and τ2 are the characteristic timescale of the
dynamics involved after photoexcitation., H(t) is the Heaviside function and
A,B,C and D are constant fit parameters. The result of this analysis is shown
in Figure 8.17, which reveals a fast timescale of 132 fs and a slower one of 4.75
ps.
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Fig. 8.17: Global spatial dynamics of VO2. The weight of the spa-
tial mode number 2 of the PCA decomposition of the real component of
the time-resolved images, containing the dynamics seen in the sample, is
normalized to the pre-photoexcitation values and fitted to a double expo-
nential decay. The same function fits the two separate short and long time
scans. Time constants of 132 fs and 4.75 ps are found.

Higher fluences did not appear to change the spatial response, suggesting
that at this fluence we already switch the sample completely. However after
irradiation with 45 mJ/cm2 pump pulses permanent changes in the domain
pattern could be observed, as shown in Figure ??. This could be a situation
similar to what we found in the experiment at Diamond, where the first, higher
fluence, pulse modifies the phase landscape which then remains stable with
further pulses. A more complete study of the fluence dependence will be needed
in the future to better understand the thresholds for permanent changes.
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Fig. 8.18: Permanent changes after high fluence excitation. This
figure shows image reconstructions taken at 531 eV, with the pump laser
blocked. a shows the sample after being previously irradiated with 24
mJ/cm2 laser pulses. b is the case after being exposed to 45 mJ/cm2.
As can be seen in the highlighted region, the domain pattern underwent
permanent changes after exposition to 45 mJ/cm2, suggesting an an alter-
native relaxation trajectory.

8.6 Conclusions

To the best of our knowledge, this experiment represents the first time that
X-ray holography has been used to image ultrafast dynamics outside of demag-
netization in a magnetic alloy [180]. We have shown how coherent soft X-ray
imaging can be implemented in an XFEL setup to observe changes in the do-
main pattern of mixed M1 and R phase VO2. The main result of the experiment
is the absence of local dynamics, as the sample rather switches globally with
two associated time-constants in the femtosecond and picosecond range. This
suggests that there is no involvement of strain or multiple phases (which would
be expected to evolve at a different rate), and might point towards the direct
breaking of V-V dimers as the driving force which is, at least within our time
resolution, consistent with an incoherent process such as has been proposed
before[39]. The longer timescale could be related to thermal diffusion driving
further changes, which could be explored through finite-element heat diffusion
calculations. This data is, however, very recent, and further curation of the
results, as well as quantitative imaging analysis such as presented in Chapter
7 are still in process and will soon be published.
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In our discussions on the manganites and VO2 we can find a few connections
between the two systems: both undergo phase transitions below certain tem-
perature, where the conductivity drops to values corresponding to an insulator,
both undergo structural distortions in the phase transition, and both present
electronic phenomena involving d-electrons which may or may not be the driv-
ing force of the transition. But there is one particular similarity that we would
like to bring up before the final words of this thesis, and it is the fact that both
systems have been studied for decades, yet many questions remain unanswered.
Perhaps this is not surprising, as the many interactions that make strongly cor-
related materials famously complicated leave room for plenty of perspectives,
often contradictory with each other. These emerge and are contested as we
develop new experimental techniques and refine our theoretical models. It is
unlikely that there will ever be one single measurement able to crack the code
and settle the discussion, but rather the ultimate understanding of these ma-
terials will come from the aggregated evidence coming in from several different
sources.

What are, then, the contributions of this thesis towards this goal? What
have we learned from the studied systems? We can put apart and summarize
our findings.

From the ultrafast optical studies on La0.5Sr1.5MnO4:

Optical reflectivity has been used in the past as a marker of dynamics in a
phase transition [21, 127, 128]. With our optical reflection anisotropy setup we
have tracked reflectivity as well as optical anisotropy in the ultrafast melting
of the CO-OO state in La0.5Sr1.5MnO4, and we have seen how reflectivity is in
fact not a clean probe of the phase state, and makes for an incorrect order pa-
rameter of the transition. Although it is common for phase transitions to have
an footprint in reflectivity, this probe may be inaccurate for the manganites
and possibly other material families. On the other hand, optical anisotropy
did serve as an accurate marker of the phase transition, both statically and
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dynamically.

By looking at optical anisotropy as the order parameter, we could ob-
serve how, upon strong photoexcitation with 800 nm pulses, the CO-OO state
would completely melt in less than 50 fs in an incoherent fashion. Together
incoherence of the transition, the speed-up of the order parameter dynamics
with fluence was also observed. Furthermore, through complementary high
time-resolution transient reflectivity measurements we observed how several
phonon modes are excited at the same time, without evidence of hierarchy
among excited degrees of freedom. The combination of incoherence, dynamical
speed-up and the concomitant excitation of several degrees of freedom suggest
that an order-disorder type of transition is taking place. Order-disorder tran-
sitions have been theoretically proposed for Jahn-Teller active layered oxides
[105] and experimentally observed in VO2 [39], suggesting that this type of
transition might be more common than thought.

Since it has been reported previously, we took in account the previously ne-
glected pre-existence of an already-melted surface layer of the sample. Through
depth-resolved measurements of the melting process we were able to explain
the observation of continuous values of the order parameter within the context
of an inhomogeneous first-order transition. This is one example of how in-
homogeneity can have an impact on the atomic interpretation of macroscopic
measurements, as the dynamical phase transition in a manganite has previ-
ously been described as continuous in grounds of a second order transition
[13]. Initial state disorder is often neglected, and it may be worth to take
it in consideration in more kinds of experiments, optical or X-ray based, to
work towards a final answer of the origins of the CO-OO transition in the
manganites.

From coherent X-ray imaging on VO2:

If our goal is to directly measure spatial inhomogeneity in correlated ma-
terials (manganites or otherwise), then we need to develop spatially resolved
techniques that are also able to function as accurate probes of the transitions.
In this thesis, we did this for VO2, first with the Fourier-transform holography
technique, which allowed us to observe domain growth of nanoscale R phase
VO2 domains in a thin film displaying phase separation in its transition. Fur-
thermore, with full-momentum range CDI we were able to image the domain
growth process with increased spatial resolution and with quantitative informa-
tion on the local complex refractive indices. This revealed that the transition
pathway was M1 to R in all the sample, at different temperatures. No ev-
idence for intermediate phases, in particular the tentative monoclinic metal,
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was observed, which would have shown a distinct spectral response.

One strength of these imaging techniques is that their high spatial resolu-
tion and sensitivity to solid state phases can be directly brought to ultrafast
measurements without without any fundamental change to them. This is how
we successfully implemented Fourier-transform holography for ultrafast imag-
ing in an XFEL facility. While data analysis of this experiment is ongoing,
our first results show that photoinduced dynamics are global, and no local
variations due to strain or presence of intermediate phases are observed. This
global dynamics involve two timescales, one on the order of 130 fs, suggesting
the direct breaking of V-V dimers and a slower 4.5 ps timescale which may be
attributed to thermal diffusion in the sample.

Outlook

It is fair to say that, for the experimental techniques we have implemented
in this thesis, we are still in the beginnings. There are numerous ways on which
we can expand and improve what has been accomplished here, either through
technical refinements of the measurements or by applying their precepts to
different systems.

For the reflection anisotropy setup:

• The setup was designed with flexibility in mind, and so can be used with
a variety of pump and probe wavelengths and to measure different kinds
of sample. One extension to the technique could be done by substitut-
ing the photodiodes with spectrometers, and the monochromatic probe
with pulses of white-light. This will allow for quick measurements of the
spectrum of optical anisotropy, as well as increasing the number of pen-
etration depths going into depth-resolved measurements. Furthermore,
the optical band gap could be extracted and directly related to optical
anisotropy [63].

• Lower-energy excitations, with pumps with a wavelength lower than 800
nm could also be explored with the setup, which would provide informa-
tion on potential different pathways of the transition. Although we have
to note that in the high-time resolution setup we found no differences
pumping with 800 nm and 1800 nm pulses.

• The generality of our observation of the transition of LSMO as an order-
disorder transition is still to be determined. In order to know if this is
a feature exclusive to the manganites, or is common for all the similar-
structured layered materials where C4 symmetry breaking transitions
take place, the same kind of measurement could be done without having

167



Chapter 9 Summary and outlook

to make changes in the setup in, for instance, cuprates such as LBCO
or YBa2Cu3O, where C4-symmetry-broken states are not so isolated,
but rather are strongly related with other states such as pseudogap or
superconductivity .

For X-ray coherent imaging:

• We have demonstrated fully quantitative retrieval of local complex re-
fractive indices in the nanoscale with the CDIS technique. In parallel,
we have demonstrated how Fourier-transform holography can be used
in an XFEL to image nanoscale dynamics of phase-separation. A clear
direction for future work is to achieve fully quantitative retrieval of lo-
cal dynamics of complex refractive indices in the nanoscale. For VO2
this could be done by translating the two-acquisitions (with and without
beamblock) to a pump-prove environment, given the repeatability of the
transition, but for other materials a different approach might be needed.

