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Chapter 1

Introduction

Novel materials in which multiple low energy excitations simultaneously determine the
physical properties of the electron system are a much-studied and important class of quan-
tum matter. These systems exhibit complex phase diagrams as a function of composition,
temperature, pressure or external electromagnetic fields, characterized by nearly degenerate
phases with strongly differing physical properties, emerging in their transport, magnetization,
susceptibility, etc.

One of the famous classes is that of strongly correlated transition metal oxides (TMO),
which reveal unconventional high temperature superconductivity [1–4], and colossal mag-
netoresistance (CMR) [5, 6]. Moreover, heterointerfaces between insulating, titanate-based
TMO systems have been found to be conducting [7], magnetic [8] and even superconducting
[9].

The rich physics of TMO’s involves phenomena such as charge and orbital ordering,
phase separation, formation of real-space striped and other self-organized structures on the
nm and larger length scales. Solving the fundamental, intricate puzzle posed by these systems
might also open the door towards engineering technologies harnessing the special properties
of these materials in future quantum devices [10–14].

Impressive advances have been made in the theoretical description of various aspects of
these systems, in part supported by computer simulations [14, 15]. However, the complexity
of these systems on different levels, linked to their balanced energy scales for numerous
microscopic parameters means the development of an overall picture remains a great, open
challenge for the field. The impact of this complexity makes itself felt most strongly in the
phase transitions these systems exhibit, in which multiple phases can coexist [10–13, 16].
Furthermore, phase transitions will be accompanied by fluctuations, and for charge ordered
systems in particular the question whether this ordering can fluctuate and if so, on what
length and time scales, is still a matter of debate. Clearly, experimental probes are required
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that can distinguish the different phases - for example the insulating and metallic phases in a
Mott metal-insulator transition - and these probes should also provide information on the
structure of the system, spanning from atomic to mesoscopic length scales and over a large
range of time scales.

In a PhD thesis in the same group in which this research was carried out [17, 18], it
was shown that coherent X-ray scattering is a promising approach in the investigation of
the slow dynamics of spin fluctuations in holmium antiferromagnetic thin films. Based on
this lead, the work in the thesis presented here is devoted to the investigation of possible
fluctuations of charge order that can occur in doped transition metal oxides such as the
titanates, manganites and cuprates. Concentrating our experimental effort on doped titanates,
we show that the speckle patterns produced by coherent X-ray scattering indeed allow the
determination of the fingerprint of the mixed phase structure emerging at and close to the
metal-insulator transition. The experiments reveal many interesting new results as regards
the spatial (re)organization in the charge and orbital sectors during the Mott metal-insulator
transition. These help us to better understand the physics of the titanates, in particular,
but also have their role to play in the evolution of what could be called the big picture for
TMOs in general. Lastly, the experiments presented here provide a guiding framework
towards future studies of charge/orbital dynamics in TMOs that could be carried out using
’split-and-delay’ speckle studies at x-ray laser sources.

Within the course of this thesis project, coherent X-ray scattering has been used to
investigate the CMR manganite systems Pr1−xCaxMnO3 (PCMO) and La2−2xSr1+2xMn2O7

(LSMO), and two titanates from the R1−xAxTiO3 (R=Y, Er) family. The latter show an
equally remarkable metal insulator transition (MIT), coupled to alterations in the crystal
structure and charge/orbital ordering. The advantage of the titanates for our studies is that the
MIT is not connected to a change in magnetic state, thus enabling undiluted attention to be
given to the charge and orbital sector. In addition, the titanates provided the best experimental
data of the systems studied, and thus they form the mainstay of this thesis. In the doped
rare-earth titanium oxides with the generic structure formula R1−xAxTiO3, the R and A ions
have a valence of 3+ and 2+ respectively. By choosing the appropriate stoichiometric ratio
of R to A atoms, the average valence of the Ti ions can be tuned continuously between 3+
and 4+, implying that locally the Ti ions have either an empty d orbital or a single electron
in the t2g orbital manifold, in which case Mott-Hubbard correlation effects are important
[19, 20]. Furthermore, the ionic radii of the R and A ions strongly influence the Ti-O-Ti
bond angles, thus changing the electronic hopping parameter. Together, these effects lead to
a great richness in behavior and complexity of the phase diagrams [19–21].
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Chapter 2 presents a brief introduction of the field. We start with a description of the
colossal magnetoresistance (CMR) manganites, which have been widely studied [22, 13].
We then generalize the discussion to metal insulator transitions (MIT) controlled by doping
and temperature, where we also highlight the role of charge and orbital ordering and its
connection to electronic phase separation [20, 13]. At the end of this chapter, the main
system studied in this thesis, the calcium doped rare-earth titanate oxides (R1−xCaxTiO3),
and their characteristic MIT are described. For intermediate doping levels (x = ∼0.4), a
number of R1−xAxTiO3 compounds show a strong first-order-like MIT displaying resistivity
hysteresis [16]. In the past few years neutron and X-ray diffraction experiments have shown
that charge and orbital ordering of the t2g electrons on the Ti sites play an important role in
these transitions [23, 16]. Also there have been indications that phase coexistence and phase
separation can be present [13–15].

However, very little is known about the dynamics of the coexisting phases in these kind
of complex oxide MITs. This led us to investigate dynamical aspects of the phase transition
using the novel technique of coherent soft X-ray scattering, which had been successfully
applied earlier in our laboratory to the study of the dynamics of soft matter [24] and domain
dynamics magnetic thin films [17, 18]. In chapter 3, we explain the basics of the time-
resolved coherent scattering technique and then describe the instrumentation that was set-up
and further developed during this PhD project to achieve greater experimental stability, so
as to allow meaningful analysis of the time-dependent signals in terms of the physics of the
sample. We also introduce the first operational hard x-ray free electron laser light source,
LCLS [25], which was used in an experiment whose data are discussed in chapter 4.

In chapter 4, we present the study on dynamics of the charge order in Er0.6Ca0.4TiO3

using coherent scattering. The coherent scattering patterns, or speckle patterns, produced by
the (011) charge order reflection are discussed in detail. In the course of the thesis project,
a number of experimental runs were performed at beamlines at the BESSY II synchrotron
source in Berlin and at beamline P10 at DESY in Hamburg. We also carried out our first
hard X-ray free electron based correlation spectroscopy (XCS) study on the XCS station at
the Linac Coherent Light Source (LCLS) at SLAC, and these results are also presented in
chapter 4. Since we were only the second research collaboration to work with this newly
opened XCS beamline, the experiment at LCLS is discussed in some detail.

Chapter 5 is focused on the structural results obtained during the dynamical experiments.
We compare the temperature dependence of the (011) charge order and the (022) structural
reflections in order to shed light on the phase separation occurring around the metal insulator
transition in Er0.6Ca0.4TiO3. In the first part of this chapter, we discuss the phase separation
by means of a temperature-dependent rocking scan dataset, in which we also broaden the
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scope of a normal rocking scan experiment into a 2D reciprocal mapping technique. A
detailed explanation of this is given. The second part of this chapter is dedicated to the
real space mapping of the coexisting phases around the metal insulator transition. Using
scanning X-ray microdiffraction technique (µXRD), we were able to record the spatial
intensity distribution from two coexisting electronic phases for temperatures close to the MIT.
Here, an unexpected real-space stripe order was observed on the micron scale for the first
time in this system. This last chapter concludes with both a synthesis of all the information
we have gathered on the physics of the metal insulator transition in the titanates as a model
complex oxide system, and an outlook to the further development of x-ray speckle techniques
for use in the study of condensed matter systems.

These main thesis chapters are supplemented by three appendices. Appendix A deals
with the diffraction geometry used in the experiments. Appendix B describes the operation
principle of the advanced Timepix detector that was used during the LCLS experiment.
Furthermore, the coherence properties of the LCLS beam during our experiment is discussed
in Appendix C.



Chapter 2

3d Transition Metal Oxides

The 3d transition metal oxides are an extremely large and important class of materials.
Many of these have useful and often surprising properties such as the high temperature
superconducting compounds [1, 2, 4] and the manganite systems that display the colossal
magnetoresistance effect (CMR) [5, 6, 14]. More recently, the interfaces between SrTiO3 and
LaAlO3, two insulators, have been shown to be metallic, magnetic and even superconducting
[7, 8, 26, 9], highlighting the role also played by titanates.

Although these systems have been studied extensively for decades, they still pose many
unresolved questions. This is due to the delicate balance between many energy scales in the
system, such as the on-site Coulomb interaction, or Hubbard U, single particle electronic
bandwidth, crystal field splitting etc. Often in this case, spin, charge, and orbital degree of
freedoms are fluctuating and especially get enhanced toward the metal-insulator transition
[20, 27, 28]. The concepts central to the physics of these systems will be introduced and
discussed in this chapter.

2.1 Colossal magnetoresistant manganites

The richness in behavior of the 3d transition metal oxides is captured in phase diagrams,
which chart the material properties as a function of doping and temperature. To set the stage,
let us first deal with a relevant example, which also allows us to introduce many important
concepts.

In Fig. 2.1 (b), we show the temperature-doping phase diagram of the CMR compound
La1−xCaxMnO3 [22]. The parent compound LaMnO3 is an insulator at room temperature,
in which Mn has valence 3+ with 3d configuration of t3

2g e1
g, due to the dominance of the

Hund’s rule energy lowering over the cubic crystal field. Below the Curie temperature at
140K, the Mn spins are ferromagnetically ordered.
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Fig. 2.1 (a) The colossal magnetoresistance effect of La0.75Ca0.25MnO3. (b) The phase
diagram of calcium doped manganites. Taken from Schiffer et al. [22].

Replacing La3+ by Ca2+ transforms part of the Mn3+ ions into Mn4+, effectively remov-
ing the eg electron at some sites (hole doping). This opens up a pathway for conductivity, as
the correlation effect raised by strong hybridization between eg and O 2p electrons is reduced
[20]. At high enough doping levels, this leads to a transition to a state that is conducting
at low temperatures but insulating at higher temperatures, as shown in Fig. 2.1 (a) for
x=0.25. This transition is called a Metal-Insulator Transition (MIT), and in this case it is both
intimately linked to the magnetic order as a result of double-exchange interactions [29–32]
in the material and to the strong interaction between the electron and the lattice [33].

In the manganites, the MIT is strongly influenced by external magnetic fields, as is visible
in the example given in Fig. 2.1 (a), and this field dependence was dubbed the Colossal
Magnetoresistance (CMR) effect [5, 22]. The size of the effect has led to the hope that it
could be used for applications, which requires developing a material that shows the CMR
effect at room temperature. Although this quest has been difficult, the research has led to
many surprising findings and deep insights into this class of materials.

Metal-insulator transitions have been found in many transition metal oxides, such as
magnetite, cuprates, nickelates and titanates. A comprehensive review has been given by
Imada, Fujimori and Tokura [20].

2.2 Phase separation scenario

It is argued that the CMR manganites are intrinsically phase separated, where the ferromag-
netic metallic phase competes with an insulating phase [34, 14]. In the phase separation
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Fig. 2.2 A simple model of 2D phase separation. Left: conventional materials are either an
insulator (black), a metal (white), or a semiconductor. Right: in phase separated systems,
more than one electronic phase (insulator and metal) coexists. Conductivity is only possible
if a percolative metallic pathway (white) connects two edges of the system.

scenario, conductivity takes place via percolative pathways made up of the metallic phase
in a matrix of insulating patches (see Fig. 2.2). In the manganites, the CMR effect is then
explained by the ability of the external field to align the spins of the ferromagnetic metallic
regions, strongly enhancing the conductivity by removing the necessity for spin flips during
electron transport through the FM phase [13].

However, it is still being debated whether or not the metal-insulator transitions in complex
oxides have a purely electronic origin, since the two electronic phases are also coupled to
different types of lattice distortions. In the meantime, a number of pointers from both
experiment and theory suggest that structural effects are also playing an important role
[21, 34, 15].

Phase separation has been observed in many systems using x-ray diffraction [35–37, 21,
34, 38, 39, 26] or transmission electron microscopy (TEM) [13, 40, 41, 11]. The typical
length scale of the phase separation can range from nanometers [40] to microns [41, 13].

The observations suggest that such phase separation is a common scenario in transition
metal oxides. In this thesis phase separation will be explored in the titanate family (RCa)TiO3,
where R stands for a rare earth element or yttrium. It will be argued that the titanates studied
here show a phase separation phenomenology that in many respects is comparable to that in
the manganites, which is surprising in view of the fact that these titanates lack magnetism,
and in particular the double-exchange interaction.
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2.3 Charge ordering

The phases that play a role in phase separation scenarios also typically involve ordering
of charges, orbitals, or spins. In this thesis, our discussion is limited to charge ordering
(CO), where the resulting CO structures are mainly due to electrostatic repulsion between
charges on transition metal ion sites [42]. Typical examples of charge ordered systems
include magnetite [43, 44], and half-doped CMR manganites, where both commensurate and
incommensurate charge ordering has been observed [41]. Recently, bulk X-ray scattering
data [45–48] have confirmed earlier STM reports [49] that CO also occurs in the cuprate
high temperature superconductors.

Very often, the crystal lattice of charge ordered phases is distorted, taking on lower spatial
symmetry, for instance from orthorhombic to monoclinic [43, 50, 41, 51]. More importantly,
the charge ordered states also produce a superstructure on top of the parent lattice, which can
be studied independently using wave vector selective techniques, such as x-ray scattering
[45–48].

Recent studies suggest that the charge ordered states compete with superconductivity in
the cuprates [46] and with ferromagnetic metallic states in the CMR manganites [52]. An
open question is whether these phases are fluctuating at equilibrium and what their dynamics
are. Equally, the nature and role of phase separation, also in the titanates [53] is of great
interest. These questions form part of the motivation for the work discussed in this thesis.

2.4 Crystal structure of cubic perovskites

In most of the transition metal oxides, the transition metal is surrounded by an octahedral
oxygen cage, which forms the standard structural unit of these materials. In between these
cages, many other ions can be fitted. We will be dealing here mostly with the cubic perovskites
with structural formula ABO3, where A is an alkaline earth or rare earth ion and B a transition
metal ion (Fig. 2.3 (a)). Under the influence of the surrounding oxygen atoms, the 3d shell
of the transition metal B ion reorganizes into t2g (dxy, dyz, dxz) and eg (dx2−y2 , dz2) groups of
levels, where the former group has lower energy.

Depending on the relative sizes of the ions occupying the A and B sites, the MO6

octahedra can also show a considerable degree of tilting. This leads to what is known as a
GdFeO3 distortion and this is shown in Fig. 2.3 (b). Changing the bond angles between the
metal ions and the bridging oxygen ions in this manner can strongly influence the ability
of electrons to hop between adjacent metal sites. The strength of the induced structural
distortion can be expressed in terms of the tolerance factor, which is defined as,
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Fig. 2.3 (a) The ideal cubic unit cell for the ABO3 perovskite compounds. It has the A cation
(green) corner shared by 8 neighboring unit cells, and the B cation (red) at the center of an
oxygen (blue) octahedron. (b) The crystal structure of the rare-earth titanates RTiO3. Here
the octahedral cages that host the titanium ion can tilt and rotate in the same manner as in
GdFeO3, hence the name GdFeO3 distortion. In this configuration, even without distortion
of each individual oxygen octahedron, the cubic symmetry is broken. The panel (b) is taken
from Ref. [54].

t =
rA + rO√
2(rB + rO)

, (2.1)

where the parameters are the radii of A rare earth cation, B transition metal cation, and O the
oxygen anion [55, 56]. As we will see these effects can combine to produce changes in the
crystal symmetry.

As mentioned previously, in undoped LaMnO3 the four 3d electrons occupy the three
t2g orbitals and one of the eg orbitals. In the undoped titanates that are the subject of this
thesis, there is also a single electron in an orbitally degenerate system, but in this case the
electron resides in the t2g orbital manifold. The octahedra are easily deformed by preferential
occupation of the sublevels of the t2g bands, an effect known as the d-type Jahn-Teller
effect [57, 20]. These local Jahn-Teller distortion can also organize in a cooperative manner,
further lowering the symmetry of the crystal lattice. Such Jahn-Teller distortions couples the
occupancy of particular orbitals with electrons to the lattice degree of freedom [58, 59, 54].
This can even lead to a change in the electron mobility in many different and intricately
linked ways.
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Fig. 2.4 Taken from Ref. [20]. A schematic illustrating the effects of switching on the
electron-electron interaction U. The previous metal with half filled d band (left panel)
becomes a Mott-Hubbard insulator (right panel) as the U splits the d band into upper Hubbard
band (UHB) and lower Hubbard band (LHB) with charge gap, in which the Fermi level lies.

2.5 Electronic structure

In some cases transition metal oxides can be described in terms of standard band theory.
Within this framework for the early transition metals, this leads to a filled oxygen p band
lying under a transition metal 3d conduction band (Fig. 2.4 left). Depending on the filling of
this band, the systems can be metallic or insulating. However, very often electron correlation
effects occur which are a result of the electrostatic repulsion between electrons on the same
site. According to the Mott-Hubbard model [60], these effects can lead to a splitting of the
3d band to give what are known as the lower and upper Hubbard band (Fig. 2.4 right).

In dynamical mean-field theory, which is suited for studying materials that are more
strongly correlated [61], one can move continuously between the band and Mott-Hubbard
models by tuning the parameter U/W, where U is the electron correlation energy and W
the width of the conduction band. Starting from a hypothetical uncorrelated metal with
a parabolic density of states that is half filled, when the correlation energy is gradually
increased, the band deforms accordingly, forming two side lobes around a central peak near
the Fermi level. When U/W becomes larger than 1, the central peak disappears and a gap
opens up between the lower and upper Hubbard bands.
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Thus, correlation effects can transform a metal into an insulator, and we will see that this
effect plays an important role in systems with Mott-Hubbard like metal-insulator transitions.
Seeing as correlation effects are particularly strong at half-filling, doping strategies can be
used to gain control over the electronic behavior. There are two ways to cause an MIT by
doping: one can influence the bandwidth W, primarily by influencing the Ti-O-Ti bond angle
and thus the hopping parameter (bandwidth controlled MIT). This can be implemented by
isovalent substitution at the A site, affecting the octahedral tilting, for example. But also it is
possible to change the filling of the band itself, thus manipulating the position of the Fermi
level (Fig. 2.4 right), giving rise to what is known as a filling controlled MIT [20]. Here
elements are substituted at the A site which have different valency than the A atom has.

2.6 Doping dependence

Before going into a detailed discussion of the MIT in titanates, we will describe first the effects
of doping in general. Besides, in some cases, changing the charge carrier concentration,
doping can also subtly change the structure, as dopant ions can have different radii than
those they replace in the crystal lattice. The A site doping locally alters the tolerance factor,
and this can thus be seen as a source of disorder. This can lead to lattice expansion and/or
contraction, and the transition metal octahedra can locally tilt to accommodate the dopant ion.
Furthermore, doping introduces ionic potential disorder, causing a local break in translational
symmetry and via this route, the electronic conductivity is also influenced.

These effects can lead to changes in important local electronic parameters, such as the
exchange energies J, hopping parameters t and bandwidth W, but can also set up long ranged
strain fields. Very often, all these effects have competing, similar, energy scales which gives
rise to these materials’ extreme sensitivity to external factors such as pressure, external fields
and temperature. It is this interplay that leads to both the richness of the physics and to the
intrinsic complexity of these materials.

2.7 The titanates

In comparison to the manganites, titanates had received less attention, due to the absence of
the spectacular CMR effect in these compounds. Recently, the LaAlO3/SrTiO3 and related
thin films have been shown to support 2 dimensional electron gases, ferromagnetism and
superconductivity, and this has re-kindled the interest in titanates [7]. Nevertheless, for single
crystal titanates, apart from the lack of magnetism, there are many important similarities
between the titanates and the manganites, and this makes them interesting to study, also
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Fig. 2.5 (a)The temperature dependence of the resistivity, (b) the susceptibility of the
(YCa)TiO3 system. Data from A. C. Komarek [16].

as a kind of non-magnetic control experiment for theories developed for the manganites.
MITs abound in the titanate system due, in part, to the narrow bands resulting from the pdπ

overlap, which is common in perovskites in which only t2g orbitals are occupied [20].
We will start with a discussion of the (YCa)TiO3 system, which is one of the best studied

series [20, 62, 58, 23, 59]. Experimental data showing the MIT as a function of Ca doping are
given in Fig. 2.5. For low Ca-doping the material behaves as an insulator and for high doping
as a metal. For intermediate doping values around x=∼ 0.35 the data show a temperature
dependent MIT, with strong hysteresis in both the resistivity and the susceptibility.

2.7.1 Filling control in doped titanates

Extensive spectroscopic [63, 62, 19] and theoretical investigations [59, 58] for these type of
titanates have led to the following picture (Fig. 2.6), which we first discuss for the (Y,Ca)
doping series. In the titanates, U=5 eV, and the bandwidth of YTiO3 is 2 eV [20, 59]. Pure
YTiO3 is therefore a Mott-Hubbard insulator possessing also a GdFeO3-type distortion
and strong orbital ordering [20, 59, 54]. This order is stabilized by the large tilting of the
octahedra by up to 20◦, which on the one hand narrows W due to Ti-O-Ti bond angle effect,
but on the other hand enhances the covalent overlap between the O 2p states and the Y states
via pd-π-type interactions [59]. The tilting splits the threefold degenerate t2g subband, which
lowers the Ucritical/W, bringing the system deeper into the Mott insulating phase [27].