• We note here that these are both first of its kind measurements, that
could be used to tackle several open questions. For instance, we could
aim to acquire a complete fluence dependence, searching for any potential
threshold in the dynamics. Imaging the process of domain formation
starting from a non-mixed insulating sample might also show drastically
different dynamics compared with the case of a mixed initial state.

• Bringing the quantitative properties of CDIS to dynamical measurements
could also provide local time-resolved spectra, not only to track the dif-
ferent phases but as well for exploring the role of defects in the general
photoinduced effects. The possibility of ’focusing’ into different planes
may also be used to image in-depth growth of domains, in a way that
resembles tomography.

All these are advances that can -or will- be implemented in the near future.
The long-term goal is, however, to make ultrafast spatially resolved measure-
ments more common in the study of correlated materials, as well as exploring
the extent of order-disorder transitions among these systems. We hope that
the presented experiments and techniques will contribute towards solving the
puzzle of correlated materials, so that some day we can speak about the man-
ganites, VO2, the cuprates and many others as "solved" systems.

168







Publications

The work presented in this thesis comprises the following publications:

1. Daniel Perez-Salinas, Allan S. Johnson, Dharmaligan Prabhakaran, and
Simon Wall. Multi-mode excitation drives disorder during the ultrafast
melting of a C4-symmetry-broken phase. Accepted for publication in Na-
ture Communications (2021)

2. Luciana Vidas, Christian M. Günther, Timothy A. Miller, Bastian Pfau,
Daniel Perez-Salinas, Elías Martínez, Michael Schneider, Erik Gührs,
Pierluigi Gargiani, Manuel Valvidares, Robert E. Marvel, Kent A. Hall-
man, Richard F. Haglund, Stefan Eisebitt, and Simon Wall. Imaging
Nanometer Phase Coexistence at Defects During the Insulator–Metal
Phase Transformation in VO2 Thin Films by Resonant Soft X-ray Holog-
raphy. Nano Letters 18 3449, (2018)

3. Allan S Johnson, Jordi Valls Conesa, Luciana Vidas, Daniel Perez-Salinas,
Christian M. Günther, Bastian Pfau, Kent A. Hallman, Richard F. Haglund
Jr., Stefan Eisebitt and Simon Wall, Quantitative hyperspectral coher-
ent diffractive imaging spectroscopy of a solid-state phase transitionin
vanadium dioxide .Science Advances 7, (2021)

4. A. Johnson, Daniel Perez-Salinas, et al, Time-resolved X-ray holographic
imaging of a photoinduced phase transition. In preparation.

Not detailed in this document, but part of our studies on VO2:

5. Luciana Vidas, Daniel Schick, Elías Martínez, Daniel Perez-Salinas, Al-
berto Ramos-Álvarez, Simon Cichy, Sergi Batlle-Porro, Allan S. John-
son, Kent A. Hallman, Richard F. Haglund, Jr., and Simon Wall,Does
VO2 host a transient monoclinic metallic phase?. Physical Review X 10,
031047, (2020)

171

https://arxiv.org/abs/2103.09502
https://arxiv.org/abs/2103.09502
https://pubs.acs.org/doi/10.1021/acs.nanolett.8b00458
https://pubs.acs.org/doi/10.1021/acs.nanolett.8b00458
https://pubs.acs.org/doi/10.1021/acs.nanolett.8b00458
https://pubs.acs.org/doi/10.1021/acs.nanolett.8b00458
https://www.science.org/doi/10.1126/sciadv.abf1386
https://www.science.org/doi/10.1126/sciadv.abf1386
https://www.science.org/doi/10.1126/sciadv.abf1386
https://doi.org/10.1103/PhysRevX.10.031047
https://doi.org/10.1103/PhysRevX.10.031047




Bibliography

1. Imada, M., Fujimori, A. & Tokura, Y. Metal-insulator transitions. Rev.
Mod. Phys. 70, 1039–1263 (1998).

2. Frano, A., Blanco-Canosa, S., Keimer, B. & Birgeneau, R. J. Charge or-
dering in superconducting copper oxides. Journal of Physics Condensed
Matter 32 (2020).

3. Nicoletti, D. et al. Optically induced superconductivity in striped
La2−xBaxCuO4 by polarization-selective excitation in the near infrared.
Phys. Rev. B 90, 100503 (2014).

4. Gastiasoro, M. N. & Andersen, B. M. Enhancing superconductivity by
disorder. Phys. Rev. B 98, 184510 (2018).

5. Landau, L. The theory of phase transitions. Nature 139, 840–841 (1936).

6. Goldenfeld, N. Lectures on Phase Transitions and the Renormalization
Group (1992).

7. Cowley, R. Structural phase transitions I. Landau theory. Advances in
Physics 29, 1–110 (1980).

8. Mercy, A., Bieder, J., Íñiguez, J. & Ghosez, P. Structurally triggered
metal-insulator transition in rare-earth nickelates. Nature Communica-
tions 8, 1–6 (2017).

9. Tselev, A. et al. Symmetry Relationship and Strain-Induced Transitions
between Insulating M1 and M2 and Metallic R phases of Vanadium
Dioxide. Nano Letters 10, 4409–4416 (2010).

10. Trigo, M. et al. Coherent order parameter dynamics in SmTe3. Phys.
Rev. B 99, 104111 (2019).

11. Teitelbaum, S. W. et al. Dynamics of a Persistent Insulator-to-Metal
Transition in Strained Manganite Films. Phys. Rev. Lett. 123, 267201
(2019).

173

http://dx.doi.org/10.1103/RevModPhys.70.1039
http://dx.doi.org/10.1088/1361-648X/ab6140
http://dx.doi.org/10.1088/1361-648X/ab6140
http://dx.doi.org/10.1103/PhysRevB.90.100503
http://dx.doi.org/10.1103/PhysRevB.90.100503
http://dx.doi.org/10.1103/PhysRevB.98.184510
http://dx.doi.org/10.1103/PhysRevB.98.184510
http://dx.doi.org/10.1038/138840a0
http://dx.doi.org/10.1201/9780429493492
http://dx.doi.org/10.1201/9780429493492
http://dx.doi.org/10.1080/00018738000101346
http://dx.doi.org/10.1038/s41467-017-01811-x
http://dx.doi.org/10.1038/s41467-017-01811-x
http://dx.doi.org/10.1021/NL1020443
http://dx.doi.org/10.1021/NL1020443
http://dx.doi.org/10.1021/NL1020443
http://dx.doi.org/10.1103/PhysRevB.99.104111
http://dx.doi.org/10.1103/PhysRevLett.123.267201
http://dx.doi.org/10.1103/PhysRevLett.123.267201


Bibliography

12. Maklar, J. et al. Nonequilibrium charge-density-wave order beyond the
thermal limit. Nature Communications 12, 1–8 (2021).

13. Beaud, P. et al. A time-dependent order parameter for ultrafast pho-
toinduced phase transitions. Nature Materials 13, 923–927 (2014).

14. Dolgirev, P. E. et al. Amplitude dynamics of the charge density wave in
LaTe3: Theoretical description of pump-probe experiments. Phys. Rev.
B 101, 054203 (2020).

15. Yoshikawa, N. et al. Ultrafast switching to an insulating-like metastable
state by amplitudon excitation of a charge density wave. Nature Physics
17, 909–914 (2021).

16. Binder, K. Theory of first-order phase transitions. Reports on Progress
in Physics 50, 783–859 (1987).

17. Kopnin, N. Theory of Nonequilibrium Superconductivity (2001).

18. Cheong, S.-W., Sharma, P., Hur, N., Horibe, Y. & Chen, C. Electronic
phase separation in complex materials. Physica B: Condensed Matter
318. The Future of Materials Physics: A Festschrift for Zachary Fisk,
39–51 (2002).

19. Liu, M., Sternbach, A. & Basov, D. Nanoscale electrodynamics of strongly
correlated quantum materials. Rep Prog Phys. 80, 014501 (2017).

20. Zong, A. et al. Dynamical Slowing-Down in an Ultrafast Photoinduced
Phase Transition. Phys. Rev. Lett. 123, 097601 (2019).

21. Yusupov, R. et al. Coherent dynamics of macroscopic electronic order
through a symmetry breaking transition. Nature Physics 6, 681–684
(2010).

22. Neugebauer, M. J. et al. Optical control of vibrational coherence trig-
gered by an ultrafast phase transition. Phys. Rev. B 99, 220302 (2019).

23. Huber, T. et al. Coherent Structural Dynamics of a Prototypical Charge-
Density-Wave-to-Metal Transition. Phys. Rev. Lett. 113, 026401 (2014).

24. Duan, S. et al. Optical manipulation of electronic dimensionality in a
quantum material. Nature 2021 595, 239–244 (2021).

25. Wang, X. & Li, Y. Ultrafast electron diffraction. Chinese Physics B 27,
076102 (2018).

26. Trigo, M. et al. Ultrafast formation of domain walls of a charge density
wave in SmTe3. Phys. Rev. B 103, 054109 (2021).

27. X Zhu Y Cao, J. Z. E. P. J. G. Classification of charge density waves
based on their nature. Proc. Natl Acad. Sci. USA 112, 2367–2371 (2015).

174

http://dx.doi.org/10.1038/s41467-021-22778-w
http://dx.doi.org/10.1038/s41467-021-22778-w
http://dx.doi.org/10.1038/nmat4046
http://dx.doi.org/10.1038/nmat4046
http://dx.doi.org/10.1103/PhysRevB.101.054203
http://dx.doi.org/10.1103/PhysRevB.101.054203
http://dx.doi.org/10.1038/s41567-021-01267-3
http://dx.doi.org/10.1038/s41567-021-01267-3
http://dx.doi.org/10.1088/0034-4885/50/7/001
http://dx.doi.org/10.1201/9780429493492
http://dx.doi.org/https://doi.org/10.1016/S0921-4526(02)00772-X
http://dx.doi.org/https://doi.org/10.1016/S0921-4526(02)00772-X
http://dx.doi.org/10.1088/0034-4885/80/1/014501
http://dx.doi.org/10.1088/0034-4885/80/1/014501
http://dx.doi.org/10.1103/PhysRevLett.123.097601
http://dx.doi.org/10.1103/PhysRevLett.123.097601
http://dx.doi.org/10.1038/nphys1738
http://dx.doi.org/10.1038/nphys1738
http://dx.doi.org/10.1103/PhysRevB.99.220302
http://dx.doi.org/10.1103/PhysRevB.99.220302
http://dx.doi.org/10.1103/PhysRevLett.113.026401
http://dx.doi.org/10.1103/PhysRevLett.113.026401
http://dx.doi.org/10.1038/s41586-021-03643-8
http://dx.doi.org/10.1038/s41586-021-03643-8
http://dx.doi.org/10.1088/1674-1056/27/7/076102
http://dx.doi.org/10.1103/PhysRevB.103.054109
http://dx.doi.org/10.1103/PhysRevB.103.054109
http://dx.doi.org/10.1073/pnas.1424791112
http://dx.doi.org/10.1073/pnas.1424791112


Bibliography

28. Chen, P et al. Charge density wave transition in single-layer titanium
diselenide. Nature Communications 6, 1–5 (2015).

29. Hu, B. F., Cheng, B., Yuan, R. H., Dong, T. & Wang, N. L. Coexis-
tence and competition of multiple charge-density-wave orders in rare-
earth tritellurides. Phys. Rev. B 90, 085105 (2014).

30. Miao, H. et al. Charge density waves in cuprate superconductors beyond
the critical doping. npj Quantum Materials 6, 1–6 (2021).

31. Forgan, E. M. et al. The microscopic structure of charge density waves in
underdoped YBa2Cu3O6.54 revealed by X-ray diffraction. Nature Com-
munications 6, 1–7 (2015).

32. Basov, D. N., Averitt, R. D. & Hsieh, D. Towards properties on demand
in quantum materials. Nature Materials 16, 1077–1088 (2017).

33. Danz, T., Domröse, T. & Ropers, C. Ultrafast nanoimaging of the order
parameter in a structural phase transition. Science 371, 371–374 (2021).

34. Vidas, L. et al. Does VO 2 Host a Transient Monoclinic Metallic Phase?
Physical Review X 10 (2020).

35. Ronchi, A. et al. Early-stage dynamics of metallic droplets embedded
in the nanotextured Mott insulating phase of V2O3. Phys. Rev. B 100,
075111 (2019).

36. Sun, Z. & Millis, A. J. Transient Trapping into Metastable States in
Systems with Competing Orders. Phys. Rev. X 10, 021028 (2020).

37. Dolgirev, P. E., Michael, M. H., Zong, A., Gedik, N. & Demler, E. Self-
similar dynamics of order parameter fluctuations in pump-probe exper-
iments. Phys. Rev. B 101, 174306 (2020).

38. Bruce, A. D. Structural phase transitions. II. Static critical behaviour.
Advances in Physics 29, 111–217 (1980).

39. Wall, S. et al. Ultrafast disordering of vanadium dimers in photoexcited
VO2. Science 362, 572–576 (2018).

40. Verwey, E. J. W. Electronic Conduction of Magnetite (Fe3O4) and its
Transition Point at Low Temperatures. Nature 144, 327–328 (1939).

41. Attfield, J. P. Charge ordering in transition metal oxides. Solid State
Sciences 8, 861–867 (2006).

42. Tokura, Y. & Nagaosa, N. Orbital physics in transition-metal oxides.
Science 288, 462–468 (2000).

175

http://dx.doi.org/10.1038/ncomms9943
http://dx.doi.org/10.1038/ncomms9943
http://dx.doi.org/10.1103/PhysRevB.90.085105
http://dx.doi.org/10.1103/PhysRevB.90.085105
http://dx.doi.org/10.1103/PhysRevB.90.085105
http://dx.doi.org/10.1038/s41535-021-00327-4
http://dx.doi.org/10.1038/s41535-021-00327-4
http://dx.doi.org/10.1038/ncomms10064
http://dx.doi.org/10.1038/ncomms10064
http://dx.doi.org/10.1038/nmat5017
http://dx.doi.org/10.1038/nmat5017
http://dx.doi.org/10.1126/SCIENCE.ABD2774
http://dx.doi.org/10.1126/SCIENCE.ABD2774
http://dx.doi.org/10.1103/PhysRevX.10.031047
http://dx.doi.org/10.1103/PhysRevB.100.075111
http://dx.doi.org/10.1103/PhysRevB.100.075111
http://dx.doi.org/10.1103/PhysRevX.10.021028
http://dx.doi.org/10.1103/PhysRevX.10.021028
http://dx.doi.org/10.1103/PhysRevB.101.174306
http://dx.doi.org/10.1103/PhysRevB.101.174306
http://dx.doi.org/10.1103/PhysRevB.101.174306
http://dx.doi.org/10.1080/00018738000101356
http://dx.doi.org/10.1126/SCIENCE.AAU3873
http://dx.doi.org/10.1126/SCIENCE.AAU3873
http://dx.doi.org/10.1038/144327b0
http://dx.doi.org/10.1038/144327b0
http://dx.doi.org/https://doi.org/10.1016/j.solidstatesciences.2005.02.011
http://dx.doi.org/10.1126/SCIENCE.288.5465.462


Bibliography

43. Achkar, A. J. et al. Superconductivity: Nematicity in stripe-ordered
cuprates probed via resonant x-ray scattering. Science 351, 576–578
(2016).

44. Tomioka, Y., Asamitsu, A., Kuwahara, H., Moritomo, Y. & Tokura, Y.
Magnetic-field-induced metal-insulator phenomena in Pr1−xCaxMnO3
with controlled charge-ordering instability. Phys. Rev. B 53, R1689–
R1692 (1996).

45. E. Dagotto, J. H. & Moreo, A. Colossal Magnetoresistant materials: the
key role of phase separation. Phys. Rep. 344, 1–153 (2001).

46. Uehara, M., Mori, S., Chen, C. H. & Cheong, S.-W. Percolative phase
separation underlies colossal magnetoresistance in mixed-valent mangan-
ites. Nature 399, 560–563 (1999).

47. Tranquada, J. M., Sternlieb, B. J., Axe, J. D., Nakamura, Y. & Uchida,
S. Evidence for stripe correlations of spins and holes in copper oxide
superconductors. Nature 375, 561–563 (1995).

48. Vojta, M. Lattice symmetry breaking in cuprate superconductors: stripes,
nematics, and superconductivity.Advances in Physics 58, 699–820 (2009).

49. Khanna, V. et al. Restoring interlayer Josephson coupling in
La1.885Ba0.115CuO4 by charge transfer melting of stripe order. Phys. Rev.
B 93, 224522 (2016).

50. Mitrano, M. et al. Ultrafast time-resolved x-ray scattering reveals diffu-
sive charge order dynamics in LaBaCuO4. Science Advances 5, eaax3346
(2019).

51. Miao, H. et al. Charge density waves in cuprate superconductors beyond
the critical doping. npj Quantum Materials 6, 1–6 (2021).

52. Zhao, L. et al. A global inversion-symmetry-broken phase inside the
pseudogap region of YBa2Cu3O. Nature Physics 13, 250–254 (2016).

53. Lubashevsky, Y., Pan, L., Kirzhner, T., Koren, G. & Armitage, N. P.
Optical Birefringence and Dichroism of Cuprate Superconductors in the
THz Regime. Phys. Rev. Lett. 112, 147001 (2014).

54. Matusiak, M., Adachi, T., Tanabe, Y. & Koike, Y. Hints for the nematic
pseudogap in the nearly optimally doped La2−xSrxCuO4 superconduc-
tor. Phys. Rev. Research 2, 032070 (2020).

55. Mukhopadhyay, S. et al. Evidence for a vestigial nematic state in the
cuprate pseudogap phase. Proceedings of the National Academy of Sci-
ences 116, 13249–13254 (2019).