Doping YTiO3 with calcium gives a clear example of a band filling induced insulator
to metal transition. Y3+ and Ca2+ ions have the same ionic radius, hence when replacing
Y ions by Ca ions, the structure stays roughly constant. As Ca ions bring one electron less
to the system as a whole, part of the Ti ions will take on a valence of 4+. Doping with Ca
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therefore results in hole doping, bringing the Fermi level into the lower Hubbard band, as is
seen from optical spectroscopy and photoemission studies [62, 63].

As a result of the doping, also the orbital order and low temperature ferromagnetism of
the parent compound are weakened, as the holes break up the long range coherence of the
structure, resulting in a reduction of U/W as witnessed by the appearance of a quasiparticle
peak in the Mott-Hubbard gap, as seen by photoemission [63]. For doping levels around
x=0.6, the material is a correlated metal while the end member CaTiO3 is a d0 band insulator,
like the better known SrTiO3.

In Fig. 2.6, we illustrate this general behavior for the particular case of the (Er,Ca) doping
series, as this material has also been intensively studied in this thesis research. This figure is
based upon a compilation of data from the (Y,Ca) system [20, 21], together with recent data
from the (Er, Ca) family itself from Komarek [16].

2.7.2 Crystal structure deformation and charge ordering

The structure of Ca doped rare earth titanate system, especially for (YCa)TiO3 and (ErCa)TiO3

has been investigated in some detail using neutron and x-ray scattering [21, 23, 16], also in
the doping region where the temperature-dependent metal insulator transition takes place.
It was found that in this region the (011) and (013) diffraction peaks, which are symmetry
forbidden in both the cubic and orthorhombic structures, are present [21, 23, 16]. This has
been interpreted in terms of further symmetry lowing of the structure due to checkerboard
charge order, and Fig 2.7 shows how the CO leads to new sets of equivalent lattice plane
giving rise to these formerly forbidden reflections. The neutron studies [23] show that the
forbidden reflections still possess intensity below the MIT transition temperature, where
transport shows the system to be a metal. The x-ray diffraction studies [16] show CO peak
intensity only around the MIT transition itself. These apparently contradictory findings can
be reconciled by noting that neutrons primarily are sensitive to atomic (nuclear) positions,
while x-rays are sensitive to the electron density per site. This point will be returned to later
in chapter 4.

The scattering studies [21, 16] also made it clear that around the MIT, two phases coexist
(see Fig. 2.6). The insulating, high temperature orthorhombic (HTO) phase transforms
into a mixture of a low temperature monoclinic (LTM) phase and a new, low temperature
orthorhombic (LTO) phase with a smaller unit cell compared to the LTM structure [21, 16].
The charge order seen in the neutron scattering was suggested to exist in the LTM phase. The
charge ordered LTM unit cell structure is indicated in blue in Fig. 2.7, and is indicated in Fig.
2.6 by the gray shaded regions.
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Fig. 2.6 Approximate temperature-doping phase diagram for the system (ErCa)TiO3, con-
centrating on the region around the MIT centered at Er0.6Ca0.4TiO3. The parent compound
ErTiO3 is a Mott-Hubbard insulator with low temperature ferromagnetism, which disappears
rapidly on hole doping. For Ca dopings around 0.4, which means 0.6 3d electrons per Ti
site on average, the system displays an insulator to metal transition on cooling, which is
accompanied by phase separation and charge ordering. The gray regions sketched around
x=0.4 illustrate schematically the CO development during cooling, whereby a darker shade
of gray corresponds to a higher degree of CO. On further hole doping, the system develops
into a metal, before further emptying of the 3d states eventually turns the system into a band
insulator.
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Fig. 2.7 A schematic 3D model of the charge ordered structure of Y0.5Ca0.5TiO3. Red and
green balls indicate Ti4+ and Ti3+ sites respectively. The blue frame indicates one unit cell
of the charge-ordered, low temperature monoclinic structure. The shaded bands indicate the
charge-ordered (011) and (013) lattice planes. The indexing of the diffraction planes are
given in both orthorhombic (grey), and cubic notation, with the latter labeled in blue with a
subscript ’c’.
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Fig. 2.8 Transport measurements of R1−xCaxTiO3. The left graph plots the temperature
dependent resistivity measurements for different R cations (Y, Er,Lu), for which the ionic
radius decreases along this series. The data in the left panel show a tilting tuned metal
insulator transition. On the right side, the graph shows explicitly the doping tuned metal
insulator transition with fixed R ion (Er). The metal-insulator transition exhibits a thermal
hysteresis. Data from Ref. [23].

2.7.3 Bandwidth control in doped titanates

Komarek et al. [23] have shown that the MIT can also be induced at fixed carrier concentration
by replacing the Y ions with rare earth ions of smaller radius. In Fig. 2.8 (a), this is illustrated
for a series of R0.6Ca0.4TiO3 compounds, where the R ions, Y, Er and Lu have successively
smaller radii. Here the MIT is purely the result of bandwidth control: the smaller R ions cause
a strong increase of the tilting of the octahedra, leading to a reduction of W and a transition
into the Mott insulating state. Since Er0.6Ca0.4TiO3 was found to have a very strong charge
order reflection in X-ray scattering and because it shows the hysteretic transport behavior at
its MIT indicative of phase separation, this particular compound was selected for most of the
work presented in this thesis. Fig. 2.8 (b) shows a number of resistivity curves showing that
the insulator to metal transition for (ErCa)TiO3 occurs at slightly higher hole doping levels
than in the (YCa)TiO3 system due to the tilting induced reduction of the bandwidth of the
(ErCa)TiO3 system.

The situation can be summarized using a phase diagram as shown in Fig. 2.9, where
the different doping series are shown in the U/W versus doping plane, which is based on a
similar figure in Ref. [63]. Different electronic phases are indicated in colors. The region
in which a transition between MHI and metallic behavior can be realized by cooling from
room temperature is indicated as a shaded band sandwiched between the MHI and metallic
phases. The blue slanting line indicates the behavior of the (LaSr)TiO3 system, included
as a reference. La is bigger than Y, and as a result the Ti-O-Ti bonds are much less tilted



2.7 The titanates 17

Fig. 2.9 Phase diagram of doped rare-earth titanates in the U/W versus doping plane for hole
doping level x between 0 and 1 at T=0 K. The corresponding electron count n is indicated
at the top. The full lines indicate from bottom to top the evolution of the (LaSr)TiO3,
(YCa)TiO3 and (ErCa)TiO3 systems. The red triangle on the red line indicates the position of
Er0.6Ca0.4TiO3. The dotted lines give approximate boundaries between the phases indicated
by the colored regions. Based on [63].
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(12◦) than those of YTiO3, favoring hopping and increasing the bandwidth, resulting in a
U/W of ∼1 for doping around x=0.05. Thus, although LaTiO3 is a Mott-Hubbard insulator, a
tiny amount of doping with Sr2+ ions is enough to bring about a transition to metallic phase
[20, 63, 19].

The central sloping green line represents the (YCa)TiO3 system [62, 21]. The sloping
red line is for the (ErCa)TiO3 case. The greater slope of this line follows from the slightly
greater Ca doping level required to reach metallic behavior compared to Ca doping YTiO3,
as described above.

In this chapter, the basic properties and characteristics of transition metal oxides in general
and of the family of doped titanates which are the subject of the experimental investigations
have been reviewed. Without attempting to give an exhaustive account, central concepts such
as single-particle bandwidths, Coulomb repulsion, charge order and GdFeO3-type distortions
have been mentioned, and their interplay is seen to give rise to a complex phase diagram for
Ca-doped RTiO3 (R=Y, Er). Importantly, these systems show a clear, ambient pressure metal
to insulator transition in an experimentally accessible temperature range. This MIT resembles
that of much-studied transition metal oxide systems such as the manganites, and it is sensitive
to both Ca doping level and R-site ionic radius. In addition it exhibits phase separation
phenomena, and clear hysteretic signature in transport and susceptibility, indicating a first
order phase transition.

On a general level, a first order phase transition involves the dynamics of both the
nucleation and growth of domains. In Chapter 4, the results of experiments using x-ray
correlation techniques are reported that are of relevance to aspects of the temperature-driven
dynamics of charge order in the MIT of the titanates. In addition, data from different
experiments are presented that are designed to hunt for equilibrium dynamics of the charge
ordered patterns in such systems (i.e. when the sample is held at constant temperature).



Chapter 3

Coherent X-ray Scattering: Techniques,
Principles and Instrumentation

In this chapter, we discuss various aspects of coherent x-ray scattering. We will briefly intro-
duce x-ray correlation spectroscopy, and describe the ways one can generate the necessary
coherent x-ray beams. Then we give a fairly detailed description of the statistics of the
coherent x-ray scattering data, the speckle patterns, and use this to explain two methods by
which dynamical information can be obtained by analyzing time series of speckle patterns.
These speckle techniques also demand ultra-stable instrumentation, and how this has been
realized during this research project is also recounted in detail.

3.1 X-ray correlation spectroscopy

When a coherent light beam scatters off a disordered medium, the resulting diffraction pattern
observed on an area detector is found to consist of a complicated spatial arrangement of more
or less equally sized blobs of intensity, called a speckle pattern. This speckle pattern is a
reciprocal space representation of the disordered spatial structure of the scattering volume.
However, the phase information of the scattered light is lost, making a direct inversion of
speckle data to real space structure impossible.

One way to make use of the speckle pattern is to apply a so-called phase retrieval iteration
algorithm [64–69], through which the lost phase information of the scattered wave can be
recovered, in order to reconstruct the real space image of the spatial structure, in principle,
down to the diffraction limit. This approach is especially interesting in the x-ray range,
because theoretically it allows one to obtain microscopic images with Ångström spatial
resolution.
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In this thesis, apart from using regular, high-resolution scattering of synchrotron X-rays
to study the charge order and phase separation in doped perovskite titanates, we also examine
possible dynamics of the charge order in these systems using coherent X-ray scattering,
via the analysis of speckles. In the ideal case, our approach would involve analysis of the
correlations between a series of speckle patterns as a function of time delay between each
image. When the spatial arrangement of the disordered medium changes, the speckle pattern
also changes, and by studying these variations one can determine the dynamical properties of
the system, such as correlation times.

Originally, this technique, called Photon Correlation Spectroscopy or Dynamical Light
Scattering (DLS), was developed after the appearance of the first practical coherent light
source, the laser. It has been very successful for the study of the dynamics of soft condensed
matter systems such as colloids and gels, at timescales ranging from nanoseconds to hours
and with correlation lengths of the order of the optical wavelengths [70–72].

When the first truly intense x-ray beams from third generation synchrotrons became
available in the mid 1990’s, DLS has been ported to the x-ray range, where it became known
as X-ray (photon) correlation spectroscopy (XPCS or XCS) [73–78]. Again, the advantage of
X-rays lie in their Ångström wavelengths, which greatly improves the principle limits for the
spatial resolution. Furthermore, hard X-rays have a greater penetration depth, which allows
one to probe the bulk properties. XCS is now a proven technique for soft matter dynamical
studies.

The open challenge is to see whether this technique can be used to study the dynamics
of interesting electronic phases in hard condensed matter systems. Especially in the soft
X-ray range, a number of strong resonance lines are found at which core levels interact with
valence states. At these resonances, X-rays are sensitive to charge, orbital and spin signatures,
opening up the possibility to probe the equilibrium dynamics of the corresponding ordered
phases individually.

Pioneering hard condensed matter XCS work has been performed on the atomic diffusion
in solid solutions [79], CDW/SDW domain dynamics [80] and spin dynamics [18, 81],
and the Amsterdam group has been active in this field from the outset [18]. It should be
pointed out that the technique is still very much under development. Since even storage ring
based coherent X-ray sources are weak and scattering cross sections are relatively small,
most experiments use CCD or other pixel detectors in order to intercept in parallel as many
scattering angles as possible. Unfortunately, these detectors have quite long readout times.
Because of this, at the moment XCS on hard condensed matter systems can only probe slow
dynamics spanning time-scales from seconds to hours. This however is set to change with
the advent of the X-ray Free Electron Lasers described later in this chapter.
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Fig. 3.1 Schematic illustration of the longitudinal coherence from [82]. After traveling a
length ξl , the two waves are in anti-phase.

3.2 Coherence

As is clear from the previous section, coherent X-rays are a key prerequisite of XCS. A
real synchrotron beam is a superposition of a set of ideal plane waves with finite spectral
bandwidth and divergence. As a result, the amplitudes at two different points in time or
space are correlated only over finite times or lengths. The coherence of such a beam can
be captured by two important length scales, the longitudinal (temporal) coherence length
and the transverse (spatial) coherence length. Together they define the region over which the
beam is coherent, and this region should be larger than the scattering volume of interest.

3.2.1 Longitudinal coherence length

The longitudinal coherence is a measure of how monochromatic a light source is. The
longitudinal coherence length is defined as the shortest length over which two waves with a
wavelength difference ∆λ run out of phase, and therefore measures the self-interference of
the light beam, as can be seen from Fig. 3.1. The longitudinal coherence length is denoted
by ξl , which is given by

ξl =
1
2

λ 2

∆λ
. (3.1)
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Within the longitudinal coherence length, the light source can be treated as coherent radiation.
In practice, the longitudinal coherence is controlled by the bandwidth ∆λ

λ
of a monochromator

at a particular X-ray beamline. The longitudinal coherence length can be converted into a
coherence time by dividing it by the speed of light.

3.2.2 Transverse coherence length

The light produced by a storage ring electron beam of finite spatial size has finite diver-
gence, reducing the coherence in the transverse plane (which can be considered as a screen
perpendicular to the propagation direction of light). The amplitudes of two spatial points
in the transverse plane are correlated when the distance between the points is within the
transverse coherence length ξt . This can be quantified by considering a light source with
diameter D. The waves emitted from the middle and the edge of the light source will interfere
constructively with each other at a distance R in the far field when their separation on the
screen is less than [83]

ξt =
λ

2
R
D
. (3.2)

Any incoherent source, such as a synchrotron undulator beam or for that matter a candle
flame, can be made transversely coherent by passing the beam through two aligned apertures,
a technique known as spatial filtering [84–86]. The filtering condition is given by,

D1D2 ≃ λL, (3.3)

where D1 and D2 are the diameter of the two apertures, λ is the wavelength of the light, and
L is the distance between the two apertures. (See Fig. 3.2.)

We had to employ spatial filtering in the soft X-ray experiments (λ ∼ 1 nm). In these
experiments D2 was typically chosen to be 5 or 10 µm, which is one to two orders of
magnitude larger than the correlation lengths that we are looking for. In order to avoid
broadening of the resulting beam by diffraction, this aperture (D2) therefore has to be placed
as close as possible to the sample. L is typically chosen to be 0.5 m, determined by the
available space and λ is determined by the experimental needs. The size of the upstream
aperture D1 can be tuned separately in the horizontal and vertical direction to accommodate
the fact that the vertical divergences of the soft X-ray beamlines used in this work are
generally 10 times larger than the horizontal divergence (Bessy-II). As a consequence of
the spatial filtering required to generate a sufficiently coherent X-ray beam, approximately
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Fig. 3.2 Spatial filtering for transverse coherence. Left panel: schematic of the filtering
mechanism. With two apertures, the transverse coherent portion of the light can be filtered
out by selecting one of the plane waves of the incoming light fronts. The diameters of the
two apertures depend on the wavelength of the incoming light. Right panel: an overexposed
far field image of the filtered beam after the second aperture showing the interference fringes,
known as the Airy pattern, showing that the beam is first order transversely coherent. Courtesy
of J. Peters and J. B. Goedkoop.

3 orders of magnitude of the light flux is discarded. After monochromatization and spatial
filtering the resultant coherent flux is typically of the order of 109 photons per second.

Fortunately, the source size of synchrotrons continues to improve, and the Hamburg
storage ring Petra-III currently holds the record for the smallest source size/divergence. At
hard X-ray beamline P10 at Petra-III (λ ∼ 1 Å), is specially designed for coherent scattering,
and the available coherent flux is 1011 photons per second in a spot diameter of ∼ 10 µm,
obtained by focusing the beam. Under these conditions, no spatial filtering is necessary. Data
from both Bessy-II and Petra-III will be presented in chapter 4 and chapter 5.

3.3 X-ray free-electron laser and self-amplified spontaneous
emission

Given the complications of spatial filtering and the strong reduction of the available intensity,
clearly having an intrinsically coherent X-ray source, also in the soft X-ray region of the
spectrum, has long been a big dream of the community. However, the generalization of
the laser concept to the X-ray regime has been an difficult process, since X-rays cannot be
constrained to a optical cavity using mirrors. In the 1970s, the first free-electron laser (FEL)
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Fig. 3.3 An illustration of the high gain SASE process. The emitted photon field gradually
modulates the original electron bunch into micro-bunches while traveling through a suffi-
ciently long undulator, causing coherent coupling of the electrons and the produced photon
beam. The growth of radiation power is exponential. This picture was taken from the DESY
webpage [91].

was built by John Madey and his colleagues in Stanford University [87–90]. The advantage
of a FEL is that it does not require the optical cavity, opening up a pathway to X-ray lasers.

In this thesis, we describe our pioneering experiments at the Linac Coherent Light Source
(LCLS) on X-ray correlation spectroscopy (XCS) from hard condensed matter systems.
LCLS is the world’s first operating X-ray FEL, and therefore we give a short introduction to
how the FEL radiation comes about here, and give a brief introduction to this unique facility
later in this chapter.

A relativistic charged particle radiates X-rays when it travels in a curved path forced
by a magnetic field. In a conventional undulator used at synchrotron facilities, an array
of permanent magnets with alternating polarity causes the charged particles to oscillate
transversely. Typically the number of periods of the undulator is around 50 and the length of
the so-called insertion device is ∼ 1 meter. The light emitted at the successive bends interferes
constructively at wavelengths fitting to the undulator period, resulting in a high-brilliance
X-ray beam. While the beam is intense, it is only partially coherent, due to the electron beam
divergence and the finite number of undulator periods, so that in general spatial and spectral
filtering is necessary with concomitant losses in flux, as described earlier.
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Nevertheless, the same concept lies at the basis of the X-ray laser. In order to obtain an
X-ray laser, the self-amplified spontaneous emission (SASE) principle was first exploited in
1984 by Bonifacio, Pellegrini and Narducci [92]. When the undulator is long enough, i.e.
several tens of meters, the X-ray intensity becomes so great that the electromagnetic field
starts to interact with the original electron bunch, modulating the electron bunch into ’micro-
bunches’ with interval equal to the wavelength of the light. This strongly nonlinear self-
amplifying process leads to a true coherent motion of the electrons with the electromagnetic
field. This process can boost the coherent X-ray flux by several orders of magnitude compared
to 3rd generation synchrotron sources [93–96]. In Fig. 3.3, an illustration is given for a high
gain XFEL. As we will see later, however, because of the spontaneous nature of the emission
process, it is not predictable which micro-bunch will be amplified, and also the emitted X-ray
pulse intensity can vary strongly from bunch to bunch. Nevertheless, the excitement in the
field due to the game-changing characteristics of XFEL radiation is very clear, and it was
both an enormous opportunity and challenge to use such an unique source of some of the
experiments described in this thesis.

3.4 Speckle methodology

In this section we will briefly recap some results on speckle statistics from the book of
Goodman [97]. This will provide a good basis to understand the speckle phenomenology,
and to discuss the coherent properties of the LCLS beam that can be extracted from our
XFEL data in what follows. For more detailed discussions, readers are kindly requested to
refer to this book.

3.4.1 Phasor sum

A speckle pattern results from the interference of the light. A speckle is formed by a number
of randomly phased electromagnetic waves, or phasors, which can be expressed by an
sinusoidal function of time and space,

A (x,y; t) = A(x,y; t)cos[ω0t −θ(x,y; t)], (3.4)

where A represents the space and time dependent amplitude, ω is the ’carrier’ frequency and
θ represents the phase of the signal A . Here the polarization of the signal is not included
and ω is typically much larger than the bandwidth of the amplitude or phase [97]. By using
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Euler’s formula, this signal is simply projected on to the complex plane,

A (x,y; t) =
A(x,y; t)

2
(e−i(ω0t−θ(x,y;t))+ ei(ω0t−θ(x,y;t))), (3.5)

For the sake of notation convenience, we suppress the positive frequency and double the
negative one. Then the signal (phasor) is now represented by,

A (x,y; t) = A(x,y; t)e−iω0t , (3.6)

where A(x,y; t) = A(x,y; t)eiθ(x,y;t), is the carrier frequency suppressed amplitude.
Moreover, a speckle can be seen as a phasor sum formed by the superposition of N

phasors at a single point in space-time. It can be expressed by,

A(x,y; t) =
1√
N

N

∑
i=1

aneiφn(x,y;t), (3.7)

where 1√
N

is the normalization factor, an is the amplitude of a single phasor component, and
φn is its phase.