176

http://dx.doi.org/10.1126/SCIENCE.AAD1824
http://dx.doi.org/10.1126/SCIENCE.AAD1824
http://dx.doi.org/10.1103/PhysRevB.53.R1689
http://dx.doi.org/10.1103/PhysRevB.53.R1689
http://dx.doi.org/https://doi.org/10.1016/S0370-1573(00)00121-6
http://dx.doi.org/https://doi.org/10.1016/S0370-1573(00)00121-6
http://dx.doi.org/10.1038/21142
http://dx.doi.org/10.1038/21142
http://dx.doi.org/10.1038/21142
http://dx.doi.org/10.1038/375561a0
http://dx.doi.org/10.1038/375561a0
http://dx.doi.org/10.1080/00018730903122242
http://dx.doi.org/10.1080/00018730903122242
http://dx.doi.org/10.1103/PhysRevB.93.224522
http://dx.doi.org/10.1103/PhysRevB.93.224522
http://dx.doi.org/10.1126/sciadv.aax3346
http://dx.doi.org/10.1126/sciadv.aax3346
http://dx.doi.org/10.1038/s41535-021-00327-4
http://dx.doi.org/10.1038/s41535-021-00327-4
http://dx.doi.org/10.1038/nphys3962
http://dx.doi.org/10.1038/nphys3962
http://dx.doi.org/10.1103/PhysRevLett.112.147001
http://dx.doi.org/10.1103/PhysRevLett.112.147001
http://dx.doi.org/10.1103/PhysRevResearch.2.032070
http://dx.doi.org/10.1103/PhysRevResearch.2.032070
http://dx.doi.org/10.1103/PhysRevResearch.2.032070
http://dx.doi.org/10.1073/pnas.1821454116
http://dx.doi.org/10.1073/pnas.1821454116


Bibliography

56. García, J. & Subías, G. The Verwey transition—a new perspective. Jour-
nal of Physics: Condensed Matter 16, R145 (2004).

57. Khomskii, D. Electronic Structure, Exchange and Magnetism in Oxides.
Spin Electronics, 89–116 (2001).

58. Salamon, M. B. & Jaime, M. The physics of manganites: Structure and
transport. Rev. Mod. Phys. 73, 583–628 (2001).

59. Coey, J. M. D., Viret, M. & von Molnár, S. Mixed-valence manganites.
Advances in Physics 48, 167–293 (1999).

60. Hadermann, J. et al. Expanding the Ruddlesden-Popper Manganite Fam-
ily: the n = 3 La3.2Ba0.8Mn3O10 member. Inorg. Chem. 51, 11487–11492
(2012).

61. Jahn, H. A. & Teller, E. Stability of Polyatomic Molecules in Degenerate
Electronic States. I. Orbital Degeneracy. Proceedings of the Royal Society
of London. Series A, Mathematical and Physical Sciences 161, 220–235
(1937).

62. Goodenough, J. B. Theory of the Role of Covalence in the Perovskite-
Type Manganites [La,M(II)]MnO3. Phys. Rev. 100, 564–573 (1955).

63. Lee, Y. S. et al. In-Plane Anisotropy of the Electronic Structure for
the Charge- and Orbital-Ordered State in Half-Doped Manganite with
Layered Structure. Phys. Rev. Lett. 97, 077203 (2006).

64. Hecht, E. Optics (Pearson, 2012).

65. Miller, T., Gensch, M. &Wall, S. Light control of orbital domains: case of
the prototypical manganite La0.5Sr1.5MnO4. Physica Scripta 91, 124002
(2016).

66. Ishikawa, T., Ookura, K. & Tokura, Y. Optical response to orbital and
charge ordering in a layered manganite: La1/2Sr3/2MnO4. Phys. Rev. B
59, 8367–8370 (1999).

67. Tobe, K., Kimura, T. & Tokura, Y. Anisotropic optical spectra of doped
manganites with pseudocubic perovskite structure. Phys. Rev. B 69,
014407 (2004).

68. Blasco, J., García, J. & Subías, G. Structural transformation in mag-
netite below the Verwey transition. Phys. Rev. B 83, 104105 (2011).

69. Kugel, K. I. & Khomskii, D. I. The Jahn-Teller effect and magnetism:
transition metal compounds. Sov. Phys. Usp 25, 231 (1982).

177

http://dx.doi.org/10.1088/0953-8984/16/7/R01
http://dx.doi.org/10.1007/3-540-45258-3_5
http://dx.doi.org/https://doi.org/10.1103/RevModPhys.73.583
http://dx.doi.org/https://doi.org/10.1103/RevModPhys.73.583
http://dx.doi.org/10.1080/000187399243455
http://dx.doi.org/https://doi.org/10.1021/ic301332e
http://dx.doi.org/https://doi.org/10.1021/ic301332e
http://dx.doi.org/10.1103/PhysRev.100.564
http://dx.doi.org/10.1103/PhysRev.100.564
http://dx.doi.org/10.1103/PhysRevLett.97.077203
http://dx.doi.org/10.1103/PhysRevLett.97.077203
http://dx.doi.org/10.1103/PhysRevLett.97.077203
http://dx.doi.org/10.1088/0031-8949/91/12/124002
http://dx.doi.org/10.1088/0031-8949/91/12/124002
http://dx.doi.org/10.1103/PhysRevB.59.8367
http://dx.doi.org/10.1103/PhysRevB.59.8367
http://dx.doi.org/10.1103/PhysRevB.69.014407
http://dx.doi.org/10.1103/PhysRevB.69.014407
http://dx.doi.org/10.1103/PhysRevB.83.104105
http://dx.doi.org/10.1103/PhysRevB.83.104105


Bibliography

70. Radaelli, P. G., Cox, D. E., Marezio, M. & Cheong, S.-W. Charge, or-
bital, and magnetic ordering in La0.5Ca0.5MnO3s. Phys. Rev. B 55,
3015–3023 (1997).

71. Murakami, Y. et al. Direct Observation of Charge and Orbital Ordering
in La0.5Sr1.5MnO4. Phys. Rev. Lett. 80, 1932–1935 (1998).

72. Larochelle, S. et al. Structural and magnetic properties of the single-layer
manganese oxide La1−xSr1+xMnO4. Phys. Rev. B 71, 024435 (2005).

73. Okuyama, D. et al. Lattice-form-dependent orbital shape and charge dis-
proportionation in charge- and orbital-ordered manganites. Phys. Rev.
B 80, 064402 (2009).

74. Herrero-Martín, J., Blasco, J., García, J., Subías, G. & Mazzoli, C.
Structural changes at the semiconductor-insulator phase transition in
the single-layered perovskite La0.5Sr1.5MnO4. Physical Review B 83,
184101 (2011).

75. Liu, W.-C. et al. Revisiting La0.5Sr1.5MnO4 lattice distortion and charge
ordering with multi-beam resonant diffraction. Acta Crystallographica
Section A 73, 46–53 (2017).

76. Dhesi, S. S. et al. Unraveling Orbital Ordering in La0.5Sr1.5MnO4. Phys.
Rev. Lett. 92, 056403 (2004).

77. Wilkins, S. B. et al. Direct Observation of Orbital Ordering in
La0.5Sr1.5MnO4 Using Soft X-ray Diffraction. Phys. Rev. Lett. 91, 167205
(2003).

78. Castleton, C. W. M. & Altarelli, M. Orbital ordering in the manganites:
Resonant x-ray scattering predictions at the manganese LII and LIII
edges. Phys. Rev. B 62, 1033–1038 (2000).

79. Mirone, A., Dhesi, S. S. & van der Laan, G. Spectroscopy of La0.5Sr1.5MnO4
orbital ordering: a cluster many-body calculation. The European Physi-
cal Journal B - Condensed Matter and Complex Systems 2006 53:1 53,
23–28 (2006).

80. Staub, U. et al. Charge/orbital ordering vs. Jahn-Teller distortion in
La0.5Sr1.5MnO4. EPL (Europhysics Letters) 76, 926 (2006).

81. Mahadevan, P., Terakura, K. & Sarma, D. D. Spin, Charge, and Orbital
Ordering in La0.5Sr1.5MnO4. Phys. Rev. Lett. 87, 066404 (2001).

82. Sternlieb, B. J. et al. Charge and Magnetic Order in La0.5Sr1.5MnO4.
Phys. Rev. Lett. 76, 2169–2172 (1996).

83. Lee, D. & Lee, H. N. Controlling Oxygen Mobility in Ruddlesden–Popper
Oxides. Materials 10 (2017).

178

http://dx.doi.org/10.1103/PhysRevB.55.3015
http://dx.doi.org/10.1103/PhysRevB.55.3015
http://dx.doi.org/10.1103/PhysRevLett.80.1932
http://dx.doi.org/10.1103/PhysRevLett.80.1932
http://dx.doi.org/10.1103/PhysRevB.71.024435
http://dx.doi.org/10.1103/PhysRevB.71.024435
http://dx.doi.org/10.1103/PhysRevB.80.064402
http://dx.doi.org/10.1103/PhysRevB.80.064402
http://dx.doi.org/10.1103/PhysRevB.83.184101
http://dx.doi.org/10.1103/PhysRevB.83.184101
http://dx.doi.org/10.1107/S2053273316013759
http://dx.doi.org/10.1107/S2053273316013759
http://dx.doi.org/10.1103/PhysRevLett.92.056403
http://dx.doi.org/10.1103/PhysRevLett.91.167205
http://dx.doi.org/10.1103/PhysRevLett.91.167205
http://dx.doi.org/10.1103/PhysRevB.62.1033
http://dx.doi.org/10.1103/PhysRevB.62.1033
http://dx.doi.org/10.1103/PhysRevB.62.1033
http://dx.doi.org/10.1140/EPJB/E2006-00340-5
http://dx.doi.org/10.1140/EPJB/E2006-00340-5
http://dx.doi.org/10.1209/EPL/I2006-10343-X
http://dx.doi.org/10.1209/EPL/I2006-10343-X
http://dx.doi.org/10.1103/PhysRevLett.87.066404
http://dx.doi.org/10.1103/PhysRevLett.87.066404
http://dx.doi.org/10.1103/PhysRevLett.76.2169
http://dx.doi.org/10.3390/ma10040368
http://dx.doi.org/10.3390/ma10040368


Bibliography

84. Wang, B. & Ohgushi, K. Post-perovskite Transition in Anti-structure.
Scientific Reports 6, 1–7 (2016).

85. Yamamoto, K., Kimura, T., Ishikawa, T., Katsufuji, T. & Tokura, Y. Ra-
man spectroscopy of the charge-orbital ordering in layered manganites.
Phys. Rev. B 61, 14706–14715 (2000).

86. Amelitchev, V. A. et al. Structural and chemical analysis of colossal
magnetoresistance manganites by Raman spectrometry. Phys. Rev. B
63, 104430 (2001).

87. Polli, D. et al. Coherent orbital waves in the photo-induced insula-
tor–metal dynamics of a magnetoresistive manganite. Nature Materials
6, 643–647 (2007).

88. Rini, M. et al. Control of the electronic phase of a manganite by mode-
selective vibrational excitation. Nature 449, 72–74 (2007).

89. Ogasawara, T., Kimura, T., Ishikawa, T., Kuwata-Gonokami, M. &
Tokura, Y. Dynamics of photoinduced melting of charge/orbital order in
a layered manganite La0.5Sr1.5MnO4. Phys. Rev. B 63, 113105 (2001).

90. Singla, R. et al. Photoinduced melting of the orbital order in
La0.5Sr1.5MnO4 measured with 4-fs laser pulses. Phys. Rev. B 88, 075107
(2013).

91. Ichikawa, H. et al. Transient photoinduced ‘hidden’ phase in a mangan-
ite. Nature Materials 10, 101–105 (2011).

92. Takubo, N., Onishi, I., Takubo, K., Mizokawa, T. & Miyano, K. Photoin-
duced Metal-to-Insulator Transition in a Manganite Thin Film. Phys.
Rev. Lett. 101, 177403 (2008).

93. Ehrke, H. et al. Photoinduced Melting of Antiferromagnetic Order in
La0.5Sr1.5MnO4 Measured Using Ultrafast Resonant Soft X-Ray Diffrac-
tion. Phys. Rev. Lett. 106, 217401 (2011).

94. Fäth, M. et al. Spatially Inhomogeneous Metal-Insulator Transition in
Doped Manganites. Science 285, 1540–1542 (1999).

95. Miao, T. et al. Direct experimental evidence of physical origin of elec-
tronic phase separation in manganites. Proceedings of the National Academy
of Sciences 117, 7090–7094 (2020).

96. Wilkins, S. B. et al. Surface melting of electronic order in La0.5Sr1.5MnO4.
Phys. Rev. B 84, 165103 (2011).

97. Wakabayashi, Y. et al. Surface effects on the orbital order in the single-
layered manganite La0.5Sr1.5MnO4. Nature Materials 6, 972–976 (2007).

179

http://dx.doi.org/10.1038/srep37896
http://dx.doi.org/10.1103/PhysRevB.61.14706
http://dx.doi.org/10.1103/PhysRevB.61.14706
http://dx.doi.org/10.1103/PhysRevB.63.104430
http://dx.doi.org/10.1103/PhysRevB.63.104430
http://dx.doi.org/10.1038/nmat1979
http://dx.doi.org/10.1038/nmat1979
http://dx.doi.org/10.1038/nature06119
http://dx.doi.org/10.1038/nature06119
http://dx.doi.org/10.1103/PhysRevB.63.113105
http://dx.doi.org/10.1103/PhysRevB.63.113105
http://dx.doi.org/10.1103/PhysRevB.88.075107
http://dx.doi.org/10.1103/PhysRevB.88.075107
http://dx.doi.org/10.1038/nmat2929
http://dx.doi.org/10.1038/nmat2929
http://dx.doi.org/10.1103/PhysRevLett.101.177403
http://dx.doi.org/10.1103/PhysRevLett.101.177403
http://dx.doi.org/10.1103/PhysRevLett.106.217401
http://dx.doi.org/10.1103/PhysRevLett.106.217401
http://dx.doi.org/10.1103/PhysRevLett.106.217401
http://dx.doi.org/10.1126/science.285.5433.1540
http://dx.doi.org/10.1126/science.285.5433.1540
http://dx.doi.org/10.1073/pnas.1920502117
http://dx.doi.org/10.1073/pnas.1920502117
http://dx.doi.org/10.1103/PhysRevB.84.165103
http://dx.doi.org/10.1038/nmat2061
http://dx.doi.org/10.1038/nmat2061


Bibliography

98. Harter, J. W., Niu, L., Woss, A. J. & Hsieh, D. High-speed measure-
ment of rotational anisotropy nonlinear optical harmonic generation us-
ing position-sensitive detection. Opt. Lett. 40, 4671–4674 (2015).

99. Torchinsky, D. H., Chu, H., Qi, T., Cao, G. & Hsieh, D. A low tem-
perature nonlinear optical rotational anisotropy spectrometer for the
determination of crystallographic and electronic symmetries. Review of
Scientific Instruments 85, 083102 (2014).

100. Zhao, L. et al. Evidence of an odd-parity hidden order in a spin–orbit
coupled correlated iridate. Nature Physics 12, 32–36 (2015).

101. Zhao, L. et al. A global inversion-symmetry-broken phase inside the
pseudogap region of YBa2Cu3Oy. Nature Physics 13, 250–254 (2016).

102. Johnson, A. S., Amuah, E. B., Brahms, C. & Wall, S. Measurement of
10fs pulses across the entire Visible to Near-Infrared Spectral Range.
Scientific Reports 10, 1–7 (2020).

103. Porer, M. et al. Correlations between electronic order and structural
distortions and their ultrafast dynamics in the single-layer manganite
Pr0.5Ca1.5MnO4. Phys. Rev. B 101, 075119 (2020).

104. Lim, D. et al. Coherent optical and acoustic phonon generation corre-
lated with the charge-ordering phase transition in La1−xCaxMnO3. Phys.
Rev. B 71, 134403 (2005).

105. Radin, M. D., Thomas, J. C. & Van der Ven, A. Order-disorder versus
displacive transitions in Jahn-Teller active layered materials. Phys. Rev.
Materials 4, 043601 (2020).

106. Mankowsky, R. et al. Nonlinear lattice dynamics as a basis for enhanced
superconductivity in YBa2Cu3O6.5. Nature 516, 71–73 (2014).

107. Morin, F. J. Oxides Which Show a Metal-to-Insulator Transition at the
Neel Temperature. Phys. Rev. Lett. 3, 34–36 (1959).

108. McWhan, D. B., Marezio, M., Remeika, J. P. & Dernier, P. D. X-ray
diffraction study of metallic VO2. Phys. Rev. B 10, 490–495 (1974).

109. Budai, J. et al. In situ X-ray microdiffraction studies inside individual
VO2 microcrystals. Acta Materialia 61, 2751–2762 (2013).

110. Longo, J. M. et al. A Refinement of the Structure of VO2. Acta Chemica
Scandinavica 24, 420–426 (1970).

111. Goodenough, J. B. The two components of the crystallographic transi-
tion in VO2. Journal of Solid State Chemistry 3, 490–500 (1971).

180

http://dx.doi.org/10.1364/OL.40.004671
http://dx.doi.org/10.1364/OL.40.004671
http://dx.doi.org/10.1364/OL.40.004671
http://dx.doi.org/10.1063/1.4891417
http://dx.doi.org/10.1063/1.4891417
http://dx.doi.org/10.1063/1.4891417
http://dx.doi.org/10.1038/nphys3517
http://dx.doi.org/10.1038/nphys3517
http://dx.doi.org/10.1038/nphys3962
http://dx.doi.org/10.1038/nphys3962
http://dx.doi.org/10.1038/s41598-020-61620-z
http://dx.doi.org/10.1038/s41598-020-61620-z
http://dx.doi.org/10.1103/PhysRevB.101.075119
http://dx.doi.org/10.1103/PhysRevB.101.075119
http://dx.doi.org/10.1103/PhysRevB.101.075119
http://dx.doi.org/10.1103/PhysRevB.71.134403
http://dx.doi.org/10.1103/PhysRevB.71.134403
http://dx.doi.org/10.1103/PhysRevMaterials.4.043601
http://dx.doi.org/10.1103/PhysRevMaterials.4.043601
http://dx.doi.org/10.1038/nature13875
http://dx.doi.org/10.1038/nature13875
http://dx.doi.org/10.1103/PhysRevLett.3.34
http://dx.doi.org/10.1103/PhysRevLett.3.34
http://dx.doi.org/10.1103/PhysRevB.10.490
http://dx.doi.org/10.1103/PhysRevB.10.490
http://dx.doi.org/https://doi.org/10.1016/j.actamat.2012.09.074
http://dx.doi.org/https://doi.org/10.1016/j.actamat.2012.09.074
http://dx.doi.org/https://doi.org/10.1016/0022-4596(71)90091-0
http://dx.doi.org/https://doi.org/10.1016/0022-4596(71)90091-0


Bibliography

112. Eyert, V. The metal-insulator transitions of VO2: A band theoretical
approach. Annalen der Physik 11, 650–704 (2002).