3.4.2 Probability density function of the speckle amplitude

Phasor sums cover the complex plane randomly, but it turns out that one can derive some
important statistical properties. Under the assumptions that the amplitudes and phases of all
phasors are statistically independent and that the phases are uniformly distributed ( [97]-p.8),
it can be shown that the probability density function of the amplitude of a phasor sum is
given by a Rayleigh density function:

PA(A) =
∫

π

−π

pA,θ (A,θ)dθ =
A

σ2 exp(− A2

2σ2 ), (3.8)

3.4.3 From amplitude to intensity

CCD detectors only measure the intensity, I = |A|2 of the phasor sum. Following this
procedure, one finds that for a speckle series with an amplitude probability density function
as in Eq. 3.8, the intensity probability density function is given by a negative exponential
distribution,
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PI(I) =
1
Ī

exp(−I
Ī
), (3.9)

where Ī is the average intensity. The standard deviation of this distribution is σI . Speckle
intensity statistics meeting this distribution are said to be resulting from fully developed
speckle.

Often, parts of the above assumptions are not met, also for the important case where some
of the speckles are not fluctuating. The scattering from this fixed part adds an additional
fixed phasor component, which strongly modifies the above statistics in manners described
in Goodman [97]. As the fixed phasor component increases, the intensity probability density
function approaches, ultimately, a Gaussian distribution.

3.4.4 Speckle contrast

Strictly speaking, for a speckle pattern, the term contrast describes the strength of the
intensity fluctuations in the pattern, compared to the average intensity [97], which is defined
as,

C =

√
⟨I2⟩xy −⟨I⟩2

xy

⟨I⟩xy
=

σ

Ī
, (3.10)

where the bracket stands for averaging over pixels, σ is the standard deviation of the intensity,
and Ī is the average intensity of the pattern. This definition will be used in the coming
sections.

3.4.5 Low intensity statistics

For the X-ray free electron laser experiments described in this thesis, the scattered intensities
are often weak and the resulting image is no longer a recognizable pattern with dim and
bright speckles, but instead consists of only discrete photon events. The statistical properties
of such low intensity speckle images are discussed here.

With certain assumptions, the possibility of recording K photon events in an area within
a time interval is described by a Poisson probability distribution,

P(K) =
K̄K

K!
e−K̄, (3.11)
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where K̄ is the average photon number detected from this area within a time interval. K̄ is
linearly related to the integrated intensity I via the relation K̄ = αI, where α is a conversion
coefficient from recorded intensity to photons events.

Due to the stochastic nature of the SASE process at LCLS, the incident intensity itself is
also a speckle-like time series. In this case the intensity can be approximated as a gamma
density distribution function P(I), which is given by,

P(I) =
(

M
Ī

)M IM−1e−M( I
Ī )

Γ(M)
, (3.12)

where the intensity I is zero or positive, and the M is the number of coherent modes.
This same is true for K̄. Thus the probability of observing K photon events, given the

distribution of incident intensity, can be expressed using the conditional probability, P(K|I)
as

P(K) =
∫

∞

0
P(K|I)P(I)dI. (3.13)

By inserting the Gamma distribution of P(I) in Eq. 3.12 into this formula, we obtain a
general expression for the photon count statistics for low intensity speckle:

P(K) =
Γ(K +M)

Γ(K +1)Γ(M)

(
K̄

K̄ +M

)K (
M

K̄ +M

)M

. (3.14)

Here Γ is the Gamma function, and M denotes the number of modes in the speckle pattern,
which is the reciprocal of the contrast [97–99]. The total expression is known as the negative
binomial distribution. When K̄ is fixed, this expression converges to the Poisson distribution
for large M.

3.4.6 Time-correlation function

A central concept in the analysis of XCS data is the time-time correlation function. Consider
a signal I(t) as a function of time at a given scattering vector q. At any given time t0, a value
I(q, t0) is defined, and after a time delay by τ , the signal becomes I(q, t0 + τ). The product
I(q, t0)I(q, t0 + τ) measures the correlation of the two values. For an infinite time series, the
time average of the infinite number of pairs separated by τ is G(q,τ) = ⟨I(q, t0)I(q, t0+τ)⟩t0 ,
where the brackets indicates averaging over all possible starting times. The function G(q,τ)
is called the time-correlation function of the signal I(q, t). For each scattering vector q in
reciprocal space, such a correlation function can be measured allowing one to obtain the
correlation length dependent dynamics of the disordered system [70].
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Fig. 3.4 A typical normalized time-correlation function for a system with exponentially
decaying fluctuations (See Eq. 3.15). The correlation time is indicated at the midpoint
of the drop of the g2(τ) from 2 to 1. At short time scales the system is fully correlated
and ⟨I(q, t)2⟩= 2⟨I(q, t)⟩2. At long time scales all correlations disappear and ⟨I(q, t)2⟩=
⟨I(q, t)⟩2.

It is convenient to define the normalized time-correlation function,

g2(q,τ) =
⟨I(q, t)I(q, t + τ)⟩t

⟨I(q, t)⟩2
t

, (3.15)

where the triangular brackets again indicate the averaging over the subscript variable. As
shown in Fig. 3.4, for a dynamical system that produces speckle patterns with fully developed
speckle, the normalized time-correlation function is 2 for τ = 0 and decays to 1 at long times,
when all correlations are lost. Such a correlation function can be written as

g2(q,τ) = 1+β | f (q,τ)|2, (3.16)

where β is the coherence factor of the light source, which ideally is 1 for fully coherent beam,
and f (τ) is the intermediate scattering function, which represents the dynamics of the form
factor, whereby a scattering vector dependence has been added. Thus, by measuring the q
dependent time correlation function one can obtain the decay of the intermediate scattering
function at different length scales.

In the analysis of the speckle movies obtained during the research reported here, we made
extensive use of the dedicated package XPCSGUI developed by M. Sprung and Z. Jiang at
Advanced Photon Source in Argonne National Laboratory, which allows one to calculate
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the correlation function per speckle. The resulting functions can be averaged over ranges of
scattering vectors in order to enhance the sampling statistics.

3.4.7 Contrast reduction for dynamical speckle

The time-correlation function is the standard way to analyze speckle time series in XCS.
However, there are two important cases for which it is not an appropriate method of data
analysis. Firstly, if the detected intensity is too low due to insufficient incoming flux, strong
absorption or low scattering cross sections, or secondly, if the source has fluctuating intensity.
The latter can happen sometimes at synchrotron beamlines and is always intrinsic to the
unseeded SASE beam from LCLS.

Under these circumstances, for which g2 method is unsuitable, it is more productive to
analyze the data in terms of the evolution of the speckle contrast. To picture how the contrast
can give access to the dynamics, consider how a photo of an object that moves during the
exposure time is ’blurred’ and the details of the object cannot be identified clearly. This can
be quantified in terms of the contrast reduction in comparison with the static case. The same
holds for speckle patterns as they are the reciprocal representation of the real space image.

Consider the sum of two speckle patterns S(τ)= I(t0)+I(t0+τ), where I(t0) and I(t0+τ)

denote the speckle intensity at time t0 and t0 + τ . By the definition given in Eq. 3.10, the
contrast of the summed image is given by

C2(τ) =

√
⟨S(τ)2⟩xy −⟨S(τ)⟩2

xy

⟨S(τ)⟩2
xy

. (3.17)

For a fully developed speckle pattern one can use the Siegert relation to write the contrast of
the form [100, 101],

C2(τ) =

√
β 2(1+ f (τ)2)

2
+α, (3.18)

where β denotes the coherence factor of the light source, f (τ) the intermediate scattering
function, and α the shot noise, which is important at a pulsed light source, such as X-ray
free electron laser. It is not hard to see that in the absence of shot noise, the contrast of the
sum of two uncorrelated speckle patterns is reduced to 1√

2
with respect to the contrast of the

individual patterns. In Fig. 3.5, we plot the evolution of the contrast of the sum of two images
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Fig. 3.5 Evolution of the contrast of a dynamical system with exponentially decaying correla-
tions resulting from Eq. 3.18 with shot noise set to zero. The correlation time is denoted by
τc.

separated by a given delay time τ for a sample with exponentially decaying fluctuations of
the intermediate scattering function | f (τ)|.

As mentioned, this contrast method is useful when the sequential g2 analysis cannot be
applied. The two procedures differ with regards to the order of averaging: in the contrast
method, the contrast of a region of the diffraction pattern within a certain scattering vector
range q is calculated before calculating the time correlations, while in the time correlation
method first all time correlations per pixel are determined, after which an averaging over a q
range is performed in order to enhance statistics.

3.4.8 Pixel effect on contrast

When using a pixelated 2D detector care has to be taken to match the pixel size to the speckle
size according to the spatial Nyquist sampling criterion [102, 103]. However, it has been
shown that the contrast will always be reduced by the pixelation of the image. The effective
contrast Ce f f is found to be

Ce f f =C
1

1+(P
S )

2
, (3.19)

where P is the pixel size, and S is the speckle size [104]. The P
S ratio can be increased by

moving the detector further from the sample, but this naturally goes at the cost of signal
to noise ratio. Alternatively, the pixel density can be increased. An experimental rule of
thumb states that if pixel size is equal to speckle size, one obtains the best signal to noise
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ratio. However, as Eq. 3.19 shows, even in the P=S case, the contrast obtained is 50% of the
theoretical value.

3.5 Instrumentation

The experiments performed on hard condensed matter systems require an uncompromising
set-up that meets the following requirements:

• a brilliant 3rd generation synchrotron light source in order to have sufficient coherent
intensity,

• both spectral and spatial filtering to obtain the monochromatic and coherent portion of
the light

• a vacuum diffractometer, both because of the necessity of reducing air scattering and
absorption and because of the necessity of cryogenic cooling of the sample,

• an X-ray CCD detector with high quantum efficiency and appropriate readout time, as
the latter determines the sampling rate. For most current detectors the read out time is
over one second. New generation devices, such as the Timepix detector discussed later
on in chapter 4 and Appendix. B of this thesis, allow a faster data acquisition,

• stability over the duration of the experiment, which is typically several hours, this time
scale being set by the limitation of the detector’s read-out speed.

The soft X-ray experiments described here used a beamline that is designed and laid out
for spectroscopic experiments. This means that we had to take care of the spatial filtering
ourselves. To this end, during this project, a special in vacuum ultra-stable sample and pinhole
stage was designed in Amsterdam to fit the Köln/Bessy in-vacuum soft X-ray diffractometer
(AG Schüßler-Langeheine). In this section, we will first describe these two parts: the Köln-
Bessy chamber and the Amsterdam insert, which was designed to optimize the stability of
the beam position with respect to the sample during temperature or diffraction angle changes.

3.5.1 Vacuum diffraction chamber for soft X-ray scattering

The chamber (see Fig. 3.6) [105] has two levels of each 8 CF150 ports equally distributed in
the horizontal plane. On the rotating top flange of the chamber, 6 CF100 ports are placed
for mounting in vacuum CCD cameras and photodiodes. The chamber has two differentially
pumped concentric rotation circles for θ − 2θ motions in the standard Bragg diffraction
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Fig. 3.6 A sketch of the vacuum diffraction chamber. The colors indicate the different
construction parts. Adopted from PhD thesis of M. Buchholz [105].
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Fig. 3.7 Drawing of the ultra-stable coherent scattering insert. (a) Overview of the diffrac-
tometer. (b) The sample cavity; it includes a silver braid, sample stage and in-plane (XY)
piezoelectric driven motors. The red housing is used to couple the stage with the θ rotation
and the vertical (Z) motion at the top of the main chamber. (c) The mobile pinhole stage,
with (YZ) piezoelectric driven motors. It is fixed to the bottom support tube to eliminate
the relative motion between the incoming light (red beam) and the sample. (d) The bottom
support tube with ball bearings allowing θ and Z motions.

geometry. A Z-axis motorized vacuum manipulator (not shown in Fig. 3.6) can be mounted
on top of the θ motion, inside which a cryostat can be installed at the center of rotation of
the chamber.

3.5.2 Coherent setup

The ultra-stable insert which consists of a sample stage and a pinhole stage, both mounted on
a stable platform is shown in Fig. 3.7. The cooling power is transported from the cryostat
via a flexible silver braid. On the two ends of the silver braid, copper connectors are used to
make rigid connection to the cryostat and the sample stage.

The sample stage itself consists of a vacuum transferable sample holder and receptor
designed by AG Schüßler-Langeheine at BESSY and a thermal isolator that is mounted on
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Fig. 3.8 (a) The sample stage: vertical section. (b) Exploded view of the elephant foot,
showing the two concentric titanium cylinders cut by spark erosion. In each of these, eight
narrow beams are cut, which support the sample rigidly while minimizing thermal conduction.
The two cylinders are welded together on the free back end. The sample holder part of the
construction is electrically insulated to allow the drain current measurements and hosts slots
for the cryogenic heater and temperature sensor.

the back of the sample receptor. To ensure a good thermal contact, the sample holder can be
clamped down to the receptor with an in-vacuum screwdriver.

The thermal isolator (elephant foot) is a cylindrical titanium device. It was designed
to minimize the thermal motion of the sample during temperature changes. The elephant
foot in this coherent setup is an upgraded version of its predecessor developed for ARPES
manipulators by Patthey and Golden. The version consists of two coaxial titanium cylinders
of 1.5 mm thickness in which diagonal cuts define 8 beams with a width of 1 mm, thus
minimizing the cross section for thermal conduction whilst maintaining rigidity. (See Fig.
3.8.) The elephant foot has a free back end allowing the two cylinders to compensate each
others’ thermal expansion or contraction, ensuring that the sample surface stays aligned with
the theta rotation axis over all the temperature range.

The temperature of the flow cryostat is typically set to be some 10 K below the set point
of the sample. A cryogenic heater and a temperature sensor on the sample stage stabilize the
sample temperature at the desired value to within 20 mK.

As shown in Fig. 3.7 (b), the sample stage sits on two piezoelectric driven motors with
encoders having 100 nm resolution that position the sample in the XY horizontal plane. The
whole assembly is kept on the rotation axis of the chamber by a set of vertical ball bearings



36 Coherent X-ray Scattering: Techniques, Principles and Instrumentation

mounted on a stainless steel support tube that is rigidly attached to the concentric bottom
flange of the diffraction chamber.

The coherent pinhole stage is also mounted on the support tube in order to reduce drifts of
the pinhole with respect to the sample (see Fig. 3.7). Thanks to another pair of piezoelectric
driven motors, the coherence defining pinhole can be positioned accurately in the center of
the incoming light beam defined by an upstream aperture. The downstream pinhole has a
diameter of 15 µm that is laser drilled in a 100 µm thick tungsten foil. In order to bring it
close to sample, the pinhole is mounted on a tube that is concentric to the incoming beam
and the tube is clamped to the piezoelectric motors via an aluminum connection piece (see
Fig. 3.7 (c)).

During the experiments it became clear that the encoders of the in-vacuum piezoelectric
motors produce considerable amounts of infrared radiation that is visible to the X-ray CCD
camera. In order to prevent this infrared contamination, the encoders had to be switched off
during measurements.

The horizontal and vertical divergence of the incoming beam can be controlled by slits
that are located at 50-70 cm upstream of the pinhole. The horizontal slit is formed by the
controlled gaps between 2 vertically mounted razor blades on 2 horizontal translational
motors. The vertical divergence of the beam is defined by a set of vertically arranged
rectangular slits machined in a thin metal plate. Slits of differing vertical widths can be
placed in the beam by means of a motorized vertical translation stage acting on the whole slit
assembly.

3.5.3 Vacuum diffractometer at the hard X-ray beamline P10 at Petra-
III

The hard X-ray beamline P10 (see Fig. 3.9) is dedicated for coherent x-ray scattering
experiments. Here the previously described setup shown in Fig. 3.7 was slightly modified to
accommodate the P10 end station. A custom, compact diffraction chamber is mounted on an
aluminum frame above the 4-circle Huber diffractometer. In this case the Huber is not used
to minimize the modifications required for the existing setup.

The chamber hosts an simplified version of the sample stage shown in Fig. 3.7 (b). Since
the beamline is optimized to deliver coherent light, the pinhole aperture option of the sample
assembly is thus removed. The chamber is connected to the beamline via bellows. Using
turbo pumping, we could maintain a vacuum to about 10−5 mbar even given the large Kapton
window which represented the vacuum seal for the slit-shaped opening through which the
diffracted x-rays exit the sample chamber (see Fig. 3.10 (b)). After exiting through the
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Fig. 3.9 An overview of the P10 beamline layout. The main parts are indicated with color
coding.

Fig. 3.10 (a) The vacuum diffractometer at P10. Its highlighted sections are indicated by
color overlays. (b) the zoomed in chamber section. The beam entry port is on the back of
the chamber and the diffracted light exits through the horizontal slit, covered by a Kapton
window.
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Fig. 3.11 A computer rendered plot of the XCS experimental station. It consists of a beam
defining system, the 4-circle Huber stage and a 7 meter long movable flight path, at the end
of which two cameras are placed. Taken from SLAC website. [106]

kapton foil window, the x-rays crossed a 2 cm air gap before entering the evacuated, 5 meter
long detector arm (the so-called flight path). At the end of the arm, two cameras are placed,
which are a Pilatus-300K, and a Pixis-1340.

3.5.4 LCLS and the X-ray correlation spectroscopy station

In 2009, the first X-ray laser pulse was sent out from the Linac Coherent Light Source (LCLS)
[95, 107], operated by SLAC National Accelerator Laboratory. This is the first FEL-based
hard X-ray source that can be accessed by general users. The LCLS has 2 experimental halls,
which host 6 end stations, each of which is dedicated to a particular research field. Among
them is a station for X-ray correlation spectroscopy (XCS) [75, 108, 109].

LCLS operates at a frequency of 120 Hz, where the 14 GeV electron beam pulses
generated by the LINAC travel through a 132 meter long undulator producing a broad
bandwidth SASE radiation, dubbed the pink beam. This beam passes the Front End Enclosure
(FEE), which hosts a series of beam diagnostics.

A four-jaw X-ray slit system defines the beam before the gas-filled attenuators. The
attenuated pink XFEL pulse energy is then measured indirectly using the UV fluorescence
with a pressurized gas detector [110, 111]. A number of motorized scintillators can be moved
in to directly image the beam profile with a camera.
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Fig. 3.12 LCLS diffractometer. (a) The construction of the chamber on the 4-circle Huber
stage at XCS beamline with color coding. (b) The sample holder is the same as described in
Fig. 3.7.

Passing through the FEE, the pink-beam X-rays are band-filtered by a monochromator
set, before coming into the XCS experimental station. The monochromator set consists of
two Si (111) crystals that offset the beam in the horizontal plane, followed by a channel cut
Si(111) monochromator, with a spectral resolution of 1.2 eV at 8.8 keV. Further slits and a
set of Be-lenses are used to define and focus the beam down to 12x18 µm2. An intensity-
position monitor is located downstream of the monochromator [112], which measures the
monochromatic intensity with a transmission rate of 99%. This monochromatic XFEL beam
contains a coherent flux of ∼ 1011 photons per ∼30 fs pulse after the XCS monochromator
[98], which is the same number of coherent photons as the P10 beamline at one of the very
best 3rd generation synchrotron sources, Petra-III emits in one second.

The XCS diffractometer setup is similar to that used at P10 at PETRA-III. However, this
time we mounted a modified version of the vacuum chamber (see Fig. 3.12) directly on
the 4-circle Huber stage for the sample motions. The chamber is detached from both the
beamline and the flight tube (see Fig. 3.11), and thus has both entrance and exit windows
covered by Kapton foils. In the sample space, a vacuum of 10−5 mbar is maintained, similar
to the situation at P10. After a 7 meter long evacuated flight tube, the diffracted light can be
captured by the Timepix (see Appendix B) or the Pixis 1300 detector.
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The XCS station at LCLS is still under commissioning, and in fact for the experiment
described in Chapter 4, we were only the second user group at this station, where we exploited
the time structure of LCLS by recording speckle movies at 120Hz, as reported later in this
thesis.

As the next step in XCS development at LCLS, a so-called split-and-delay line is being
tested, in which a single light pulse can be separated into two pulses with controllable delay
time in the range of femto- to nanoseconds. This will make it possible by means of the
contrast reduction method to correlate two speckle images separated at these ultrafast time
scales, opening up a completely new time window to speckle techniques [75, 113, 109] in
the foreseeable future.



Chapter 4

Searching for Dynamics of the Charge
Order in Titanates

Coherent x-ray scattering, tuned to diffract from an ordered phase, probes spatial inhomo-
geneity in the host system, expressed in the form of speckle patterns. The speckle pattern of
the diffracted beam can be used as a fingerprint of the structure of the illuminated area, and
the dynamics can be extracted by analyzing the temporal evolution of a series of speckle pat-
terns, as was discussed in chapter 3. In the past, our group used this technique to investigate
the dynamics of the spiral antiferromagnetic domains of holmium thin films, where it was
found that at the Néel temperature the magnetic domain dynamics speed up [18, 17]. In the
experiments discussed here, we aim to move one step further, namely by studying the charge
dynamics in a complex oxide.