113. Zylbersztejn, A. & Mott, N. F. Metal-insulator transition in vanadium
dioxide. Phys. Rev. B 11, 4383–4395 (1975).

114. Hubbard, J. & Flowers, B. H. Electron correlations in narrow energy
bands. Proceedings of the Royal Society of London. Series A. Mathemat-
ical and Physical Sciences 276, 238–257 (1963).

115. Arcangeletti, E. et al. Evidence of a Pressure-Induced Metallization Pro-
cess in Monoclinic VO2. Phys. Rev. Lett. 98, 196406 (2007).

116. Laverock, J. et al. Direct Observation of Decoupled Structural and Elec-
tronic Transitions and an Ambient Pressure Monocliniclike Metallic Phase
of VO2. Phys. Rev. Lett. 113, 216402 (2014).

117. Yao, T. et al. Understanding the Nature of the Kinetic Process in a VO2
Metal-Insulator Transition. Phys. Rev. Lett. 105, 226405 (2010).

118. Laverock, J. et al. Observation of Weakened V—V Dimers in the Mon-
oclinic Metallic Phase of Strained VO2. Phys. Rev. Lett. 121, 256403
(2018).

119. Gray, A. X. et al. Correlation-Driven Insulator-Metal Transition in Near-
Ideal Vanadium Dioxide Films. Phys. Rev. Lett. 116, 116403 (2016).

120. Park, J. H. et al. Measurement of a solid-state triple point at the
metal–insulator transition in VO2. Nature 500, 431–434 (2013).

121. Budai, J. D. et al. Metallization of vanadium dioxide driven by large
phonon entropy. Nature 515, 535–539 (2014).

122. Liu, M. et al. Phase transition in bulk single crystals and thin films of
VO2 by nanoscale infrared spectroscopy and imaging. Phys. Rev. B 91,
245155 (2015).

123. Qazilbash, M. M. et al. Nanoscale imaging of the electronic and struc-
tural transitions in vanadium dioxide. Phys. Rev. B 83, 165108 (2011).

124. Mukherjee, S. et al. Tuning a strain-induced orbital selective Mott tran-
sition in epitaxial VO2. Phys. Rev. B 93, 241110 (2016).

125. Lee, W.-C. et al. Cooperative effects of strain and electron correlation
in epitaxial VO2 and NbO2. Journal of Applied Physics 125, 082539
(2019).

126. Paez, G. J. et al. Simultaneous Structural and Electronic Transitions in
Epitaxial VO2/TiO2(001). Phys. Rev. Lett. 124, 196402 (2020).

181

http://dx.doi.org/https://doi.org/10.1002/1521-3889(200210)11:9<650::AID-ANDP650>3.0.CO;2-K
http://dx.doi.org/https://doi.org/10.1002/1521-3889(200210)11:9<650::AID-ANDP650>3.0.CO;2-K
http://dx.doi.org/10.1103/PhysRevB.11.4383
http://dx.doi.org/10.1103/PhysRevB.11.4383
http://dx.doi.org/10.1098/rspa.1963.0204
http://dx.doi.org/10.1098/rspa.1963.0204
http://dx.doi.org/10.1103/PhysRevLett.98.196406
http://dx.doi.org/10.1103/PhysRevLett.98.196406
http://dx.doi.org/10.1103/PhysRevLett.113.216402
http://dx.doi.org/10.1103/PhysRevLett.113.216402
http://dx.doi.org/10.1103/PhysRevLett.113.216402
http://dx.doi.org/10.1103/PhysRevLett.105.226405
http://dx.doi.org/10.1103/PhysRevLett.105.226405
http://dx.doi.org/10.1103/PhysRevLett.121.256403
http://dx.doi.org/10.1103/PhysRevLett.121.256403
http://dx.doi.org/10.1103/PhysRevLett.116.116403
http://dx.doi.org/10.1103/PhysRevLett.116.116403
http://dx.doi.org/10.1038/nature12425
http://dx.doi.org/10.1038/nature12425
http://dx.doi.org/10.1038/nature13865
http://dx.doi.org/10.1038/nature13865
http://dx.doi.org/10.1103/PhysRevB.91.245155
http://dx.doi.org/10.1103/PhysRevB.91.245155
http://dx.doi.org/10.1103/PhysRevB.83.165108
http://dx.doi.org/10.1103/PhysRevB.83.165108
http://dx.doi.org/10.1103/PhysRevB.93.241110
http://dx.doi.org/10.1103/PhysRevB.93.241110
http://dx.doi.org/10.1063/1.5052636
http://dx.doi.org/10.1063/1.5052636
http://dx.doi.org/10.1103/PhysRevLett.124.196402
http://dx.doi.org/10.1103/PhysRevLett.124.196402


Bibliography

127. Cavalleri, A. et al. Femtosecond Structural Dynamics in VO2 during
an Ultrafast Solid-Solid Phase Transition. Phys. Rev. Lett. 87, 237401
(2001).

128. Cavalleri, A., Dekorsy, T., Chong, H. H. W., Kieffer, J. C. & Schoenlein,
R. W. Evidence for a structurally-driven insulator-to-metal transition
in VO2: A view from the ultrafast timescale. Phys. Rev. B 70, 161102
(2004).

129. Kim, H.-T. et al. Monoclinic and Correlated Metal Phase in VO2 as
Evidence of the Mott Transition: Coherent Phonon Analysis. Phys. Rev.
Lett. 97, 266401 (2006).

130. Hilton, D. J. et al. Enhanced Photosusceptibility near Tc for the Light-
Induced Insulator-to-Metal Phase Transition in Vanadium Dioxide. Phys.
Rev. Lett. 99, 226401 (2007).

131. Kübler, C. et al. Coherent Structural Dynamics and Electronic Corre-
lations during an Ultrafast Insulator-to-Metal Phase Transition in VO2.
Phys. Rev. Lett. 99, 116401 (2007).

132. Pashkin, A. et al. Ultrafast insulator-metal phase transition in VO2 stud-
ied by multiterahertz spectroscopy. Phys. Rev. B 83, 195120 (2011).

133. Tao, Z. et al. Decoupling of Structural and Electronic Phase Transitions
in VO2. Phys. Rev. Lett. 109, 166406 (2012).

134. Morrison, V. R. et al. A photoinduced metal-like phase of monoclinic
VO2 revealed by ultrafast electron diffraction. Science 346, 445–448
(2014).

135. Wegkamp, D. et al. Instantaneous Band Gap Collapse in Photoexcited
Monoclinic VO2 due to Photocarrier Doping. Phys. Rev. Lett. 113,
216401 (2014).

136. Hada, M., Okimura, K. & Matsuo, J. Characterization of structural dy-
namics of VO2 thin film on c-Al2O3 using in-air time-resolved x-ray
diffraction. Phys. Rev. B 82, 153401 (2010).

137. Wall, S. et al. Ultrafast changes in lattice symmetry probed by coherent
phonons. Nature Communications 3, 1–6 (2012).

138. Otto, M. R. et al. How optical excitation controls the structure and
properties of vanadium dioxide. Proceedings of the National Academy of
Sciences 116, 450–455 (2019).

139. Budai, J. et al. In situ X-ray microdiffraction studies inside individual
VO2 microcrystals. Acta Materialia 61, 2751–2762 (2013).

182

http://dx.doi.org/10.1103/PhysRevLett.87.237401
http://dx.doi.org/10.1103/PhysRevLett.87.237401
http://dx.doi.org/10.1103/PhysRevB.70.161102
http://dx.doi.org/10.1103/PhysRevB.70.161102
http://dx.doi.org/10.1103/PhysRevLett.97.266401
http://dx.doi.org/10.1103/PhysRevLett.97.266401
http://dx.doi.org/10.1103/PhysRevLett.99.226401
http://dx.doi.org/10.1103/PhysRevLett.99.226401
http://dx.doi.org/10.1103/PhysRevLett.99.116401
http://dx.doi.org/10.1103/PhysRevLett.99.116401
http://dx.doi.org/10.1103/PhysRevB.83.195120
http://dx.doi.org/10.1103/PhysRevB.83.195120
http://dx.doi.org/10.1103/PhysRevLett.109.166406
http://dx.doi.org/10.1103/PhysRevLett.109.166406
http://dx.doi.org/10.1126/science.1253779
http://dx.doi.org/10.1126/science.1253779
http://dx.doi.org/10.1103/PhysRevLett.113.216401
http://dx.doi.org/10.1103/PhysRevLett.113.216401
http://dx.doi.org/10.1103/PhysRevB.82.153401
http://dx.doi.org/10.1103/PhysRevB.82.153401
http://dx.doi.org/10.1103/PhysRevB.82.153401
http://dx.doi.org/10.1038/ncomms1719
http://dx.doi.org/10.1038/ncomms1719
http://dx.doi.org/10.1073/pnas.1808414115
http://dx.doi.org/10.1073/pnas.1808414115
http://dx.doi.org/https://doi.org/10.1016/j.actamat.2012.09.074
http://dx.doi.org/https://doi.org/10.1016/j.actamat.2012.09.074


Bibliography

140. Strelcov, E. et al. Doping-Based Stabilization of the M2 Phase in Free-
Standing VO2 Nanostructures at Room Temperature. Nano Letters 12,
6198–6205 (2012).