In this chapter we discuss the results from coherent x-ray scattering experiments on the
(011) charge order reflection and the (022) lattice reflection of the hole-doped perovskite
titanate Er0.6Ca0.4TiO3 in the temperature region in which the metal-insulator transition
takes place. As mentioned in Chapter 2, this transition involves a structural transformation
from a high temperature, orthorhombic, insulating phase to a low temperature, orthorhombic
phase with metallic character. However, during the transition a relatively strong and broad
(011) diffraction peak is observed using x-ray scattering, which is forbidden in both of the
orthorhombic structures. This peak is believed to be due to contributions from a monoclinic
charge-ordered component embedded in an orthorhombic matrix.

We probe these phases using well-focused, coherent X-ray beams, thereby gaining access
to the details of the phase-separated structures in the scattering volume. The questions that
we want to answer here are how the phase separated structure evolves under temperature
variations and whether or not the separated phases are fluctuating at thermal equilibrium.
For these purposes, the (011) charge order reflection of an Er0.6Ca0.4TiO3 single crystal is
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recorded using both soft and hard coherent X-rays. In both cases, clear speckle patterns
are obtained that change with temperature. Recording these speckle images repeatedly
over longer time periods, we generated and analyzed a great number of speckle movies
taken at thermal equilibrium so as to try within a timescale window given by the technical
boundary conditions of the instrumentation to pin down the dynamics of the charge order
using a correlation analysis. These synchrotron based experiments were complemented with
a pioneering experiment using the world’s first hard X-ray laser at LCLS (introduced in
chapter 3). This experiment was the first free electron laser based XCS experiment on a
hard condensed matter system. At the end of this chapter, we give conclusions and some
recommendations for performing XCS experiments in near future at XFEL sources.

4.1 Soft X-ray coherent scattering

The soft X-ray scattering experiments were carried out during multiple runs at several
beamlines at BESSY II synchrotron facility in Berlin. The data described here in this section
were obtained at the UE46-PGM1 beamline.

The single crystal of Er0.6Ca0.4TiO3, grown by A. C. Komarek (Cologne University)
using the floating zone method, was cut and polished such that the orthorhombic (011) plane
was parallel to the sample surface. The surface thus exposed is parallel to the charge ordered
planes and contains the (100) and (0-11) axes. The sample was mounted on the diffractometer
with the (100) and (011) axes in the diffraction plane, as described in Appendix A.

As explained in chapter 2, the (011) reflection of Er0.6Ca0.4TiO3 becomes allowed in
diffraction thanks to the ordering of Ti 3d electrons. From the point of view of sensitivity,
the choice could quickly be made to probe this reflection resonantly at the Ti-L absorption
edge at around 454 to 460 eV photo energy. At this edge, the incoming X-rays are resonant
with a 2p → 3d transition in the Ti atom, which would greatly enhance the sensitivity to
the 3d charge order itself [83, 114]. However, at this energy the wavelength is too large to
meet the scattering condition for the (011) charge order in reflection experiment. Thus, the
photon energy was chosen so as to maximize the X-ray photon flux (1012 ph/s) with a Bragg
angle that could be accessed using our soft X-ray diffraction chamber (see chapter 3). This
energy is 1.4 keV, corresponding to a wavelength of 8.9 Å and a scattering angle of 79.4◦.
The energy resolution of the grating monochromator was set to be about 0.2 eV, resulting in
a longitudinal coherence length of 4.4 µm (see Eq. 3.1).

The necessary transverse coherence of the X-ray beam was generated by placing a 15 µm
pinhole in the center of the 64x16 µm2 (FWHM) focal spot of the beamline and subsequently
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Fig. 4.1 Speckle patterns of the (011) reflection of Er0.6Ca0.4TiO3 taken at 130 K, 145 K,
and 150 K using a photon energy of 1.4 keV. The image sizes are all 400x400 pixels and the
exposure time was set to 5 min. The contrast values, C, are indicated on each image.

reducing the divergence by adjusting the upstream slits according to Eq. 3.3. The resulting
coherent, soft X-ray beam had a flux of 109 ph/s.

The (011) scattered intensity was recorded using a Pixis 2048 soft X-ray CCD camera
with a pixel size of 13.5x13.5 µm2 located 1 m from the sample at the end of a flight tube
which was coupled to the chamber by means of a vacuum bellows. During the experiments,
the diffractometer vacuum was maintained at the level of 10 −9 mbar using turbo pumps.

4.1.1 Soft X-ray coherent speckle patterns

Fig. 4.1 shows three examples of coherent diffraction patterns from the (011) reflection,
recorded at three different temperatures all within the MIT temperature region. The patterns
are highly disordered, with coherent diffraction fringes visible in multiple directions. The
finest details in these patterns are the speckle modulations (resulting from the interfering
coherent beams), whose average sizes can be estimated by

S =
λL
D

, (4.1)

where L is the distance from the sample to the detector screen and D is the beam diameter
[115]. Clearly, Fig. 4.1 shows that the patterns change markedly with temperature. For the
experimental conditions as used here, the expected speckle size is ∼ 80 µm or 6 pixels.
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Fig. 4.2 Top: the autocorrelation images of the speckle patterns shown in Fig. 4.1. The false
color scale now represents the correlation coefficient. Horizontal (red) and vertical line (blue)
cuts through the center of the autocorrelation images are plotted in the middle panel. Bottom:
zooms of the central panels show the details of the central peak and include an indication
of the speckle size. The 145 K cuts have an additional very shape central peak (of width 1
pixel) due to shot noise in the image.
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Fig. 4.3 Schematic of the scattering of an x-ray beam by a single crystal containing mixed
electronic phases. The beam enters the crystal at the Bragg angle for diffraction from the
(011) planes of the monoclinic charge ordered regions, which are sketched as patches with
red and green stripes. The incoming and outgoing beams are attenuated by both absorption
and diffraction effects.

The experimental speckle size can be calculated from the autocorrelation function of the
speckle patterns [116], which are given in Fig. 4.2, together with horizontal and vertical line
cuts through the autocorrelation maxima. The broader, underlying peak spanning roughly
200 pixels is the autocorrelation function of the global intensity distribution of the coherent
diffraction pattern. The sharp central spikes in the horizontal profiles correspond to the
autocorrelation of the finest structures, the speckles themselves, which indeed have a width
(FWHM) of 6 pixels, comparable to the expected speckle size. The horizontal and vertical
width are not completely equal, possibly due to differences in the collimation of the incident
beam along these two directions.

4.1.2 Formation of speckle patterns in phase separated crystals

In order to understand the formation of the speckle patterns we will describe the scattering
process as if it were composed of as number of steps (see Fig. 4.3). The incident beam is a
narrow, coherent, pencil beam with cross section A, with - to first order - plane wave fronts.
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As was mentioned earlier, the structure of the Er0.6Ca0.4TiO3 single crystal when it is held in
temperatures close to the MIT is, in fact, a mixture of monoclinic (CO) and orthorhombic
patches. In the orthorhombic fraction of the system, the (011) reflection is forbidden and
this fraction only contributes to extinction of the X-ray beam by absorption. Thus, as the
beam penetrates into the sample it is attenuated by absorption and also somewhat by the
weak (011) scattering we will come to in a moment. Note that if the small difference in unit
cell parameters between the two phases is ignored, the overall atom density of the material is
the same throughout the system, and the absorption can be taken as uniform throughout the
sample. This attenuation means that the measured speckle signal has proportionally smaller
contributions from the structure in deeper sub-surface regions of the sample. The attenuation
length can be estimated to be ∼ 0.5 µm, using the simulation software developed by the
CXRO [117], meaning that the total scattering volume under the 15 µm wide beam can be
estimated to be about 90 µm3.

As the next step we take into consideration the fact that the charge ordering in alternating
planes of trivalent and quadrivalent titanium atoms in the monoclinic patches breaks the
orthorhombic symmetry and makes the (011) diffraction partially allowed. These monoclinic
regions all retain the crystallographic orientation of the orthorhombic host material so that
when the (011) diffraction condition is met, each of them will diffract out a coherent beam
towards the detector, as depicted schematically in Fig. 4.3. The phase shifts of the X-ray
beams from the individual monoclinic patches cause interference, resulting in a strong
deformation of the outgoing wave fronts such that a coherent diffraction pattern - or speckle -
develops on the detector in the far field.

In this particular case, a second possible mechanism for speckle formation can be
considered, due to the possible presence of two subsets of domains in which the charge
order layering of the ‘3+’ and ‘4+’ layers are shifted with respect to each other along the
(011) direction by a single cubic unit cell. The X-ray beams scattered by these two subsets
therefore have a relative phase shift of π , interfering destructively in the far field.

The qualitative picture given above can, of course, be made more precise. In scattering
theory, the detected intensity in the far field is the result of the superposition of all the radiation
from all the scattering centers in the illuminated volume. In single crystal diffraction theory,
this intensity can be expressed in terms of the form factor of the unit cell and the structure
factor of the lattice. For a more realistic treatment, mosaicity and extinction can also be
included (see [83]). However, to explain the speckle images of a mixed phase system, we do
need to take the exact charge distribution within the illuminated volume into account. To a
reasonable level of approximation, the speckle pattern can be described by a form factor-like
expression for the illuminated region in which these effects are combined:
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I(q) =
∫
|{
∫

−r0ρ(r)eiq·rdr3}|2e−2µz/sin(θ)dz (4.2)

.
Here r0 is the Thomson scattering length, ρ(r) describes the variations of the electronic

density in the phase separated system, µ is the extinction coefficient and θ is the Bragg
angle.

It is clear from this formula that the coherent diffraction pattern is determined by the
particular distribution of crystallites in the illuminated volume. It is equally clear that it is
not possible to retrieve the exact form of ρ(r) from one series of CXD patterns using phase
retrieval algorithms [64]. However, the speckle pattern obtained under the conditions relevant
here still forms a unique fingerprint of ρ(r) and in the rest of this chapter we will use this
property to search for dynamics of the charge order.

4.1.3 Correlation lengths probed by the speckle pattern

Fig. A.3 in Appendix A shows the position of the detector in reciprocal space for the
geometry used in our experiments. It can be seen that the detector cuts the [011] direction
at the Bragg angle, so that the speckle images are mainly probing the correlations in the
(011) plane. We can obtain information on the correlation lengths of the domain volume in
this plane by linking the scattering pattern to kinematical diffraction theory, applicable to
systems with disorder and/or significant absorption. Within this framework, Lorentzian line
shapes can be shown to indicate exponentially decaying structural correlations in the plane
perpendicular to the scattering vector [83].

In these coherent experiments however, the Lorentzian diffracted beam profile is further
modulated by diffraction fringes and speckles, making it more challenging to identify the
profile to be fitted. However, on averaging many different instances of these speckle images,
a smooth beam profile with a Lorentzian-like line shape re-emerges. In order to assign
scattering vectors to the detector images of Fig. 4.1, we assume that the barycenter of the
intensity is the center of (011) reflection. The mapping of pixel position to the relative
scattering vector q is calculated using the equations given in Appendix A. Such an analysis of
the images in Fig. 4.1 yields typical correlation lengths of 100 nm in both in-plane directions
qx (along the [100] direction) and qz (along the [0-11] direction).



48 Searching for Dynamics of the Charge Order in Titanates

4.1.4 Contrast and stability of the speckle patterns

The contrast, C, was introduced in chapter 3 as a measure of the strength of the intensity
fluctuations in a speckle pattern (Eq. 3.10). The C-values of the images in Fig. 4.1 range
from 0.5 to 0.7, indicating a high degree of transverse coherence. While in itself this is a
prerequisite for time correlation spectroscopy, the high values for the contrast also indicate
that the mixed phase structure of the Er0.6Ca0.4TiO3 single crystal in the MIT region is not
fluctuating strongly over the 5 minute exposure time of the measurements.

In order to check this in more detail, we tracked the time evolution of the speckle images.
In the first instance the aim was to extract the correlation time from a g2(τ) analysis of the
data. However, this was hampered by the low intensity, which necessitated long exposure
times per frame of the time-line. From the strength of the diffracted beam, the scattering
efficiency was calculated to be of order 10−6. This small number is not surprising in view
of the fact that the (011) reflection is forbidden in the orthorhombic structure, only being
made possible by the monoclinic deformation of the lattice and the checkerboard charge
modulation. Together with the relatively low coherent flux available after spatial filtering of
the soft X-ray synchrotron beam, this inherent inefficiency of the diffraction process limits
the frame rate of the movies to minimally 2 - 5 minutes. As at least 50 to 100 frames are
required, this leads to total acquisition times of several hours. Over this time period the
beamline and end-station/diffractometer should be operating very stably, indeed.

Many speckle movies from hole-doped titanates were acquired at different sample tem-
peratures. For all these movies, the g2(τ) time correlation function was calculated, and
several promising decay curves were obtained with decay times in the hour range. However,
after significant investment of time and effort in the investigation of the stability of the setup,
culminating in the implementation of the ‘ultrastable’ coherent scattering insert shown in Fig.
3.7, the conclusion was inescapable that no traces of slow dynamics in coherent soft X-ray
scattering (as the timescale of several minutes) could be observed under these conditions, i.e.
those of relatively low coherent flux (synchrotron + spatial filtering of the beam), combined
with a small scattering cross section.

4.2 Hard X-ray coherent scattering

Faced with the inherently low coherent intensity at storage ring based soft X-ray sources,
a second set of experiments was performed using hard X-rays, in this case utilizing the
coherent hard x-ray scattering beamline P10 at Petra III of DESY, Hamburg. The source for
this beamline is a 5 meter long undulator (U29), installed in a low beta straight section of
the Petra III storage ring. The beamline operates in the medium to hard X-ray regime (5-25
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keV), and is specially designed for coherent X-ray scattering and diffraction experiments
(see chapter 3 for more details). An additional advantage of this station is that the Petra
III ring operates in top up mode, in which the ring current is kept constant by means of
continuous small injections to compensate for scattering losses, ensuring an almost constant
incident flux. This brings with it significant additional advantages in stability as the heat
load and other technical factors are also constant in time, rather than decaying followed by a
large jump every eight hours during normal injection, as was the case for the experiments at
BESSY II at the time point when the experiments were carried out.

A detailed description of the sample environment at the P10 station has been given in
chapter 3. The same sample was used as in the soft x-ray experiments, however this time with
the [100] axis aligned parallel to the θ rotation axis. Spectral filtering for P10 was carried out
using a Si(111) double crystal monochromator with an resolving power of 0.01 %, yielding a
longitudinal correlation length of ∼ 1 µm. The beamline has post-monochromator focusing
options using compound refractive lenses [118, 119]. We used the beam both in incoherent
mode with a beam size of ∼ 150x75 µm2 and a flux at the sample of 1013 ph/s and in the
focused coherent mode using the compound refractive lenses, which yielded a focal spot
of ∼ 3x4 µm2 with a flux of 1011 ph/s. This coherent flux is thus two orders of magnitude
higher than obtainable at typical soft x-ray spectroscopy beamlines, bringing acquisition
times in the range of seconds within reach and thus offers new possibilities in the search
for equilibrium charge fluctuations and non-equilibrium dynamics driven by temperature
changes in complex oxides, such as the titanate studied here.

From an early hard X-ray test run carried out at ESRF [105], we found that the resonant
enhancement at the Ti K-edge for the (011) reflection in the hole-doped titanates is negligibly
small. So, as in the soft X-ray case, it was decided to use a photon energy yielding the highest
flux, which in the case of P10 was 8.08 keV. At this energy the scattering angle for the (011)
reflection is θ = 9.6◦, and the absorption limited probing depth is estimated to be 1 µm [117].
Because of the small angle of incidence, the lateral footprint of the beam in the coherent
scattering experiment is increased by a factor of 5 in the horizontal direction. However, the
total scattering volume of ∼ 90 µm3, is comparable to that of the soft x-ray experiments.

According to experimental needs, we switched between two detectors, located at the end
of the 5 meter long evacuated flight tube. At this distances, the focused, 8.08 keV beam
should result in a speckle size of ∼ 200 µm. A Pixis-1300 camera with 1340x1300 pixels
and individual pixel size of 20x20 µm2 was used to obtain high resolution speckle images
with ∼ 10 pixels/speckle. As was the case for the Pixis-2048 camera used in the soft X-ray
experiments, the Pixis-1300 camera has a readout time of 4 s, which limits the frame rate to
multiples of 4 seconds.
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Fig. 4.4 Coherent, hard x-ray diffraction patterns from the (011) reflection of Er0.6Ca0.4TiO3
obtained with 8.08 keV photons at 162 K, 164 K and 166 K. The coherent diffraction fringes
are clearly visible. The origin of the q scales was set to the barycenter of the diffraction
pattern (see text). The exposure time for each image was a little under 17 minutes, recorded
over a 50 min. time period averaging over 500 6s-frames. The contrast values are indicated
on each image.

The second detector available to us was a Pilatus-300K, which has 487x619 pixels and a
much larger pixel size of 175x175 µm2. The detector chip of this camera consists of three
modules separated by 2.92 mm wide gaps. With this pixel size, the Pilatus-300K cannot
resolve the individual speckles. However, because it has a sub-millisecond readout time,
with no readout noise and no dark current signal, the Pilatus is ideal for attempting to catch
possible ‘fast dynamics’ taking place on the sub-second timescale.

4.2.1 Frame-averaged hard X-ray speckle images at thermal equilib-
rium

We will first discuss some typical hard X-ray speckle images obtained at thermal equilibrium
using the Pixis-1300 camera, which enables resolution of the individual speckles. The
exposure time was set to 2 s, resulting in a frame rate of 6 s in the speckle movies due to
the read out delay of the detector. In Fig. 4.4 we show examples of the speckle patterns
obtained by averaging 500 frames of the relevant speckle movies recorded at three different
temperatures close to the phase coexisting temperature range 2.6. As in the soft X-ray case,
the speckle patterns are very well developed, and change radically with these small changes in
temperature. In particular, the 162 and 164 K patterns show clear coherent fringes, separated
by the speckle width. The speckle contrast in the first two images is very high (namely 0.9
and 0.8), indicating a high degree of coherence and essentially an absence of fluctuations
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over the total exposure time used. The 166 K data show a much lower contrast figure. On the
one hand this might be interpreted as a sign of speckle dynamics at this temperature, since
changes in the structure within the exposure time would blur the speckle image. On the other
hand, however, drifts of the beam during the exposure would also lead to the same effect, and
a more careful analysis of the data is required to clarify the origins of the contrast reduction.

The autocorrelation functions of these speckle patterns are shown in Fig. 4.5. The
horizontal line cuts (red) show clear speckle peaks with a width of 4 pixels or 80 µm, which
is somewhat narrower than the expected 200 µm, which could be due to a 2.5 times larger
beam size than expected. The vertical profiles are fairly featureless, which is most likely
an expression of the differences between the transverse coherence lengths in the horizontal
and vertical directions. In the 162 K and 164 K results, the horizontal cuts through the
autocorrelation data show pronounced diffraction side bands. These fringes are thought to be
caused by the finite size of the coherent incident beam. In contrast, the 166 K raw image is
more blurred, showing a lower speckle contrast of 0.3, and thus a broadening of the speckle
size from four to nine detector pixels is observed in the autocorrelation data of Fig. 4.5 for
the higher temperature data.

4.2.2 Equilibrium dynamics

In order to search for possible slow, thermal equilibrium fluctuations of the mixed phase
structure in the charge order of the hole-doped titanate, we recorded a great number of speckle
movies (2 s exposure per frame, 6s frame rate) at 8.08 keV and at constant temperatures in
the MIT region using the Pixis-1300 camera at P10, optimized for the best speckle resolution.
The temperature stability during these measurements was typically 100 mK, and the fixed
temperature set points were separated by 2 K intervals and the settling time was usually
around 20 mins.

Fig. 4.6 (a) shows the total sum of a complete speckle movie taken at 168 K, for which
data collection was only started after the system had stabilized for 3 hours. The color scale
indicates the averaged intensity. The image shows the irregular scattering pattern to be very
sharp. The time correlation function g2(τ) (see chapter 3 for definition) for this series of
images is given in panel (b) of Fig. 4.6. It presents a clear static correlation, but shows no
sign of time-dependent decay. This testifies both to the stability of the setup (which is no
mean task to achieve) and the apparent absence of equilibrium dynamics for the titanate
charge order on these time scales.

The data shown in Fig. 4.6 represent the tip of the iceberg in terms of the total data
recorded. Extensive efforts were made to analyze all such speckle movies in terms of the
time correlation function g2(τ). In a number of cases a decrease in correlation with time was
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Fig. 4.5 Top panels: Autocorrelation images (1400x1400 pixels) of the hard x-ray coherent
diffraction patterns shown in Fig. 4.4. The false color represents the correlation coefficient.
Center panels: The horizontal (red) and vertical (blue) line-cuts through the center of the
autocorrelation images. Bottom panels: details of the line-cuts, zoomed in to the central
peak, in which the speckle size is indicated.
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Fig. 4.6 (a) The average of a complete hard X-ray speckle movie (500 frames) recorded at the
(011) reflection of Er0.6Ca0.4TiO3 at a sample temperature of 168 K. The Pixis 1300 camera
was used and the color scale represents the value of pixel intensity. The total acquisition
time of the movie was 1000s, spread within a total time period of 3000 s. (b) The correlation
function g2(τ) for the series of detector images which make up the frames of the movie.

observed, but in all these cases this could be ascribed to instabilities in the experiment, rather
than equilibrium charge order dynamics in the sample.

4.2.3 Non-equilibrium dynamics

The data shown in Fig. 4.6 were recorded at 168 K. Recording data at different temperatures,
we noticed that the averaged speckle patterns exhibited significant changes from one sample
temperature to the next. Given the very high degree of mechanical stability and reproducibility
of the sample stage vs. changes in the sample temperature, this presented the opportunity
to probe the non-equilibrium dynamics of Er0.6Ca0.4TiO3 following a change in the sample
temperature. To test this, we followed the speckle patterns during and after controlled 2 K
temperature steps.

Here we discuss data from a typical example of such a movie, taken with the Pilatus-300K
camera at a frame rate of 1 s. The sample was heated from 166 K to 168 K with a PID
control-and-feedback loop, at a rate of 1 K per second. Although the temperature reaches
the new set point after several seconds (according to the calibrated temperature sensor), we
purposely recorded the speckle movie over 25 minutes, so as to allow comparison of the
thermal evolution rooted in the sample, with the effects of possible experimental drifts in the
experiment.

In Fig. 4.7, six representative time slices out of the full data movie are shown, each
separated from its neighbours by 19 s. Already in the second frame, changes with respect to
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Fig. 4.7 Time series of the charge order speckle patterns of Er0.6Ca0.4TiO3 recorded using
coherent, hard X-rays. The series of images was captured during and after heating the sample
from 166 to 168 K over a time period of two seconds, as explained in the text. The images
shown succeed one another by 19 s.
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Fig. 4.8 Two-time correlation matrices of the data series described in Fig. 4.7. (a) all
1100 frames; (b) detail of the first 100 frames. The color here represents the value of the
correlation coefficient. Panels (c) and (d) give the corresponding evolution of the total
scattered intensities in these movies. The intensities of the highlighted scattering patterns in
Fig. 4.7 are indicated by black arrows in panel (d).

the original pattern are visible, although the overall intensity distribution is maintained. For
the data at 58 s, the total scattering intensity had dropped by 20 % of the original value. The
last two patterns (77 and 96 s) are virtually indistinguishable.

To provide a quantitative analysis of this data series, we used a combination of the
XPCSGUI toolbox developed by M. Sprung and Z. Jiang [119], as well as self-programmed
routines to calculate the two-time correlation function of this dataset. In Fig. 4.8 (a), the
two-time correlation matrix of g2(t1, t2) is shown, which is calculated by correlating the
speckle patterns of all possible 2 time pairs in the series (see Eq. 3.15). Panel (b) shows a
zoom of the first 100 seconds (i.e. the top left-hand corner of panel (a)), and as can be seen
from the color scale, g2(t1, t2) ranges from 1 (totally uncorrelated, dark blue) to 1.2 (white).
These highest values are found on the diagonal of the matrix (from top-left to bottom-right)
which represent the autocorrelations at each given time, or equivalently, the contrast of the
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individual speckle images [120]. For comparison the evolution of the total scattered intensity
is also plotted in panels (c) and (d).

The overall matrix shows that the correlations are lost very quickly (over the first 50 s),
signaled by a drop in g2(t1, t2). However, the two-time correlation values pick up again as
the new speckle pattern stabilizes. Considering the zoom shown in panel (b), it is clear that
the correlation coefficient drops from 1.2 to 1.1 in the first 20 s, even though the intensity
has dropped only by 10 %. This link between the weakening of the two-time correlations
and the diffraction intensity can be seen by comparing the zoomed 2D image (panel (b))
with the total intensity trace of panel (d), both of which share the same time-scale. It is
apparent that - with a slight offset - when the total diffraction intensity is changing most
rapidly, the two-time correlation is reduced, but that it recovers after the diffraction intensity
has stabilized again. This kind of delayed reaction is reminiscent of the ongoing movement
of domain walls in a magnetic system after the time-dependent alteration of an external
magnetic field is finished. In magnetic systems, such behavior is due to either pinning of
domain walls to impurities, energetic penalties that are involved with moving domain walls
even in homogeneous systems or topological effects where a domain wall that needs to move
is obstructed by other domain walls [121]. In the case of the CO dynamics in the titanates, it
is important to note that the coherent contrast remains high during each of the 1s exposure
times, indicating that the settling dynamics are at least one or two orders of magnitude faster
than this acquisition time.

Thus a picture emerges of a multi-scale response of the CO and the spatial pattern between
the coexisting orthorhombic and monoclinic patches to a change which occurs in the form of
fast avalanches. It implies that the domain structure becomes metastable by the temperature
change, but also that relaxation can not occur immediately. In analogy to magnetic domain
wall motion after effects, this must imply that also in this case domain walls are difficult
to move. At this point it is unclear what the impeding mechanism is, but again a possible
intrinsic inertia, pinning to lattice defects and topological lock-in are candidates, which we
will discuss shortly.

In doped transition metal oxides, the lattice is intrinsically disordered, giving an intrinsic
and potentially strong pinning potential landscape. This will tend to suppress equilibrium
fluctuations whether they be of the charge order pattern itself or of the spatial distribution of
charge ordered domains.

However, it can also be envisaged that when two checkerboard domains meet, they can
have an anti-phase domain wall. Thus the collision of two such domains will lead to jamming
dynamics.
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Finally, it has been argued by Ahn et al. from simulations of manganites [15, 122] that
the charge order in these systems is stabilized in the mixed phase by the energy penalty
that accompanies the growth of a CO region in the orthorhombic host, since CO formation
involves a large scale re-organization of the lattice. The present results may be the first
observation of dynamical effects in charge ordered systems, and as such open a way to
disentangle these three causes.

Whatever the true cause, we have established that on changing the temperature, a new
CO configuration may settle in by a series of rapid avalanches or ‘slips’ separated by stable
‘stick’ periods. The clear signal of post ‘slip’ dynamics within the new, ‘stick’ CO pattern
seen in Fig. 4.8 make it clear that there is some medium-to-long time dynamics operative
after a temperature change.

The timescale of the latter - ‘stick’ - process can be seen from Fig. 4.8 (a) and (b) to be of
order 10 s. If access is to be gained to the fast ‘slip’ processes, coherent X-ray experiments
need to be conducted at significantly faster timescales, and for the next step towards achieving
this, we turn to the world’s first hard X-ray laser source, as described in the following section.

4.3 A first XFEL-based, coherent scattering experiment

A consortium from BESSY, DESY and the University of Amsterdam secured 5 shifts (1 shift
= 12 hours) of beamtime at the X-ray correlation spectroscopy (XCS) experimental station
of the LCLS in SLAC. This X-ray Free Electron Laser produces fully transversely coherent
laser pulses with a duration of only ∼ 30 fs at a repetition rate of 120 Hz. The average
coherent photon flux of the source is around two orders of magnitude higher than to a typical
third generation synchrotron source, meaning a single 30 fs LCLS pulse contains as many
photons as arrive in one second at DESY. These characteristics open up new possibilities to
enter the millisecond time domain in XCS using area detectors, provided X-ray cameras are
available that can record scattering movies at the same pace. In our LCLS experiment, we
used the Timepix detector which was produced for this purpose by Amsterdam Scientific
Instruments (ASI) [123]. This camera is derived from pixel detectors developed within the
Medipix collaboration, which grew out of high energy physics particle detection at CERN. A
more detailed discussion of this detector is given in Appendix B.

In Fig. 4.9, the experimental concept for speckle-based experiments at LCLS is illustrated.
The X-ray laser pulses arrive at the sample with the maximum repetition rate of 120 Hz, thus
separated by a time interval of 8.3 ms. Each pulse generates a scattering speckle pattern on
the Timepix camera, such that a scattering movie is recorded at the maximum repetition rate
of LCLS.
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Fig. 4.9 The geometry of the coherent X-ray scattering experiment at LCLS. The 30 fs
transversely coherent X-ray pulses separated by 8.3 ms are diffracted by the sample, and
recorded by the synchronized Timepix detector.

The experimental setup has been described in the previous chapter. A photon energy
of 8.8 keV was selected, which together with a measured beam size at the sample position
of 12x18 µm2 and a detector distance of 7 meters gives an estimated speckle size of ∼50
µm. The LCLS can be operated in three different modes. In the continuous mode, pulses are
recorded at the full 120 Hz rate, requiring a detector such as the Timepix camera. The bunch
and the single shot modes are such that the detector is illuminated by either a pulse train or
single pulse, separated in both cases by a user-defined interval. These modes allow the use of
conventional CCD cameras with readout times of seconds. These last two modes were used
to compare the data from the Timepix camera with those from a Pixis-1300 camera, the same
instrument as we used at Petra-III. For convenience, the parameters of the two detectors are
summarized in Table 4.1.

Detector Dimension (pixel) Pixel size Background Readout time
Pixis 1300*1340 20 µm2 yes 4 s

Timepix 512*512 55 µm2 no 8.3 ms
Table 4.1 Comparison of the specifications of the Timepix and Pixis-1300 detectors used
at the LCLS.

For fear of heating the sample with the intense X-ray pulse train, absorbers were inserted
in the beam that reduced the incoming intensity by a factor of 80 when operating in the
continuous mode using the Timepix camera. In the burst mode and single shot mode, the
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Fig. 4.10 (a) A typical single-shot coherent scattering detector image from the (022) reflection
of Er0.6Ca0.4TiO3 taken with the Timepix camera. An area from the most intense part of
the image indicated by the small white square has been zoomed out in the lower right hand
corner. (b) The time-averaged image arrived at by summation of 451 single-shot frames.

sample has time to cool down during the readout time of the detector, so intensity reduction is
not needed. In order to compensate for the loss in primary beam intensity during continuous
mode, it was decided to switch to the (022) lattice reflection which is a true symmetry-allowed
lattice reflection and therefore possesses a scattering efficiency some 100 times higher than
that of the (011) reflection. As will be shown below, the (022) reflection is also sensitive to
the monoclinic lattice distortion that accompanies the charge order in the hole-doped titanate
under investigation.

As we were only the second user group at the LCLS’s XCS station, many experimental
issues needed to be resolved before and during the experiment. A number of these are ad-
dressed in the Appendices to this thesis: Appendix B deals in some detail with various aspects
of the Timepix camera, while in Appendix C, the longitudinal coherence characteristics of
the X-ray pulses arriving at the XCS station during our experiment are discussed.

4.3.1 (022) Coherent diffraction patterns

In Fig. 4.10(a), we show a typical example of a raw detector image of (022) diffraction
(Bragg angle θ=19.6 ◦), originating from a single 30 fs X-ray pulse, recorded at a sample
temperature of 168 K using the Timepix detector. The Timepix was operated in the so-
called Time-over-Threshold (ToT) counting mode, which is explained in Appendix B. In this
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counting mode, the output is given in ToT units, for which a single 8.8 keV photon yields 34
ToT counts on average.

Evidently, even for the more intense (022) lattice reflection, the image consist of a few
single, non-zero pixels on a dark background, because of which the speckle pattern itself is
not recognizable. Within all the millions of frames that were recorded during the five shifts,
only a few tens of multi-photon events at a single pixel location were detected. Clearly, in
such sparse datasets the coherent diffraction pattern can only be recognized after binning
a large number of frames. The typical probability density function for such sparse data is
given in chapter 3 and Appendix B.

Fig. 4.10 (b) shows the average of 451 single shots in 4s, and now a clear coherent
diffraction pattern is visible. The black cross at the center of the averaged pattern is in the
real data, and is the signal-less area due to the connection between 4 Timepix chips, this only
being visible in the summed images. As the speckle size is comparable to the pixel size of
the Timepix detector (55 µm2), individual speckles are not resolved.

An example of one of the more intense single shot Pixis-1300 frames is given in Fig. 4.11
(a). Here the speckle pattern can be observed, mainly because of 80-fold higher incoming
X-ray intensity due to the absence of absorbers. Following the routine of the earlier sections,
Fig. 4.11 (b) shows the autocorrelation of this image, while (c) and (d) give the full and
zoomed horizontal and vertical central profiles of the autocorrelation function. In both cases
a central peak with a width of 2 pixels is found, indicating that the experimental speckle
size is measured to be 40 µm, close to the expected value of 55 µm. Interestingly, in these
data we see diffraction side bands in the vertical profile, while in the synchrotron data we
found these mainly in horizontal profiles, indicating that this difference is not per se due
to the horizontal scattering plane geometry of the experiment, but rather reflects the source
coherence properties.

The data obtained with both cameras shown in Fig. 4.10 and Fig. 4.11 illustrate that
- as was the case for the forbidden (011) reflection - the (022) diffraction peak is broken
up into a coherent diffraction pattern, with correlation lengths comparable to those of the
(011) reflection. This implies that the (022) reflection is sensitive to the same type of local
patterns due to the CO phase patches as the (011). However, in the case of the (022), the
speckle contrast is now the result of interference between outgoing X-rays from two patches
of differing structures, both of which have an allowed lattice reflection. This means that the
local order and disorder to which the speckle pattern is sensitive must now be due to the
differences in lattice structure and the very small density differences between the two phases.

As is known from regular X-ray diffraction, the monoclinic phase differs from the
orthorhombic one by a small difference in lattice parameters and an angular deformation
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Fig. 4.11 (a) An example of the coherent diffraction patterns recorded at (022) reflection of
Er0.6Ca0.4TiO3 using the Pixis-1300 camera and a single pulse of X-ray radiation from the
free electron laser. Panel (b) shows the corresponding 2D-autocorrelation function and (c)
and (d) show horizontal/vertical (red/blue) line-cuts at two different magnifications through
the autocorrelation data.
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Fig. 4.12 Comparison of the Er0.6Ca0.4TiO3 (022) diffraction signal taken at the LCLS using
the (a) Timepix and (b) Pixis detector, covering the same range of diffraction angles. In both
cases the images shown represent an integration over 100 LCLS X-ray pulses. Intensities
for the color scale are given in terms of ToT (Timepix) and ADU (Pixis) units respectively.
(Note the x and y pixel scales are different in the two images due to the different pixel size of
the two cameras. The total areas in q-space, however, are identical.)

of 0.5◦ [21, 23]. Thus, when the orthorhombic and monoclinic phases coexist in the same
portion of the crystal (and in this context, this means in the illumination volume), a highly
strained situation results, with the overall crystal structure being mosaic in nature. We will
come back to the implications of the strain between the coexisting phases during the MIT in
the next chapter. Here we limit ourselves to the conclusion that these crystallographic effects
are sufficient to lead to a considerable diffraction contrast between the two phases, also when
measuring the (022) reflection, and that this lies at the root of the speckle formation observed
in these LCLS data.

4.3.2 Comparison of Pixis and Timepix detector

In Fig. 4.12, we show images of the (022) reflection of Er0.6Ca0.4TiO3 recorded at T = 168
K, taken with the Timepix (panel (a)) and Pixis-1300 (panel (b)) cameras. The Pixis image
that from the 1300x1300 pixel area, illuminated by 100 LCLS pulses in burst mode. The
Timepix image is extracted from part of a larger image obtained by digitally summing 100
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Fig. 4.13 Integrated intensity of 451 single shot coherent scattering images from the
Er0.6Ca0.4TiO3 (022) reflection recorded at a sample temperature of 168 K using the Timepix
camera. On the bottom graph, the contrast of the summed images (C2) is plotted as a function
of time delay, illustrating a lack of dependence on the increasing delay time.

single shot frames, with the selection such that the areas covered by the two camera images
are identical. Comparison between the two images shows that the Timepix detector - run
in the ToT mode is capable of giving speckle datasets similar to those of the Pixis detector.
Both images show the (022) reflection to be comprised of a similar-sized intensity blob,
with well-resolved, coherent diffraction fringes in both cases. Thus, these data show that
the Timepix detector is able to track the same sort of physics in the sample, here via the
(022) reflection, as the Pixis detector, but the Timepix does allow - given sufficient incoming
coherent X-ray intensity - a much faster sampling rate of up to 120 Hz. In the following
section, Timepix data from the (022) reflection will be presented and analyzed with a view
to determining whether equilibrium fluctuations of the charge order can be accessed using
speckle-based techniques.
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4.3.3 Search for fluctuations in the (022) speckle data from the LCLS

Fig. 4.13 (a) shows the shot to shot variation of the total number of ToT counts on the
Timepix detector during a continuous mode movie recorded over a total time-period of 1.5 s
with the absorber in the beam. This particular data series was selected as being one of the
most stable portions of a movie that has in total 50608 frames. Despite this selection to favor
stability, it can still be seen that the ToT count rate varies by as much as a factor of ten from
shot to shot. The statistics of these variations are discussed in detail in Appendix B and C.
Here, however, we are interested in the question whether it is still possible to observe speckle
fluctuations in these data that could be linked to possible equilibrium dynamics of the charge
order in the Er0.6Ca0.4TiO3 crystal.

In standard speckle time correlation experiments, it is assumed that the incident light
intensity is stable as a function of time, which is clearly not the case using this SASE X-ray
laser source [91]. Obviously, given these strong fluctuations in the incident intensity, a
correlation analysis is impossible, and thus the data have been analyzed in terms of their
contrast. In Fig. 4.13 (b), the contrast of the sums of two single-shot images taken at different
time delays is plotted, and it is immediately clear that the data show no time dependence.
The initial drop is merely due to statistical averaging. Although signs of dynamics are not
easy to spot in these data, the initial impression from Fig. 4.13 (b) is double checked, so as to
investigate whether dynamical information lies hidden in the data, by carrying out an analysis
of the contrast reduction of the binned images using two slightly different approaches.

4.3.4 Contrast reduction due to statistical averaging

As a first step, the number of Timepix images that needed to be binned in order to obtain a
recognizable coherent diffraction pattern with a well defined contrast value was determined.
This number was of order 200. In Fig. 4.14, we show the contrast reduction occurring
upon summation of successively larger numbers of such binned images. The first data-point
corresponds to the contrast of a sum of 200 frames, and each subsequent point involves
summation of a further 200 frames. Taken at face value, Fig. 4.14 would seem to indicate a
typical time-scale of 10 s over which the contrast drops by 50 %.

The observed behavior could be taken as a sign of charge order dynamics, since this
would be expected to blur the images as the summation continues, thereby reducing the
contrast. However, the same decay of contrast could also be a result of statistical averaging as
mentioned above for the single-pulse analysis. To distinguish between these two situations,
the analysis was repeated, but this time not adding successive 200 frame bins in their time
order of being recorded, but adding them in a random, shuffled time-order. As can be seen
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Fig. 4.14 The contrast reduction resulting from averaging successively larger numbers of 200
frame bins. The blue square symbols show successive sums calculated in the right time order
(blue square) and in random order (red triangle).

from the red curve in Fig. 4.14, the result from the random order series barely deviates
from the original. As a consequence, it has to be accepted that this apparent time-dependent
contrast reduction is not due to equilibrium dynamics of the CO in Er0.6Ca0.4TiO3. For
this reason a second route towards the analysis of the data was taken, as described in the
following section.

4.3.5 q-dependent contrast analysis

In a more elaborate approach to analyzing the data, we re-binned 16800 images of single-
shot LCLS data taken at continuous mode into 84 bins of 200 frames each, thus each bin
corresponds in total to 1.6 s of data. An example of one binned dataset is given in Fig. 4.15
(a), in which also a number of constant contours of the in-plane scattering vector |q| have been
superimposed. These contours delineate the following |q| regions: red (|q| ≤ 1∗10−3Å−1);
light green (1∗10−3 ≥ |q| ≤ 2∗10−3Å−1); blue (2∗10−3 ≥ |q| ≤ 3∗10−3Å−1) and black
(3 ∗ 10−3 ≥ |q| ≤ 4 ∗ 10−3Å−1), which corresponding to real space structural length scale
ranging from 0.25 and 1 µm. For reference, the average image of all 84 bins in the movie (i.e.
16800 frames) is shown on the right in panel (b). In panel (c) the contrast for the different
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Fig. 4.15 (a) A single bin of 200 Timepix individual (single LCLS shot) frames from the
(022) reflection of Er0.6Ca0.4TiO3. |q| contours are overlaid on the image which correspond
to correlation lengths of 100, 50, 33 and 25 nm. (b) The average coherent diffraction
image of 84 such 200-frame bins, thus corresponding to 16800 frames in total. The false
color scale represents the intensity in ToT units for both panels (a) and (b). (c) The time
dependence of the contrast of the binned images for the |q| regions: red (|q| ≤ 1∗10−3Å);
light green (1 ∗ 10−3≥ |q| ≤ 2 ∗ 10−3Å−1); blue (2 ∗ 10−3≥ |q| ≤ 3 ∗ 10−3Å−1) and black
(3∗10−3≥ |q| ≤ 4∗10−3Å−1). (d) The averaged pair contrast function C2(τ) for the same
|q| intervals.

q-ranges is plotted for each of the 84 binned datasets. In Chapter 3, the time-dependence of
the speckle contrast was introduced, illustrated schematically in Fig. 3.5. For the case of a
fully developed, static speckle pattern, the contrast should be unity.