141. Guo, H. et al. Mechanics and Dynamics of the Strain-Induced M1–M2
Structural Phase Transition in Individual VO2 Nanowires. Nano Letters
11, 3207–3213 (2011).

142. Qazilbash, M. M. et al. Mott Transition in VO2 Revealed by Infrared
Spectroscopy and Nano-Imaging. Science 318, 1750–1753 (2007).

143. Junqiao Wu †, et al. Strain-Induced Self Organization of MetalInsulator
Domains in Single-Crystalline VO2 Nanobeams. Nano Letters 6, 2313–
2317 (2006).

144. Paganin, D. Coherent X-ray optics 1st ed. (Oxford Science Publications,
2006).

145. Chapman, H. N. & Nugent, K. A. Coherent lensless X-ray imaging. Na-
ture Photonics 4, 833–839 (2010).

146. Andrews, J. C., Meirer, F., Liu, Y., Mester, Z. & Pianetta, P. Trans-
mission X-ray microscopy for full-field nano imaging of biomaterials.
Microscopy Research and Technique 74, 671–681 (2011).

147. Kilcoyne, A. L. D. et al. Interferometer-controlled scanning transmission
X-ray microscopes at the Advanced Light Source. Journal of Synchrotron
Radiation 10, 125–136 (2003).

148. Ruoß, S. et al. The role of individual defects on the magnetic screening
of HTSC films. New Journal of Physics 18, 103044 (2016).

149. Pfeiffer, F. X-ray ptychography. Nature Photonics 12, 9–17 (2017).

150. Goodman, J. W. Introduction to Fourier optics (2005).

151. Hagemann, J. & Salditt, T. Coherence-resolution relationship in holo-
graphic and coherent diffractive imaging.Opt. Express 26, 242–253 (2018).

152. Fienup, J. R. Reconstruction of an object from the modulus of its Fourier
transform. Optics Letters 3, 27 (1978).

153. Fienup, J. R. Phase retrieval algorithms : a comparison. 21 (1982).

154. Marchesini, S. et al. X-ray image reconstruction from a diffraction pat-
tern alone. Phys. Rev. B 68, 140101 (2003).

155. Clark, J., Huang, X, Harder, R & Robinson, I. High-resolution three-
dimensional partially coherent diffraction imaging. Nature Communica-
tions 3, 993 (2012).

183

http://dx.doi.org/10.1021/NL303065H
http://dx.doi.org/10.1021/NL303065H
http://dx.doi.org/10.1021/NL201460V
http://dx.doi.org/10.1021/NL201460V
http://dx.doi.org/10.1126/science.1150124
http://dx.doi.org/10.1126/science.1150124
http://dx.doi.org/10.1021/NL061831R
http://dx.doi.org/10.1021/NL061831R
http://dx.doi.org/10.1093/acprof:oso/9780198567288.001.0001
http://dx.doi.org/10.1038/nphoton.2010.240
http://dx.doi.org/https://doi.org/10.1002/jemt.20907
http://dx.doi.org/https://doi.org/10.1002/jemt.20907
http://dx.doi.org/10.1107/S0909049502017739
http://dx.doi.org/10.1107/S0909049502017739
http://dx.doi.org/10.1088/1367-2630/18/10/103044
http://dx.doi.org/10.1088/1367-2630/18/10/103044
http://dx.doi.org/10.1038/s41566-017-0072-5
http://dx.doi.org/10.1364/OE.26.000242
http://dx.doi.org/10.1364/OE.26.000242
http://dx.doi.org/10.1364/ol.3.000027
http://dx.doi.org/10.1364/ol.3.000027
http://dx.doi.org/10.1103/PhysRevB.68.140101
http://dx.doi.org/10.1103/PhysRevB.68.140101
http://dx.doi.org/10.1038/ncomms1994
http://dx.doi.org/10.1038/ncomms1994


Bibliography

156. Lucy, L. B. An iterative technique for the rectification of observed dis-
tributions. 79, 745 (June 1974).

157. Richardson, W. H. Bayesian-Based Iterative Method of Image Restoration∗.
J. Opt. Soc. Am. 62, 55–59 (1972).

158. Eisebitt, S. et al. Lensless imaging of magnetic nanostructures by X-ray
spectro-holography. Nature 432, 885–888 (2004).

159. Schlotter, W. F. et al. Multiple reference Fourier transform holography
with soft x rays. Applied Physics Letters 89, 163112 (2006).

160. Duckworth, T. A. et al. Magnetic imaging by x-ray holography using
extended references. Opt. Express 19, 16223–16228 (2011).

161. De Groot, F. & Kotani, A. Core Level Spectroscopy of Solids 1st ed.
(2008).

162. Abbate, M. et al. Soft X-ray absorption spectroscopy of vanadium oxides.
Journal of Electron Spectroscopy and Related Phenomena 62, 185–195
(1993).

163. De Groot, F. M. F. et al. Oxygen 1s x-ray-absorption edges of transition-
metal oxides. Phys. Rev. B 40, 5715–5723 (1989).

164. Koethe, T. C. et al. Transfer of Spectral Weight and Symmetry across the
Metal-Insulator Transition in VO2. Phys. Rev. Lett. 97, 116402 (2006).

165. Biermann, S., Poteryaev, A., Lichtenstein, A. I. & Georges, A. Dynam-
ical Singlets and Correlation-Assisted Peierls Transition in VO2. Phys.
Rev. Lett. 94, 026404 (2005).

166. Vidas, L. et al. Imaging Nanometer Phase Coexistence at Defects Dur-
ing the Insulator–Metal Phase Transformation in VO2 Thin Films by
Resonant Soft X-ray Holography. Nano Letters 18, 3449–3453 (2018).

167. Strelcov, E. et al. Doping-Based Stabilization of the M2 Phase in Free-
Standing VO2 Nanostructures at Room Temperature. Nano Letters 12,
6198–6205 (2012).

168. Abrudan, R. et al. ALICE—An advanced reflectometer for static and
dynamic experiments in magnetism at synchrotron radiation facilities.
Review of Scientific Instruments 86, 063902 (2015).

169. Quackenbush, N. F. et al. Stability of the M2 phase of vanadium dioxide
induced by coherent epitaxial strain. Phys. Rev. B 94, 085105 (2016).

170. Johnson, A. S. et al. Quantitative hyperspectral coherent diffractive
imaging spectroscopy of a solid-state phase transition in vanadium diox-
ide. Science Advances 7, eabf1386 (2021).

184

http://dx.doi.org/10.1086/111605
http://dx.doi.org/10.1086/111605
http://dx.doi.org/10.1364/JOSA.62.000055
http://dx.doi.org/10.1038/nature03139
http://dx.doi.org/10.1038/nature03139
http://dx.doi.org/10.1063/1.2364259
http://dx.doi.org/10.1063/1.2364259
http://dx.doi.org/10.1364/OE.19.016223
http://dx.doi.org/10.1364/OE.19.016223
http://dx.doi.org/https://doi.org/10.1016/0368-2048(93)80014-D
http://dx.doi.org/10.1103/PhysRevB.40.5715
http://dx.doi.org/10.1103/PhysRevB.40.5715
http://dx.doi.org/10.1103/PhysRevLett.97.116402
http://dx.doi.org/10.1103/PhysRevLett.97.116402
http://dx.doi.org/10.1103/PhysRevLett.94.026404
http://dx.doi.org/10.1103/PhysRevLett.94.026404
http://dx.doi.org/10.1021/acs.nanolett.8b00458
http://dx.doi.org/10.1021/acs.nanolett.8b00458
http://dx.doi.org/10.1021/acs.nanolett.8b00458
http://dx.doi.org/10.1021/NL303065H
http://dx.doi.org/10.1021/NL303065H
http://dx.doi.org/10.1063/1.4921716
http://dx.doi.org/10.1063/1.4921716
http://dx.doi.org/10.1103/PhysRevB.94.085105
http://dx.doi.org/10.1103/PhysRevB.94.085105
http://dx.doi.org/10.1126/sciadv.abf1386
http://dx.doi.org/10.1126/sciadv.abf1386
http://dx.doi.org/10.1126/sciadv.abf1386


Bibliography

171. Howie, A., Ffowcs Williams, J. E., Spence, J. C. H., Weierstall, U. &
Howells, M. Phase recovery and lensless imaging by iterative methods
in optical, X-ray and electron diffraction. Philosophical Transactions of
the Royal Society of London. Series A: Mathematical, Physical and En-
gineering Sciences 360, 875–895 (2002).