As can be seen in panel (a) of Fig. 4.15, even after binning 200 detector images, the
illuminated pixels (i.e. those with non-zero intensity) are sparse. This means the speckle
pattern cannot be fully developed and the speckle contrast can then be greater than unity [97].
For the integration over the data sequence covering larger q, the illuminated pixels are further
reduced in intensity, leading to a reduction of the contrast. Of more interest in the context of
this research is exploring whether there is a time dependence of the contrast of each binned
image, and the traces shown in panel (c) whose color coding matches the q contours shown
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in panel (a) show that - apart from some fluctuations in the value - no sign of dynamics can
be extracted.

The final approach adopted in the analysis of these speckle movies is to examine whether
dynamics can be uncovered if possible changes in contrast are searched for not within a
single series of binned, consecutive ‘stills’ in the movie, moving forwards in time, but with
respect to possible contrast changes between any two binned images separated by a time
delay τ . In Chapter 3, this method, involving what is known as the pair contrast C2(τ)

function (see Eq. 3.18), was described. The procedure involves as a first step, the evaluation
of the contrast between all pairs of binned images separated in time by the minimum amount
of 1.6 s (the time between bins). This is done for all adjacent bins and the result is averaged
over the number of pairs considered. The next step involves what could be called ‘next
nearest neighbor’ bins (i.e. separated by a time delay of 2 x 1.6 = 3.2 s), now normalized be
the (lower) number of these bin-pairs, and so on. The result gives the averaged pair contrast,
and this is shown in panel (d) of Fig. 4.15. C2(0) for time delay τ equal to zero gives the
average contrast of all binned images (i.e. the average of the traces shown in panel [c]).
C2(τ) then drops immediately to give a constant value. Clearly, this sophisticated analysis
brings sharply into focus the fact that the apparent dynamics seen in Fig. 4.14 are indeed
due to statistical averaging. Therefore, albeit given the somewhat reduced sensitivity of this
method due to the fact that the speckle size is equal to the detector pixel size in these data, the
analysis shown in Fig. 4.15 points to a lack of fluctuations in the charge order (at accessible
time-scales) in the illuminated region of this doped titanate with correlation lengths between
0.25 and 1 µm.

4.4 Conclusion and outlook: speckle experiments

In this chapter, speckle patterns from the (011) and (022) reflections of Er0.6Ca0.4TiO3

obtained with soft and hard X-ray synchrotron radiation and with the world’s first hard XFEL
source have been presented and discussed. A model has been put forward that explains the
formation of speckle patterns in the (011) reflection in terms of the existence of a mixed phase
situation with diffraction-transparent orthorhombic and diffraction-generating monoclinic
patches coexisting within the illuminated volume of the single crystal. For the (022) lattice
reflection, the speckle contrast is assigned to differences in the crystal structure of the two
phases, accompanied by strain fields resulting in mosaicity. If this is the right picture for the
(022) reflection, by extension these effects should also be playing a role in the (011) speckle
patterns.
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In the cases of both the (011) and (022) reflections, we argue that the speckle patterns
can be used as fingerprints of the complex three-dimensional structure in the illuminated
volume, and therefore can be used to track possible dynamics in the coexisting phase system.
In all three sets of experiments conducted - soft and hard X-rays at the storage ring and hard
X-rays at the free electron laser - we therefore attempted to uncover signs of fluctuations
between these two competing phases by filming the speckle patterns over (long) periods of
time. After investing heavily in experimental know-how, instrumental efficiency and stability,
we are forced to conclude that our experiments indicate that no equilibrium fluctuations are
present within the time-window to which these experiments are sensitive.

However, we obtained first indications of non-equilibrium dynamics following temper-
ature steps. From the high contrast of 1 s exposures we conclude that the actual dynamics
must take place on a very fast time scale. However, there are indications that the domain
structure in the mixed phase evolves over time scales of 10 s or more, indicative of jammed
dynamics. The underlying physics is not clear but could be either pinning of domain walls to
crystal defects such as cation disorder, topological lock in of domain walls or intrinsic inertia
of domain walls due to possible energy penalties involving domain wall motion.

We will return to the physical meaning of this findings in the conclusion of the next
chapter, where we place them in the perspective of our results on the spatial organization of
the charge order in the same titanate systems.
Seeing as our experiments at the X-ray laser were the first attempts to detect dynamics in
a hard condensed matter system using speckle techniques, this chapter closes with some
comments on the possibilities for future XCS experiments at LCLS. As can be expected,
it is clear that we were on a steep part of the learning curve. The interpretability of the
data suffered from the low scattered intensity, a situation that could be improved drastically
in future experiments, in which the absorbers should be removed from the beamline, also
in continuous mode. Having said this, radiation damage and beam-induced heating would
need to be monitored carefully, for instance by recording integrated speckle patterns with
increasing intensity to confirm that the intensities the sample is exposed to are - to an
acceptable statistical degree - such that there is insufficient beam damage to influence the
physics conclusions being drawn.

A part of these considerations is the fact that the LCLS is a source that has intrinsically
large shot-to-shot intensity fluctuations. At first sight, this poses a serious impediment for
traditional time correlation analysis of X-ray speckle data. However, it should be possible
- a posteriori - to sort the frames according to the intensity of the shots, thus creating data
subsets taken in different intensity regimes that can be better compared. Although standard
analysis codes for XCS data analysis assume that data points are separated by a fixed time
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interval this is not per se necessary as long as the time label for each data point is known, as
is the case at the LCLS.

A further issue that needs resolution is the effect of possible pointing instability of the
beamline. In XCS, it is vital that shots illuminate the same sample volume, since in a system
with significant spatial variations in local order such as charge ordered complex oxides, each
volume would give its own, different speckle pattern. In the data presented in this chapter, the
average images taken over long time periods exhibit a recognizable and stable speckle pattern,
indicating that the shot to shot pointing stability is sufficient with respect to the intrinsic
spatial disorder in the sample. However, for future experiments, an additional aperture near
the sample might be a useful addition, although it would again cost precious intensity.

As a final outlook towards future possibilities for detecting charge order fluctuations or
other dynamics in crystalline systems using speckle techniques, we mention that a ‘split-
and-delay’ line is currently under development at LCLS [75, 101], and that this may provide
access to time scales that are much shorter than the ones we have been able to probe here.
This device will make it possible to split a single LCLS pulse into two parts, giving one a
time delay of up to a few fs with respect to the other. This instrument would therefore make it
possible to determine possible changes in the contrast in the sum of two (non-sparse) speckle
patterns recorded with a variable - up to fs - time delay between the two. Clearly, pulse to
pulse intensity variations are then not a drawback in this approach.

Finally, also LCLS II is already under way. This facility will have a repetition rate in
the MHz range, opening access to the time regimes between our ‘early adapter’, albeit very
slow time scale speckle experiments and the ultrafast split-and-delay type experiments. As
has been shown at synchrotron sources via small angle scattering from colloids, XCS can
access sub-µs time-scales using point detectors. LCLS II may make this possible for the
study of electronic and magnetic dynamics in hard condensed matter systems using large
angle scattering experiments. In the end, continued improvement in sources and beamlines
will mean that eventually access will be provided to the time-scales in which the equilibrium
dynamics of the charge and orbital textures of complex oxides such as the doped titanates
studies in this thesis are to be found.





Chapter 5

Structural Investigation of the Phase
Separation in Titanates

In chapter two we reviewed earlier work which indicates that the metal insulator transition
in the Y1−xCaxTiO3 system is thought to be accompanied by a succession of two phase
transitions. The high temperature orthorhombic phase, labeled HTO, has an insulating
signature in the sense that the resistivity rises on cooling. This increase in resistivity seems
to be connected to a gradual lowering of the symmetry of the HTO structure into a low
temperature monoclinic structure, labeled LTM. At even lower temperatures around the MIT
transition, a transformation into a low temperature orthorhombic (LTO) phase is observed,
with signs of phase coexistence with the LTM phase.

In chapter four, we have described that at temperatures around the metal insulator
transition, the coherent diffraction patterns of the closely related system Er0.6Ca0.4TiO3

are very complex, indicating the presence of a complicated spatial distribution of phases
and thus supporting the claim for the existence of phase separation during the MIT. We
found that the coherent diffraction patterns and hence the structure change on changing the
sample temperature, but are static at thermal equilibrium at timescales of and longer than
our minimum sampling time of 1 s. After a change in temperature, the ’settling times’ - over
which the system relaxes to match the new temperature - were also shown to be faster than
this 1 second timescale.

In this chapter, we investigate the thermal evolution of the mixed phase structure of
Er0.6Ca0.4TiO3 and experimentally examine its typical length scales. To this end we combine
diffraction data that were obtained in the course of the speckle experiments on the (011)
reflection from beam line P10 at Petra-III with the (022) reflection data from LCLS. In
addition, we performed a scanning X-ray microdiffraction experiment at P10 that was
specifically aimed to map out the mixed phase structure.
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We will first discuss the observation of the splitting of the diffraction peak in the mixed
phase temperature region for both the (011) and (022) reflections. We then report on the
spatial arrangement of the phase separated system seen in the X-ray microdiffraction data,
which unveils an intriguing stripe order, indicative of a self-organization of the mixed phases.
At the end of this chapter, we will discuss a complete picture of the MIT in Er0.6Ca0.4TiO3

by combining the the results of this and the previous chapter.

5.1 Evolution of the (011) and (022) reflections as a func-
tion of temperature

In order to directly capture the phase separation in the Er0.6Ca0.4TiO3 system, we followed
the thermal evolution of the (011) Bragg peak. For this we used the incoherent, high flux
beam (1013 ph/s focused to 150x75 µm) in combination with the Pilatus detector at P10,
Petra III. The sample mounting and other conditions were as described earlier in chapter
4. Before starting the temperature-dependent run, the diffractometer was optimized on the
intensity of the (011) diffraction signal at 300 K, which was found at an incident angle of
θin=9.870◦.

Fig. 5.1 (a) shows as a red, solid line the temperature dependence of the detector intensity
(integrated over 540 detector exposures) taken during a cool-down from 300 K to 132 K. This
curve displays a broad peak reaching a maximum at 200 K, followed by a relatively rapid
decrease below 180 K. The shape of the curve in itself is an indication of a phase transition.
It can be linked to the shape of the resistivity curves shown in Fig. 2.8, although a precise
match cannot be made, because the resistivity data are representative of the percolative
network of the metallic phase through the bulk of the sample while our X-ray data represent
the properties of the small volume probed by the beam. Furthermore, the resistivity data
of Fig. 2.8 (b) show that the sample properties are extremely sensitive to the doping level,
which can vary locally even within a single crystal.

Earlier work by Kato [21], and Komarek [16] established a link between the maximum
in the resistivity and the presence of the low temperature monoclinic charge ordered phase in
Y1−xCaxTiO3. Below we demonstrate that this scenario also holds for Er0.6Ca0.4TiO3.

As a first step, we show some exemplary detector images at different temperatures in
Fig. 5.1 (b), where the color scale has been peak-normalized to better enable comparison.
The images show that during the cooling scan, the original peak visible at 240 K - which we
label with qS (S standing for small momentum transfer, thus big lattice parameter) - starts to
broaden in the horizontal direction, as the detector image at 175 K shows. Looking at panel
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(a), this is the temperature at which the intensity starts to decrease quickly, and at lower T,
the (011) reflection has split into two well-defined peaks. The detector image for T=160
K clearly shows two diffraction peaks - that on the right (smaller θout , smaller momentum
transfer) is qS, and that on the left, at bigger θout or larger momentum transfer is labeled qL.
By T=133 K the new, larger momentum transfer peak qL can be seen to be dominant, but the
smaller momentum transfer peak qS still remains visible, although its total intensity is more
than 10 times lower than it was at room temperature, before the cooling scan was started.

In order to analyze the temperature evolution of the horizontal peak-splitting along (011),
we integrated each of the 540 detector images over the out of plane direction χ , so as to
obtain the horizontal peak profile vs.T. These are collected and displayed in a 3D plot in Fig.
5.2 (a), in which the horizontal pixel positions on the detector have been projected on the
q011 direction using the formula given by Eq. A.1 in Appendix A. This figure gives a good
impression of the evolution of the total intensity and the peak splitting as the temperature is
reduce, whereby after an initial increase in intensity of the (011) reflection, the strength of
this reflection then falls off for temperatures below 200 K. At around 170 K, (weak) intensity
becomes visible at qL, and at lower temperatures this qL intensity dominates the diffraction
profile.

A similar cool-down data set (for T 190 K to 155 K), obtained at LCLS for the (022)
reflection is shown in Fig. 5.2 (b). Here the behavior is similar, with the high temperature
peak, qS, giving way to a low temperature peak at higher q. However, in these data, the qS

peak has much less intensity below 170 K, and instead of becoming a small, but well-defined
second peak, it is only seen in the form of a small shoulder next to qL. This despite the fact
that θin was optimized for the qS peak.

The evolution of the peak positions is clearer still in the gray-scale temperature vs. q
maps shown in Fig. 5.3. Overlaid on the gray-scale images of panels (a) and (b) are the
results of a fit single or double Lorentzian profiles. Panel (d) shows the quality of the fits
to be very good. In Fig. 5.3(c), the fitted peak positions have been converted into the (011)
interplanar spacing d(011), with the d-spacing from the LCLS data on the (022) simply being
divided by two, so as to land on the same plot as the d(011)-data from Petra III. In both cases,
the diffractometer angles θin and θout were calibrated on 300 K powder diffraction results
[105]. The comparison shown in panel (c) is quite satisfactory, given the fact that the datasets
were obtained on two different instruments designed for coherent experiments rather than
high precision lattice studies. The data attest to the power of these instruments for high
resolution studies: thanks to the long exit arm and the high pixel resolution of the cameras,
very detailed data sets can be obtained.
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Fig. 5.1 (a) The intensity of the (011) reflection of Er0.6Ca0.4TiO3 during cooling from 300 K
to 132 K. (b) 100 by 100 pixel detector images taken at temperatures indicated by the black
dots in (a). The vertical direction corresponds to the out of plane angle χ and the horizontal
direction to θout . With the crystal orientation used here, and using the orthorhombic notation,
these correspond to the crystallographic directions as indicated (see Appendix A). The false
color indicates the peak-normalized intensity. The red lines indicate the positions of qL and
qS, where qL is the feature at larger momentum transfer due to the low-T orthorhombic phase,
and qS denotes the smaller momentum transfer peak related to the monoclinic phase.
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Fig. 5.2 Comparison of the temperature evolutions of the intensity profiles of (a) the (011)
reflection obtained at Petra III and (b) the (022) reflection, measured at LCLS.
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Fig. 5.3 (a) and (b) The temperature evolution of the (011) and (022) reflections against
q(011) and q(022), At each temperature the horizontal peak profile I(q) has been normalized
to 1. The gray-scale ranges from 0 (black) to 1 (white). The red and blue overlays show the
evolution of the maximum of the small q (red) and large q (blue) components obtained by
fitting a subset of the profiles with two Lorentzian components, with an exemplary fit being
shown in (d) whose middle panel shows the original data points (red), and the overlaid fitting
result (blue). The two Lorentzian components are shown at the bottom and the fitting residue
is given on top of graph in red. Panel (c) shows the d(011) interplanar spacing derived from
the peak positions in the Petra III and LCLS data. The (022) d-spacing is rescaled to fall in
the (011) plot via a simple multiplication by two.
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The d(011) data show very clearly that starting from room temperature the (011) interplanar
separation drops for temperatures down to ∼180-200 K. Below these temperatures, the
diffraction peak starts to broaden and the d-spacing levels out and starts to rise again. At
lower temperatures the qL feature can be fitted (for temperatures below 168K for the (011)
data), and the d-spacing connected to new branch drops on further cooling, and the associated
Bragg peak taking over most of the diffraction intensity. In the same T-range, the d-spacing
belonging to the remnants of the original qS peak shows a clear increasing trend.

The (022) data, shown in panel (b) and with solid symbols in (c) follow the same trend,
although the curves differ in details. In this (022) dataset, we can fit the peak profile with two
peaks over the whole T-range measured, although below 160 K the low momentum transfer
qS feature has become very weak. Extrapolating both qL datasets (blue data points; open and
close squares) to higher temperatures would seem to indicate that already between 200 - 220
K, a nascent splitting into a qS and a qL feature could be expected.

This behavior is very similar to that observed in Y1−xCaxTiO3 powder diffraction studies
[16, 21], in which the high temperature lattice peaks q(0nn) were observed to split into large
and small q components, indicative of phase separation, and even the difference in lattice
plane spacing between the qL and qS phases is comparable. On the basis of these similarities,
we therefore identify the qS-peaks with reflections from the monoclinic LTO phase, and the
low-T side branch qL-peaks we link to the smaller unit cell, low temperature, orthorhombic
LTO phase of Er0.6Ca0.4TiO3.

5.2 Intensity ratios

In the measurements just presented and discussed in the previous section we are probing a
single, fixed plane in reciprocal space, while the reciprocal space structure itself is changing
strongly with temperature, as sketched in Fig. 5.4. Although this complicates the interpreta-
tion of peak widths and intensities, some important inferences can be made from the two
datasets.

Firstly, in the low temperature (022) results, most intensity shifts to the LTO branch
and the LTM peak is only visible as a weak shoulder, even though the detector position
was optimized at room temperature to maximize the signal from the latter. Assuming that
the form factors of the (022) reflection in the monoclinic and orthorhombic structures do
not differ too much, this indicates that at the lowest temperature measured in this LCLS
cool-down run - 132 K - the system is almost completely in the LTO phase.

Secondly, it is surprising that we observe the LTO component so clearly in the (011) data,
as this reflection is symmetry-forbidden in the orthorhombic structure. Furthermore, in the
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Fig. 5.4 Reciprocal space representation of the detector motion during a rocking scan in
a phase separated system. The two coexisting phases are represented as two clouds of
diffuse scattering surrounding their reciprocal lattice positions along the orthorhombic (011)
direction, with the subscripts m and o standing for monoclinic and orthorhombic. Not that
the lattice vectors and the size of the clouds are not to scale. See also Appendix A.

(011)-data, θ was optimized on the LTM signal. We ascribe the visibility of the LTO (011)
intensity to local symmetry breaking effects due to lattice deformations caused by disorder
in the Er and Ca site occupancy and due to local strain effects, to which we will come back
later in this chapter. Apparently these effects are quite significant in the low-T data, since this
“impurity" reflection carries more diffraction intensity than the peak linked to the residual,
symmetry-allowed (011) LTM reflection. Considering the higher temperature data, similar
arguments can be used to explain the presence of the (011) LTM diffraction intensity at
temperatures as high as 270 K, when the sample should be wholly in the HTO phase.

5.3 2D detector rocking scans of the mixed phase system

As became clear during the analysis of the data, a much better - albeit slower - manner of
probing the temperature dependence of the reciprocal space structure is provided by rocking
scans, in which the sample is rotated over a small θ interval while the detector is kept in
place. When using a large area pixelated detector, rocking the sample causes the detector
to sweep like a fish net through reciprocal space, as is illustrated schematically in Fig. 5.4.
In this figure we have represented the reciprocal space structure of the mixed phase system
by two points on the (011) reciprocal lattice axis, surrounded by color clouds of diffuse
scattering intensity as a crude representation of the form factors of the LTO (black) and LTM
(red) structures in the diffraction volume.
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We performed rocking scans of the (011) reflection by filming the diffraction spot while
stepping the sample angle θ from 9.7 to 10.7◦. The information obtained from such a scan
can be used in two ways. In the most simple manner, one records the total integrated intensity
of each image to construct an overall rocking curve. Fig. 5.5 shows the resulting curves
obtained at different temperatures between 132 and 300 K. The curves obtained at 132 and
300 K (top panel) were acquired with the 17x4 µm2 unfocused beam, while the data for the
5 intermediate temperatures (bottom panel) were taken with the 3x4 µm2 focused beam.

One point to bear in mind when considering the rocking-curve data is that the beam could
possibly move over the surface while the sample angle is rocked, due to imperfect (horizontal)
alignment between the incoming beam and the θ rotation axis 1. In homogeneous samples
this is not a problem, but here, since the mixed phase sample is intrinsically inhomogeneous,
if the beam were to wander, positional and angular information would become entangled.
These kind of effects could and probably do lie behind some of the fine structure of the curves
shown in Fig. 5.5, and we do not possess enough independent experimental information to
disentangle the spatial and angular factors involved.

Nevertheless, the overall behavior seen in Fig. 5.5 is compatible with the structural
models for Y1−xCaxTiO3 put forward in the papers of Komarek et al. and Kato et al. [21, 16].
In particular, the top panel of Fig. 5.5 shows that at 300 K the diffraction peak is at low
angles, implying a short wave vector (qS), which naturally ties in with the high temperature,
orthorhombic phase. Similarly, at the lowest temperature, T=132 K, only the LTO feature is
seen. The curves taken in the temperature region around the MIT are shown in the bottom
panel of Fig. 5.5. In this regime, two peaks are clearly observed, and the intensity ratio
gradually shifting in favor of the higher angle peak as the temperature is reduced. This
behavior can be understood from Fig. 5.4 because, when we rock the sample, the detector
plane first sweeps through the low temperature monoclinic peak before reaching the low
temperature orthorhombic peak, as the former has the smaller wave vector.

It should be noted that the intensity under the rocking curves gives a fairly good measure
of the diffraction strength at each temperature. The fact that for the 300 K and 132 K results
(top panel) these intensities are nearly the same agrees with the Komarek/Kato structural
models developed for Y1−xCaxTiO3, according to which these reflections are produced by
the HT and LT orthorhombic phases respectively, and for both of these phases the (011)
reflection is symmetry forbidden.

Unfortunately, we are not able to directly compare the scattering intensity of the data
recorded with the focused and unfocused beams, as their relative intensity is not known.

1If the horizontal misalignment is h, the rate of change of the beam position x with rocking angle θ is
dx/dθ =−hcosθ/(sinθ)2 which evaluates to - 32.7 h for θ = 10◦.
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Fig. 5.5 Integrated detector intensity during (011) rocking scans taken at the different
temperatures indicated. Top panel: measured using the unfocused 150x75 µm2 beam. Bottom
panel: recorded using focused 3x4 µm2 beam. The symbols next to the temperature labels
indicate the direction of T profile within which each of the constant sample temperatures
shown has been realized: up-arrow is warming; down-arrow is cooling and a dash is no T
profile.



5.3 2D detector rocking scans of the mixed phase system 81

Nor can the amount of LTM and LTO phases at each temperature be inferred since the
LTO reflection is coming only from those parts of the crystal in the LTO structure which
additionally have reduced (local) crystal symmetry, so that the (011) reflection - which is
subject to extinction in the regular LTO structure - can even exist.

In a more elaborate approach, instead of integrating the total detector intensity at each
angle in the rocking curve, the detector images can be integrated over the out-of-plane angle
χ , in order to obtain the horizontal profile I(θout) at each angle θin. These individual profiles
can then be assembled into a θin-θout intensity map. We first consider Fig. 5.6, which shows
the intensity map of the rocking scan taken at 132 K using the unfocused beam. This figure
shows the complete scattered intensity of the LTO (011) peak, collapsed onto the diffraction
plane. The top, false-color, image shows data on an absolute intensity scale and in the the
lower (monochrome) image each vertical slice (at constant θin) is first normalized and then
added to the map.

These maps carry a wealth of information and in fact contain all the information of both
the traditional slit detector rocking scans as well as those of θ −2θ scans. Firstly, integration
over θout yields the rocking curves like those shown in Fig. 5.5. As a reference we show the
q-space trajectory of a traditional slit detector during a θ −2θ scan using the slanted red line.
In this particular instance this trajectory was aligned to hit the most intense pixel of the map.
It is clear that to capture the information contained in this map with a slit detector, many
scans would have been necessary.

Returning to the top-most image of Fig. 5.6, we note that the detailed shape of the
diffracted intensity is quite complicated, consisting of a sharp ridge at θout = 9.8◦ with a
base that spreads out in a triangular shape towards higher θin. In the corresponding 132
K curve shown in the top panel of Fig. 5.5 this ‘base’ is visible as a shoulder between
θ = 10◦ and 10.1◦. Although a detailed interpretation is hindered by the mix of spatial
and angular information (due to small misalignments), the map indicates the presence of
extensive disorder or, in more conventional terms, mosaicity in the sample.

The representation chosen for the bottom panel of Fig. 5.6 more clearly reveals the
existence of a small qS (LTM) component at θout = 9.7◦ on the left hand side of the map. We
identify this as being the specular reflection of the sample. This intensity is hidden in the
left shoulder of the rocking scan curve shown in the top panel of Fig. 5.5. The vertical blue
line represents the the cut through reciprocal space a detector would make for θ = 9.870◦,
showing again that the ability to pick up intensity from the two phases depends critically on
access to the correct θ values, at the level of tenths of a degree.

Fig. 5.7 show the rocking-scan maps analogous to that shown in Fig. 5.5, but now at
different sample temperatures. The red θin-θout scan-line is reproduced in all maps, and as a
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Fig. 5.6 θin-θout rocking-scan maps from Er0.6Ca0.4TiO3 taken at 132 K. The top panel
shows the data on an absolute intensity scale. In the bottom panel each scattering curve was
peak-normalized individually before constructing the map. The slanted line (red) represents
the trace of a conventional θ −2θ scan taken with a slit or point detector. The vertical blue
line in the lower panel represents the detector plane cutting at θ = 9.870◦.
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reference three yellow lines are overlaid at three particular θin values that will be used in the
forthcoming discussion. Combining the information in these images, data presented in the
previous section and information in the literature on the YxCa1−xTiO3 system, a scenario for
the phase transition in Er0.6Ca0.4TiO3 can be set up as follows.

Starting at the highest temperature of 300K the map shows a relatively sharp HTO-peak
surrounded by a diffuse scattering halo. On lowering the temperature to 172 K the peak
moves towards what we believe to be the LTM position at smaller θin values. In the 168
and 166 K cases, clear satellites are visible, some of which can be linked to fine-structure in
the corresponding integrated rocking-curves shown in Fig. 5.5. These satellites indicate a
substantial degree of phase separation within the scattering volume. At temperatures below
164 K the diffracted intensity moves back to θin values matching the orthorhombic structure
(in this case LTO), but the peak width is roughly thrice that of the HTO case. This is a
clear indication that the structural correlation lengths in the LTO phase are of order three
times shorter than those in the LTM and HTO phases in the topmost four data panels of
Fig. 5.7. The LTM phase seems to linger on in the form of a faint blue horizontal stripe at
θout = 9.7◦, even in the data recorded at 132 K. In the next section we will seek to confirm
these assignments using results from microdiffraction data.
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Fig. 5.7 Right-hand panel: θin-θout rocking scan maps of the diffracted intensity at the seven
different sample temperatures shown. Slanted lines (red) represent the traces of conventional
θ −2θ scans that could be taken using a slit or point detector. The vertical (yellow) lines
indicate the θin values of 9.870◦, 9.8450◦, and 9.770◦. Left-hand panel: a stack of zooms of
the same detector images around the main regions of interest for each temperature.
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5.4 Mapping the phase separation in Er0.6Ca0.4TiO3 with
µXRD

Having established the overall evolution of the phase separation as a function of temperature
through the MIT, we now turn to experiments aimed at establishing the real space distribution
of the phases using scanning X-ray microdiffraction (µXRD). This novel technique only
became possible recently by advances in synchrotron brightness in combination with rapid
advances in X-ray optics [124, 125]. These developments have made it possible to focus
down hard X-ray beams to micron sizes and in extreme cases even as far as 50 nm. This not
only allows the real-space imaging of materials by stepping them through the beam, but also
brings the possibility to combine real space resolution with q-space resolution of diffraction.
The experimental principle of µXRD is illustrated in Fig. 5.8 and is very simple: the single
crystal is aligned to a given lattice reflection and the diffracted intensity of a highly focused
X-ray beam is recorded as a function of the in-plane sample position.

This technique has been proven to be extremely useful in studies of the spatial structure
of doped transition metal compounds, see e.g. [126, 127, 39]. Compared to the analogous
TEM based mapping techniques [40, 41], µXRD has a 10 to 100 times lower transverse
resolution, but a much larger penetration depth, and does not require the preparation of ultra
thin sample slices. Scanning probe techniques such as STM [128] have a better resolution
but give only information on the electronic structure of the surface and lack sensitivity to
bulk crystal structure.

5.4.1 Experimental details of µXRD

In our microdiffraction experiments we used the focused beam of P10, Petra III, which
has a cross section of 3x4 µm2, to probe the spatial dependence of the intensity of the
(011) reflection. As before, the sample was mounted with the [0-11] direction lying in
the diffraction plane, and the [100] direction pointing downwards, parallel to the sample θ

rotation axis.
From Fig. 5.8, it can be seen that the spatial resolution is determined by the footprint of

the beam on the sample surface. At the diffraction angle for the (011) reflection, θin=9.8◦,
this results in an elliptical 17x4 µm2 X-ray footprint on the sample. At the energy used,
the X-ray penetration depth is 1 µm, as calculated using the CXRO database [117]. At
the relevant incidence angle this translates into a probing depth of roughly 0.5 µm, so that
effectively we are probing a volume of ∼17x4x0.5 µm3 (x.y.z.) at each sample position.
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Fig. 5.8 A schematic representation of scanning X-ray microdiffraction. The scattered light
of the tightly focused incident beam tuned to a Bragg reflection forms a coherent diffraction
image on the detector. With a fixed position of the X-ray beam, the sample is scanned in both
the x and y directions parallel to the surface using piezo-motor drives. Figure courtesy of A.
Ricci.

The sample could be translated along the horizontal [0-11] and vertical [100] directions
using two piezoelectric-driven linear stages having a 10 nm resolution. The maps were
recorded by stepping the sample over a rectangular grid parallel to the sample surface with
a coherent diffraction pattern of the (011) reflection being recorded at each grid position
using the Pilatus-300k detector (exposure time of 1 s). The total integrated intensity of each
detector image was used to form one pixel value on the final, real-space map. The total
acquisition time of a map (e.g. with an area of hundreds x hundreds of µm2) was typically
two hours. All in all, nine microdiffraction maps were recorded at different temperatures and
rocking angles θin.

5.4.2 µXRD results and discussion

The first two maps from a sample of Er0.6Ca0.4TiO3 were taken at 132 and 172 K, using
a 40x40 pixel grid with horizontal and vertical step sizes of 20 and 4 µm, resulting in a
map covering a total surface area of 800x160 µm. The step size in these maps is chosen
to match the beam footprint on the sample. The diffraction angle was set to θin = 9.870◦,
corresponding to the maximum intensity of the 132 K rocking curve shown in the top panel
of Figure 5.5 and was therefore optimized for detection of the (011) reflection from the LTO
phase.
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Fig. 5.9 Microdiffraction maps of single crystal Er0.6Ca0.4TiO3 taken at 132 K (top) and
after then heating up to 172 K (bottom). Both maps are recorded with a scattering angle
θin = 9.870◦, which corresponds to the right-most yellow guideline in the main panel of Fig.
5.7, and favors diffraction from the (011) reflection of the LTO structure. Each of the 40x40
pixels represents the total scattered intensity, and they are separated by horizontal[vertical]
steps 20[4] µm, which is comparable to the ∼ 17x4µm2 X-ray footprint for the given
incidence angle. The color scale represents the normalized scattering intensity as described
in the text. The black boxes superimposed on the map indicate regions of interest at which
some of the later maps were taken. The two red lines mark arrays of pixels on hill[valley]
that were used to calculate the line profiles shown in Fig. 5.19.

The color scale of the map was obtained by the following procedure: for each area
detector image, taken at grid position (x,y), we first established the average intensity of the
weak diffuse intensity at a detector region far from the diffraction peak. This intensity was
taken as the I0 signal representative of the incoming beam intensity. Similarly, we took the
intensity Ī in a region of interest covering the most intense part of the diffraction pattern.
Together, these yield the self-normalized diffracted intensity value s(x,y) = Ī/I0 for each
grid position, (x,y). Finally, the whole map is again normalized to the average map intensity
s̄, such that the color coding of each pixel corresponds to s(x,y)/s̄.

The 132 K map, shown in the top panel of Fig. 5.9, is taken at θin = 9.87◦. This
corresponds to the right-most yellow guideline in the main panel of Fig. 5.7, and this means
the map mainly measures the spatial distribution of the LTO phase. Regions of elevated
intensity are therefore representative of those parts of the crystal in the LTO structure with
additionally reduced crystal symmetry, which allow the (011) reflection, despite the global
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LTO crystal structure. Under the assumption that the symmetry-lowered LTO regions are
homogeneously distributed within the LTO phase itself - i.e. are to be found throughout
the sample - the fact that the T=132 K map shows relatively homogeneous intensity would
signal a fairly homogeneous distribution of the LTO phase. The upper microdiffraction image
suggests that there may be variation in the LTO concentration over long length-scales (more
than 100µm), visible as a higher diffraction intensity on the left-side of the map, a lower
center-region and a partial recovery on the right-side. Locally, the intensity varies by at most
10-15 %.

In contrast, the 172 K map, shown in the lower panel of Fig. 5.9, shows a clear pattern
of diagonal stripes, with each stripe having a width in the x-direction of approximately one
pixel. This map was again taken at θin = 9.870◦, which emphasizes the LTO signal. Looking
at panel (a) of Fig. 5.3 and/or the lower panel of Fig. 5.5, it appears that at a temperature of
172 K, the LTO fraction in the probed volume of the sample is very small, and the LTM peak
dominates. However, the (022) data shown in panels (b) and (c) of Fig. 5.3 indeed show signs
of the LTO phase even at 172 K. Thus, the microdiffraction map is able to uncover a small
but periodically-arranged spatial pattern in the distribution of the LTO phase2 in a matrix of
LTM, which would have gone unnoticed without the micron-scale mapping capability. In a
later section we will consider the nature of this very interesting stripe contrast in more detail,
but first a more detailed description of the properties of the pattern itself is given.

With the benefit of hindsight (i.e. ‘conditioned’ by the lower panel of Fig. 5.9), weaker
stripe-like correlations can also be seen in the T = 132 K map in the upper panel of Fig. 5.9.
The stripes make an angle of ∼ 18.3◦ with respect to the (horizontal) [0-11] lattice vector.
Overall, the right hand side of the lower panel of Fig. 5.9 has higher intensity, but the relative
amplitude of the stripes is fairly constant across the map. This can be seen more clearly in
Fig. 5.10 in which the intensity modulation profile along the direction perpendicular to the
stripe has been extracted from the maps taken at both temperatures (132 K and 172 K).

This profile was obtained by averaging the intensity of the pixels along the stripe direction
(see the exemplary red guide-lines in the figure for the on-stripe pixels to be averaged) and
dividing out the overall background intensity variation, obtained by fitting a high-order
polynomial curve to the resulting trace.

For T = 172 K, confirming the impression from the naked eye, the intensity profile shown
in red shows a clear, periodic modulation with a fairly constant amplitude of ∼ 25% and a
period of 24 µm. Applying the same method to the 132 K map data yields the black profile,
and this curve turns out to display a similar modulation over part of the field of view, but
here the amplitude variations are generally on the 10 % level. Comparison of the two profiles

2The signal from which could be boosted by the particular choice of the angle of incidence
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Fig. 5.10 The average stripe intensity modulation from the 132 and 172 K maps obtained
by averaging the pixel intensity along the stripe direction, and plotting this vs. the distance
perpendicular to the stripe rows with respect to the origin of the maps in Fig. 5.9. The x-scale
and field of view of this figure is arrived at after rotation of the experimental pattern to get
vertical stripe orientation, followed by averaging of the on-stripe (hill) and between-stripe
(valley) lines. The largest horizontal and vertical full field of view was then selected. The
valley[hill] guidelines indicated in red in Fig. 5.9 are positioned at 115[130] µm on the
x-=scale of this figure, as highlighted with red arrows. The shaded background indicates the
part of the map within the black box frames in Fig. 5.9.
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shown in Fig. 5.10 indicates that the stripe period at 132 K is around 10 % larger than at
172 K (e.g. the red curve shows 17 maxima, while the black one 14 or 15). This implies
that the spatial distribution of the LTO phase in the LTM matrix must be re-organizing on
length-scales of order or larger than 500µm on warming up from 132 K to 172 K, with the
stripe period decreasing with increasing temperature, which goes coupled with an increase of
the stripe contrast.

Fig. 5.11 shows a pair of microdiffraction maps, the first taken after cooling from 172 K
to 162 K, and the second on subsequent heating to 164 K. These maps were taken on a 50x50
pixel grid, but with two times smaller horizontal[vertical] step sizes of 10[2]µm compared to
the maps of Fig. 5.9. The pixel-pixel separation in Fig. 5.11 is about half of the 17x4 µm2

X-ray footprint. With this reduced step size, we reach the theoretically optimal sampling
limit [102, 103]. Nominally, the center-points of the four maps shown in Figs. 5.9 and 5.11
are identical. Apart form the smaller step-size, the maps in Fig. 5.11 were recorded with
the scattering angle set to θin=9.770◦, which gives somewhat more sensitivity to the signal
from the monoclinic LTM phase. This can be seen from the bottom panel of Fig. 5.5, and the
164 K dataset in the rocking scan map shown in Fig. 5.7. However, given that this change
involved a rotation of the sample, an unknown displacement of the beam position on the
sample cannot be ruled out.

These two new maps are remarkably similar to each other, and in each case a diagonal
stripe pattern running in the same direction of that seen at 174 K is clearly visible. The
two maps shown in Fig. 5.11 indicate the stability/reproducibility of the mesoscopic-scale
structure with respect to the 2K warning step from 162 to 164 K. The corresponding intensity
profiles, depicted in Fig. 5.12, show an amplitude of roughly ∼ 20%, although the T=164
K amplitude does look to be a little reduced compared to that at 162 K. As was the case
previously at T = 172 K, the stripe period is 24 µm.

It is interesting to try and re-locate the same details in the hill-valley pattern between the
172 K and the 162 &164 K data. Such an analysis shows that although the stripe patterns are
similar, the exact spatial locations of the peaks and troughs of the stripe patterns differ. Also
different between the 172 K data and those of Fig. 5.11 are the long range intensity variations
under the stripe pattern. Thus, taken at face value, the changes seen on cooling from 172 to
162 K can be seen as probing the differences after a ’slip’ of the stripe pattern, launched by
the considerable temperature change. The 162 &164 K data then show the ’re-stuck’ stripy
pattern of the mesoscopic distribution of the distorted LTO phase. In it only fair to point
out that the difference in diffraction angle θin, or a change in the contrast mechanism as
reciprocal space is being sampled in a slightly different plane could also be playing a role in
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Fig. 5.11 Microdiffraction maps taken at 162 K and 164 K of single crystal Er0.6Ca0.4TiO3,
after initial cooling from 172 K to 162 K. The scattering angle was set to θ=9.770◦, and
each map is built up of the integrated intensity from 50x50 scattering images. The horizon-
tal[vertical] step size with which the sample surface was scanned under the beam was 10[2]
µm.

yielding the altered stripe pattern seen at 172K and the pair of practically identical patterns
recorded at 162 and 164 K.

The last set of microdiffraction maps we present are shown in Fig. 5.13. These probe
a temperature regime in which the presence of both the LTM and LTO peaks was clear in
the rocking scans shown in the lower panel of Fig. 5.5. As regards the incidence angle, this
set of spatial maps were recorded with θin = 9.845◦, close to the value used for the 132 and
172 K maps of Fig. 5.9, so that again the sample/detector set-up is most sensitive to the
(distorted) LTO phase in the Er0.6Ca0.4TiO3 single crystal. The temperature trajectory for
these map datasets is the following: the 168 K map was taken directly after the 164 K map
just discussed in the context of Figs. 5.11 and 5.12. Subsequently, the sample temperature
was brought to 159 K, as a starting point for the series from 159 to 165 K taken at constant
temperatures but on a warming cycle.

In the following, we first discuss one feature of the higher-T maps as this can be used to
say something about the relative fields of view of the map datasets discussed in this section
of the thesis, and the consequences thereof. We then return to the T-dependent series of
Fig. 5.13, and the further analysis of the images, with the aim of connecting the observed
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Fig. 5.12 The average intensity modulation profiles at 162 K and 164 K for single crystal
Er0.6Ca0.4TiO3, after initial cooling from 172 K to 162 K. The scattering angle was set to
θ=9.770◦. The x-scale and field of view of this figure is arrived at in an analogous manner to
that in Fig. 5.10.

evolution with the behavior of the resistivity and susceptibility reported by Komarek and
co-workers for the doped titanates, related in Chapter 2 of this thesis.

For temperatures of 163 K or higher, a strong valley stripe (i.e. line of suppressed (011)
diffraction intensity) can be seen in the lower right area of the map. Given the fact that all
microdiffraction maps are centered on nominally the same location on the sample, we can
use this characteristic feature, as well as other structures in the map image, to locate the
probable field of view (FOV) of the smaller maps with finer spatial step-sizes [Fig. 5.13] in
the larger FOV of Fig. 5.9. The resultant probable FOV for the smaller maps of Fig. 5.11 is
shown on Fig. 5.9 as a black rectangle, indicating a +30 µm horizontal offset for the smaller
maps, most likely due to a change in beam position caused by the 0.025◦ change in angle of
incidence. Using this calibration of the possible beam shift vs. incidence angle, an estimation
can be made that the field of view covered by the 162 and 164 K data shown in Fig. 5.11,
and the conclusion is that these images probably involve a 120 µm horizontal offset. Given
this new information on the probable FOV of the data shown in Fig. 5.11 we can once again
compare the 172K and 162 & 164 K map data, and once again see similar stripy patterns, but
no spatial co-location thereof in the data, supporting the hypothesis put forward above of
a ’slip and re-stick’ behavior of the mesoscopic LTO phase organization taking place as a
response to the 10K cooling step from 172 to 162 K.
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Fig. 5.13 Maps of Er0.6Ca0.4TiO3 sample taken in time order 168 K, 159 - 165 K. The
scattering angle was θ=9.845◦. All other conditions where as for the T=162 and 164 K maps.
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Fig. 5.14 The normalized intensity modulation profiles from the 159 to 168 maps taken at
θin=9.845◦ and of the 172 K map taken at θin=9.870◦. The curves have been shifted vertically
by multiples of 0.5 for clarity. The numbers at the top give the sequence number of the stripes
in the 172 K profile. The 172 K profile is aligned with respect to the rest of the profiles by
applying a 30 µm horizontal shift that aligns the large valley between stripe number 8 and 9
at ∼ 200µm. The x-scale and field of view of this figure is arrived at in an analogous manner
to that in Fig. 5.10.