172. Nugent, K. A. Coherent methods in the X-ray sciences. Advances in
Physics 59, 1–99 (2010).

173. Guehrs, E. et al. Wavefield back-propagation in high-resolution X-ray
holography with a movable field of view. Opt. Express 18, 18922–18931
(2010).

174. Aetukuri, N. B. et al. Control of the metal–insulator transition in vana-
dium dioxide by modifying orbital occupancy (2013).

175. Goering, E., Müller, O., Klemm, M., denBoer, M. L. & Horn, S. An-
gle dependent soft-X-ray absorption spectroscopy of V2O5. Philosophical
Magazine B 75, 229–236 (1997).

176. Brik, M. G., Ogasawara, K., Ikeno, H. & Tanaka, I. Fully relativistic
calculations of the L2,3-edge XANES spectra for vanadium oxides. The
European Physical Journal B - Condensed Matter and Complex Systems
51, 345–355 (2006).

177. Sood, A. et al. Universal phase dynamics in VO2 switches revealed by
ultrafast operando diffraction. Science 373, 352–355 (2021).

178. Yun, K. et al. Coherence and pulse duration characterization of the PAL-
XFEL in the hard X-ray regime. Scientific Reports 9, 1–7 (2019).

179. Jolliffe, I. T. Principal Component Analysis 2nd ed. (Springer-Verlag
New York, 2002).

180. Von Korff Schmising, C. et al. Imaging Ultrafast Demagnetization Dy-
namics after a Spatially Localized Optical Excitation. Phys. Rev. Lett.
112, 217203 (2014).

185

http://dx.doi.org/10.1098/rsta.2001.0972
http://dx.doi.org/10.1098/rsta.2001.0972
http://dx.doi.org/10.1080/00018730903270926
http://dx.doi.org/10.1364/OE.18.018922
http://dx.doi.org/10.1364/OE.18.018922
http://dx.doi.org/10.1038/NPHYS2733
http://dx.doi.org/10.1038/NPHYS2733
http://dx.doi.org/10.1080/13642819708202311
http://dx.doi.org/10.1080/13642819708202311
http://dx.doi.org/10.1140/EPJB/E2006-00243-5
http://dx.doi.org/10.1140/EPJB/E2006-00243-5
http://dx.doi.org/10.1126/SCIENCE.ABC0652
http://dx.doi.org/10.1126/SCIENCE.ABC0652
http://dx.doi.org/10.1038/s41598-019-39765-3
http://dx.doi.org/10.1038/s41598-019-39765-3
http://dx.doi.org/10.1007/b98835
http://dx.doi.org/10.1103/PhysRevLett.112.217203
http://dx.doi.org/10.1103/PhysRevLett.112.217203




Acknowledgments

Phew! What a ride...

As happy as I am about finally seeing all these years of work come to a
conclusion, I find myself nostalgic already, and unable to say or write what, at
several points in time, I thought would represent the experience of my future
self: I’m glad its over.

Because, how could I easily forego what has been a constant during all my
PhD years: working with stellar people. And the first of them I should thank
here is also the main artificer behind my fondness for what the work presented
in this Thesis represents: my advisor Simon Wall. I very much doubt I will
ever have a better boss anywhere I go! It is tough work to be a group leader,
yet Simon has made UDQS a place of excellent, rigorous and relevant scientific
work that is also a friendly, fair and very human environment.

Perhaps this is what has attracted a really fine bunch of scientists towards
the group. For instance, Allan Johnson, who could have appeared as a co-
advisor of this Thesis if timing and academic regulations had allowed it. A
heartfelt thank you goes to him for being such a good mentor and friend, as
well as for all the help he has given me. I suggest everyone to look forward to
the upcoming A. S. Johnson’s group, which I am sure will carry out fantastic
research.

I have also had the privilege of learning from many other postdocs in the
group. Ernest, Elías and Alberto have made lab work a joyful experience, and
I still hear Tim saying staart-oveer! anytime my optical setup was not up to
standards (i.e. daily). The newer additions, Khalid and Maurizio, also seem
to follow the trend of making UDQS a great place for science and scientists.

Similar thoughts can be directed to my fellow students. In fact, it is going
to be such a weird thing to no longer work next to David, now Dr. Moreno,
who has enriched my life inside and outside of ICFO starting with our Master’s.
In the same office, Nina has also been a key player in my betterment as student

187



Acknowledgments

and person. Both of them now I consider as important people in my life. I
am also indebted to the pioneer (and setter of high standards) Luci, for all
the help, patience and fun times in the beamlines. Best of luck to them in all
their endeavours, and also to the new generation of students spearheaded by
Emmanuel!

Outside of UDQS, I would like to thank our collaborators in Stefan Eisebitt’s
group for their excellent work. In particular I am indebted to Bastian Pfau,
Christian Günther and Daniel Schick, who have been excellent teachers, sample-
makers and have patiently tolerated my lack of expertise in my first times
around a beamline. This thesis has, in fact, brought me to several beam-
lines around the world, managed and visited by people whom I am indebted
to, including: Everyone involved in our experiments in the SXR beamline at
LCLS, SSS at PAL-XFEL; UE-52, PM3 and Femtospex at BESSY and I0-6 at
Diamond. Closer to home, I would particularly like to highlight the tremen-
dous effort that Manuel Valvidares and Pierluigi Gargiani from BOREAS at
ALBA have placed into this project. Besides beamlines, further vital contribu-
tions came from the fantastic samples provided by Dharmaligan Prabhakaran,
Richard Haglund Jr.’s group and, again, Christian Günther.

Outside of my academic field, more people have also contributed to this
project in holistic, intangible ways. To them I will address in Spanish.

Gracias de todo corazón a todos los amigos que me han acompañado, de
una forma u otra, en estos -y más- años. Un especial aprecio va dirigido a
los habitantes de Siveria, a los lloricas Leti y Héctor, a Gabi y los demás que
me reciben de buen grado en Quart de Poblet, a Cristian por los innumer-
ables momentos compartidos dentro y fuera de La Torre Eiffel y también a las
nuevas amistades creadas en Barcelona. Vosotros le dáis signficado al adjetivo
afortunado.

Un lugar escueto, pero muy privilegiado, en mis agradecimientos queda
destinado a mi familia: Gracias.

And finally, I would like to thank Tofu, Vera and all the other cats who
have brought me emotional support all these years.

188


	Abstract
	Resumen
	Introduction
	1 Ultrafast phase transitions
	1.1 Preface
	1.2 Phase transitions
	1.3 Phenomenological Landau theory
	1.4 Heterogeneous phase transitions
	1.5 Non-equilibrium phase transitions: tdGL theory
	1.6 Measuring dynamical order parameters
	1.7 Inhomogeneity in ultrafast phase transitions
	1.8 Disorder in ultrafast phase transitions
	1.9 Summary

	2 Physics of the manganites
	2.1 Charge and orbital ordering
	2.2 Mixed valence manganites
	2.3 Insulator-to-semiconductor transition in LSMO
	2.4 Manganites out of equilibrium
	2.5 Inhomogeneity in the manganites
	2.6 Summary

	3 Reflection anisotropy setup
	3.1 Ultrafast measurements of optical anisotropy
	3.2 Reflection anisotropy setup
	3.3 Detection scheme
	3.4 Analytical model and data fit procedure
	3.5 Characterization measurements
	3.6 High time-resolution setup
	3.7 Sample growth
	3.8 LSMO in the anisotropy setup

	4 Tracking charge and orbital order in LSMO
	4.1 Melting the charge- and orbital-ordered phase in LSMO
	4.2 Static phase transition
	4.3 Dynamic phase transition
	4.4 Wavelength dependence
	4.5 High time resolution measurements
	4.6 Discussion: Dynamics
	4.7 Discussion: Inhomogeneity
	4.8 Conclusions

	5 Introduction to VO2
	5.1 Preface
	5.2 Introduction to VO2
	5.3 Static studies of VO2
	5.4 VO2 out of equilibrium
	5.5 Inhomogeneity in VO2

	6 Lensless X-ray imaging
	6.1 Coherent Diffraction Imaging
	6.2 Numerical reconstruction
	6.3 Holography
	6.4 Effect of a beamblock
	6.5 Soft X-rays and VO2
	6.6 Preparing VO2 for holography
	6.7 Imaging VO2 with holography

	7 Quantitative CDI in VO2
	7.1 Preface
	7.2 Holography without a beamblock
	7.3 Focusing on the sample plane
	7.4 Numerical image reconstruction
	7.5 Hyperspectral images
	7.6 Quantitative domain growth
	7.7 M2 phase in holography
	7.8 Conclusions

	8 Time-resolved holography
	8.1 Time-resolved imaging
	8.2 Repeatability of the photoinduced phase transition
	8.3 Time-resolved holography: setup
	8.4 Static imaging
	8.5 Time-resolved imaging
	8.6 Conclusions

	9 Summary and outlook
	Publications
	Bibliography
	Acknowledgements