Returning now to the spatial mapping series shown in Fig. 5.13, as was the case in the first
map-pair shown in Fig. 5.9, the visibility of the stripes clearly increases with temperature.
There are differences in stripe contrast between the left and right-hand side of the images for
the different temperatures in Fig. 5.13, and this same quantity is also different in the 172K
data of Fig. 5.9. As mentioned previously, this points to other, longer, length-scales on which
the organization of the distorted LTO phase giving the (011) diffraction intensity changes
versus temperature.

In Fig. 5.14, the normalized modulation profiles for the data of Fig. 5.13 are shown,
together with those from the 172 K for comparison. In this series, unlike the case for the 162
and 164 K data, there are portions of the stripe patterns that are evolving with temperature.
For the left-hand side of the traces shown in Fig. 5.14 the evolution barely goes beyond
changes in contrast. In the right-hand side, however, more qualitative changes are visible, for
example in the region around the pronounced minimum seen between 190 and 200 µm on
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the x-scale of Fig. 5.14. This attests to thermally-induced rearrangements of the peak and
valley positions in the stripe pattern of the LTO phase which are taking place in a temperature
regime not far from where strong hysteretic effects are seen in the resistance of 60% Er-doped
CaTiO3 (see Fig. 2.8 of this thesis). Our microdiffraction data do not provide a causal link
with the hysteric resistivity and susceptibility, but they can be seen as a smoking gun, pointing
to the phase separation and its spatial (re)organization as an important underlying factor in in
determining the complex response in both transport and magnetization. In general, we note
that these phenomena are reminiscent of the settling dynamics of domains observed during
minor hysteresis loops [129] ferromagnetic systems, and this analogy would point to the
importance of spatially separated domains of distorted LTO as forerunners of the global LTO
phase that hosts the metallic ground state at low temperatures in these Er-doped Ca titanates.

5.4.3 Intensity probability density function

In a number of papers, the intensity probability distribution of microdiffraction maps has
been used to infer details of the structure [10, 127, 39], and in particular as an argument
for scale invariant or spatially fractal behavior of dopants in complex oxides. This is an
interesting idea, and thus in this section we follow this approach, and in Fig. 5.15 we present
the normalized probability intensity distributions of the seven high resolution spatial maps
we have been discussing in the previous section, recorded at temperatures between 159 and
164 K. The probability intensity distributions were obtained by constructing the histogram of
all map pixel intensities s(x,y)/s̄ and then normalizing the area under the histogram to unity.

Before discussing Fig. 5.15 in any detail, we remark that if the Er-doped CaTiO3

crystal were to be comprised of a perfectly ordered stripe structure operational only on a
single and periodically repeating length-scale, only two intensity values would be expected.
Consideration of the data of Fig. 5.15, shows that the data points rather follow a smooth
curve. In fact, the intensity probability distribution resembles a Gamma probability density
function, as is shown by means of a fit to the 161 K data, which is shown as an orange
solid line. Such a Gamma probability density function indicates a random distribution of
intensities, and so, although the microdiffraction maps are able to pick out subtle yet clear
indications of stripy texture in the spatial distribution of the distorted LTO phase patches in
the insulating LTM matrix, underlying longer range intensity variations and the mixed phase
domain structure washes the stripe information out of the intensity probability distribution to
yield a Gamma density function behavior.

Following the analysis method presented in [10, 127, 39], we now go on to examine
whether the high intensity tail of the distributions can be fitted using a power-law distribution
P(x) = x−α [130]. In Fig. 5.15, we highlight the two datasets that yielded the highest and
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Fig. 5.15 Normalized distributions of the pixel intensities s(x,y)/s̄ in the seven maps of
60% Er-doped CaTiO3 taken at temperatures between 159 and 168 K. A Gamma probability
density function (PDF) has been fitted to the 161 K data and is shown as an orange line. The
inset shows the high normalized intensity tail of the 159 and 162 K data, plotted on a log-log
scale together with two exemplary power law fits.
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lowest power exponents, α(159K) = 9.4 and α(162K) = 5.7, and we show the fits in the in
the inset to Fig. 5.15. Such a power law behavior has been linked to scale invariance in the
the domain size distribution in a mixed phase structure [127, 131]. Taken at face value, the
significant and changing level of stripe disorder or background seen at length-scales beyond
the FOV of the microdiffraction maps presented in section 5.4.2 could be seen as supporting
the idea of organization of the LTO patches at multiple length scales. However, in Fig. 5.15
we find a power-law scaling that could indicate scale invariance only over a very small range
of normalized intensities: from 1.5 to 4, i.e. not even over a single order of magnitude,
compared to the almost two orders of magnitude reported in [127, 131]. Therefore, although
the observed intensity distribution points to there being numerous length scales involved
in the problem, we cannot extract meaningful support for scale invariance from these data.
Thus, either such fractal behavior is simply not there in the Er-doped CaTiO3, or such effects
are too weak to survive in the data due to the randomness on top of the stripe pattern and the
existence of long range intensity variations. At the very least it can be stated that if present, a
susceptibility towards fractal self-organization of the distorted LTO phase in this system is a
sub-dominant phenomenon.

Drawing this discussion of the microdiffraction maps to a close, we can conclude that the
structure has many aspects of a mixed phase with a wide range of domain structures onto
which a stripe pattern is superposed, a stripe pattern which involves a modulation of the ratio
of the two phases. In the next section, we will elaborate further on this model.

5.4.4 Ensemble-averaged coherent diffraction patterns

Each pixel of the microdiffraction maps has a color corresponding to the total intensity of
a coherent diffraction image that encodes information on the structure of the illuminated
volume. So far the information in these images themselves has been ignored, and in this
section we will investigate what this information can tell us.

Firstly, averaging the coherent diffraction images behind all of the pixels of a microd-
iffraction map gives a very good ensemble-averaged diffraction pattern of the area covered
by the map, and, in other words, corresponds to the incoherent diffraction pattern of the
sample as it it were recorded using a beam as large as the whole map area. From these
average diffraction patterns we can obtain the scattering profiles I(θout) by integrating the
map-averaged diffraction patterns over the out of plane angle χ .

The left-hand stack of three panels in Fig. 5.16 shows these scattering profiles extracted
from the different microdiffraction map datasets. Each panel of the figure groups data
recorded with the same θin value. The θout dimension of the original data has been converted
into the longitudinal momentum transfer component, q(011), which forms the x-scale of the
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plots. The fourth panel of Fig. 5.16 reproduces part of the data covering the temperature
dependence of the (110) reflection, the original data being shown as panel (a) of Fig. 5.2.
The temperatures at which the microdiffraction maps have been recorded are indicated as
color-coded, horizontal lines.

The 132 K scattering profile, shown in Fig. 5.16 (a), consists of a single peak at q=1.3920
Å−1, the same position as was found during the temperature scan reproduced in panel (d).
The 172 K profile shows a clear double-peak structure, with components at q=1.3895 Å−1

and q=1.3905 Å−1. This splitting can also be found back in the data in panel (d) and seems
to indicate the start of the phase separation.

As mentioned before, the series of 5 maps taken at θ = 9.870◦ straddling the phase
coexistence temperature region was taken at θin = 9.845◦, slightly more optimized for
detection of the low q orthorhombic reflection. Panel (b) shows the curves to decrease in
amplitude and broaden with temperature, compatible with the gradual disappearance of the
LTO phase.

Fig. 5.16 (b) shows the results for the 162 and 164 K maps, that were taken at θin = 9.770◦

where we have a greater sensitivity to the monoclinic peak. Indeed, these profiles are much
sharper, and both show a clear double peak structure. The high q, LTO-related peak is
roughly three times stronger than the low q, LTM feature. The fact that these curves are
much narrower can apparently be attributed to a better alignment of the detector plane with
the top of the triangular shape of the rocking maps (see yellow vertical lines in Fig. 5.7).

In kinematic diffraction theory [83], the single crystal is assumed to have imperfections
such as mosaicity that limit the correlation length of the lattice structure. In such cases,
the width of scattering profiles should be inversely proportional to the correlation length of
the crystal, which hereafter is interpreted as being representative of the domain size of the
scattering phase.

An estimation of the in-plane correlation lengths of the mixed phase system can therefore
be obtained by fitting the curves in Fig. 5.16 with two Lorentzian functions. Similarly, the
out of plane scattering profiles obtained by integrating the map-averaged diffraction images
over θout , were fitted with a single Lorentzian in order to obtain an estimation of the out of
plane correlation lengths. The results for the 159 to 168 K series of Fig. 5.16c are shown
in Fig. 5.17. We find that the correlation length of the LTM component along the (0-11)
direction (red symbols) seems to decrease with temperature from ∼ 1400 to 900 Å over
the interval between 159 K and 168 K, while that of the LTO component (blue symbols) is
roughly 40% smaller, decreasing from 800 to 550 Å. The overall out of plane correlation
length (black symbols) decreases from 180 to 150 Å. Due to the fact that the detector is - to
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Fig. 5.16 The left three panels show the map-averaged scattering profiles I(θout), in which
I(θout) has been converted to a q011 scale. The three panels correspond to the three sets
of maps taken at different θin. Panel (d) is a top view of the (011) peak in Fig. 5.2a, in
which the temperatures of the maps are shown as colored horizontal lines, with the colors
corresponding to those of the left hand panels. Note that the data in Fig. 5.2a were taken at
θin=9.870◦ and therefore can only be compared directly with panel (a) of this figure.
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Fig. 5.17 Trends in the correlation lengths obtained from the map-averaged diffraction peak.
Red and blue: the in-plane correlation lengths of the LTO and LTM phases obtained by fitting
two Lorentzian to the profiles in Fig. 5.16. Black: the out of plane correlation length for the
average of both phases. Note that the numbers given here represent lower boundaries only.

some degree - cutting through the edge of the diffuse scattering blobs, it should be borne
in mind that the correlation lengths given above represent lower bound values. However,
the apparent triangular shape of the intensity in the rocking angle maps of Fig. 5.7 shows
that kinematical models with exponentially decaying structure correlations are too simple,
and a more refined model is required before a more precise interpretation can be made in
terms of correlation length. Despite this, it is fair to say that the characteristic length scale
of the charge order along the in plane [0-11] direction is much larger than that along the
out of plane [100] direction, and that both length scales decrease on warming towards the
temperature at which the two-phase situation disappears.

5.4.5 Modeling of the contrast in the microdiffraction maps

The microdiffraction map data were clear in their implication of a striped superstructure
in which the ratio of orthorhombic to monoclinic material varies in a sinusoidal manner.
However, strictly speaking the two phases are detected with a relative efficiency that depends
on θin, so that a priori it is not simple to link the observed diffraction intensity to the relative
concentration of the two phases. In order to get some insight into this issue, we introduce a
simple model here for diffraction from the striped, mixed phase.
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Let O(T ) be the average percentage of orthorhombic phase at a given temperature T .
Perpendicular to the stripe direction this percentage is taken to vary as a cosine function with
amplitude A(T ). The low temperature monoclinic LTM and orthorhombic LTO phases are
detected with efficiencies α(T,θin) and β (T,θin) respectively, which are dependent on both
temperature and angle of incidence. The intensities of the orthorhombic and monoclinic
fractions are then given by

IO = α(O+Acos2πx/τ), (5.1)

IM = β (1−O−Acos2πx/τ), (5.2)

where τ is the period of the stripe, which the data of Fig. 5.14 tell us is approximately
independent of temperature. Note that the amplitude A cannot be larger than either of the
fractions, so that A < O and A < 1−O, and its maximum value is A = 0.5.

In such a model, the amplitude variation between the peaks and valleys of the intensity
profiles relative to the average intensity Ī is given by

Imax − Imin

Ī
=

2A(R−1)
1+O(R−1)

. (5.3)

Here R(T,θin) = α/β is the ratio of the detection efficiencies, which is dependent on the
way the detector is positioned in reciprocal space. The correct positioning of the detector is,
in turn, dependent on the temperature of the sample. The highest contrast is obtained when
A = O = 0.5. The contrast vanishes when both phases are detected with equal efficiency
(R = 1) and flips sign depending on whether R is larger or smaller than one. Judging from
the rocking curves, we estimate R to be between one and two for the 162 K and 164 K maps
taken at the lowest θin=9.770◦, and around 8-10 for the maps taken at higher θin.

It should be noted that even if R were known, we cannot use this model to obtain the
true values of A and O, since the signal from the low-T orthorhombic phase detected using
the forbidden (011) reflection does not represent the total volume fraction of this real phase,
as only a portion of it has the locally lowered symmetry required to generate diffraction
intensity in the (011) Bragg peak.

Nevertheless, the model can be used to discuss some of the trends in the data. As an
example, in the 159 - 168 K series, the fraction O of low temperature orthorhombic phase is
decreasing rapidly, and since the modulation amplitude A is negative, by definition, also the
LTO and LTM modulation amplitude must be decreasing. Under these conditions, the model
indicates that the increase in contrast observed in Fig. 5.14 is probably mainly caused by
an increase of the ratio of detection efficiency R, caused by motions of the reciprocal space
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structure away from the detector, as is also visible in the rocking scan maps shown in Fig.
5.7.

5.4.6 Nature of the stripes

In order to test this model, we investigated the nature of the contrast in the stripes more closely.
In Fig. 5.18(a) we give a portion of the 168 K map, for which the rocking curve shows a
large monoclinic peak at θin = 9.77◦ with a small orthorhombic shoulder at θin =∼ 9.89◦.
We represent the map here in square pixels, and in the zooms indicated in panels (b) and (c),
we also show a 3x3 collection of coherent diffraction images, one for a high and one for a
low intensity area. In this map dataset, the real-space step size is half the beam width (in
both directions), so adjacent pixels partly overlap. Since the coherent diffraction image is the
reciprocal space snap shot of the illuminated area, adjacent images should therefore resemble
each other and indeed this can be seen to be the case.

In panels (d) and (e) of the same figure we show the average of each of the sets of 3x3
images. The average diffraction image of the nine high intensity pixels shown in (d) shows
a sharp and intense diffraction contrast, roughly at the position of the orthorhombic peak.
On the other hand, the average diffraction image of the 3x3 low intensity pixels is much
broader, has a much lower intensity per detector pixel and lies at lower q, suggesting that
the intensity in the low intensity, stripe-valleys of the microdiffraction map is produced by
the monoclinic phase. However, as the map was taken with θ = 9.845◦ the orthorhombic
signal is still strongly favored, with the monoclinic phase not formally meeting the diffraction
condition.

Panel (a) of Fig. 5.19, shows the average scattering peak profiles I(q011) of the 3x3 pixel
areas shown in panels (d) and (e) of Fig. 5.18. The 2D detector image data of Fig. 5.18 is
projected onto the intensity with respect to the q011 axis. The result shows a clear difference
in the position of the reflection from the high(low) intensity regions of the original stripy
microdiffraction map, indicating that the high intensity stripes are richer in the orthorhombic
phase.

As a further test as to whether the origin of the stripe contrast indeed lies in the LTM to
LTO ratio, we repeated this procedure for lines of thirteen pixels on the ridges (high intensity)
and valleys (low intensity) indicated by the red lines in the 132 and 172 K maps shown in
Fig. 5.9. Panels (b) and (c) of Fig. 5.19 compares the resulting peak normalized scattering
peak profiles I(q011) (red[blue]=ridge[valley]) with the total map-averaged profiles portrayed
in black.

The 172 K result in panel (b) indeed confirms the results from the 3x3 pixel areas: the
average of the of thirteen valley pixels give a scattering peak position that corresponds to the
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Fig. 5.18 (a) A small region of the map at 168 K [the full map is shown in Fig. 5.13]. The
red(blue) squares indicate two 3x3 map pixel regions with high(low) intensities. Panels (b)
and (c): The most intense area (300x260 detector pixels) of the coherent diffraction patterns
corresponding to the 3x3 tiling of pixels indicated in (a). Panels (d) and (e): corresponding
average images of the nine speckle patterns shown in (b) and (c), respectively. These show a
clear difference in q-space position of the scattered intensity, indicating a different diffraction
angle for the high and low intensity regions of the microdiffraction map. The horizontal band
of zero intensity in the individual diffraction patterns is an artifact of the detector chip used
at the microdiffraction set-up.
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Fig. 5.19 (a) The scattering profiles I(q011) for the sum of the 3x3 pixel areas indicated in the
previous figure. Red(blue): on stripe(in valley). Panels (b) and (c) show the equivalent results
obtained from averaging thirteen pixels along lines on the crest (labeled ’high’) and in the
valleys (labeled ’low’), as indicated by the red lines on top of the large scale microdiffraction
maps of Fig. 5.9. In both panels (b) and (c) a comparison is also made with the map-averaged
scattering profiles taken from Fig. 5.16(a) shown as black solid lines). In (b) and (c), each
profile is peak normalized, so as to accentuate changes in position and line shape in each
case.
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LTM phase, while the average of thirteen ridge pixels is close to the LTO position. In addition,
the maxima of the two curves in panel (b) match relatively well with the two components of
the map-averaged scattering curve shown in panel (a).

Panel (c) shows an analogous analysis as that carried out for panel (b), but now at a
temperature of 132 K, at which the sample is almost completely in the LTM phase. In this
case, the scattering profiles of the high (red) and low (blue) intensity pixel rows almost
coincide with the map-averaged profile (black). Although this would suggest a lack of spatial
structure, the 132 K map shown in Fig. 5.9 still shows stripy contrast, albeit low. This would
seem to suggest that the residual, partially developed stripy structure in this map is due to
remnants of the monoclinic phase whose reciprocal space (011) diffuse scattering cloud is
mostly missed by the detector, as expected from the earlier statement that R > 10 at this
temperature and diffraction angle.

We close this discussion of the microdiffraction data by turning to the possible mi-
croscopic origin of the stripe pattern. It is well known that stripe order can result from
competition between a local ordering mechanism with long range fields that in turn are pro-
duced by the local order. A beautiful example of such self organization is found in magnetic
materials with a uniaxial anisotropy, such as a wide range of magnetic thin film materials
[121, 132, 133, 17]. In such systems the stripe period can be tuned from tens of nanometers
to tens of microns simply by changing the composition. Following this analogy further, the
short-range ordering, then, is of the LTM and LTO phases, and it exactly this coexistence
of two phases with differing lattice parameters that sets up a complicated, long-range strain
field which results in self organization of the system into regions with on average larger
and smaller unit cell volumes. This echoes theoretical work by Ahn et al. [15, 122] who
predicted that the the strain field produced by phase separation between a large unit cell
charge ordered phase and a small unit cell metallic phase can induce long-range order.

The microdiffraction data show the domain period to be quite stable, although there
are some indications of a shrinking of the period with temperature in the 132 and 172 K
maps. Such stiffness could have several origins. Firstly, if the domain period needs to grow,
all stripes have to be moved across the pinning landscape and somewhere stripes have to
be annihilated or be pushed out of the sample. Even in magnetic systems in which stripe
domains do not involve charge and orbital order it is known that domain wall pinning by
lattice defects has a strong influence on domain wall movement and the formation of stripe
patterns. In addition, domain walls can have an effective mass, making them resistant to
acceleration. This aspect has also been looked at in model calculations of CO/OO transition
metals oxides [15, 122], and it has been found that the structure needs to be altered over a two
unit cell length scale in order to move a domain wall between a checker-board charge order
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domain and a metallic domain (i.e. both black and white sub-lattices of the checkerboard
need to reorganize). This involves large changes in unit cell volume in both phases, implying
that such a domain movement is a very costly process.

5.5 Conclusion

In this chapter, the structural evolution of Er0.6Ca0.4TiO3 across the MIT has been discussed
on the basis of diffraction data collected during speckle intensity correlation experiments.
We have presented detailed data on the peak splitting of both the “forbidden" (011) and the
allowed (022) lattice reflections during temperature scans under fixed diffractometer settings.
These allow us to follow the evolution of the high temperature orthorhombic structure into
the low temperature monoclinic structure and the ensuing emergence of the large unit cell,
low temperature orthorhombic (LTO) phase, believed to be the metallic fraction in the Ca-
doped ErTiO3 system. Our data clearly provide for the scenario proposed earlier for the
doping-dependent behavior in the related system Y1−xCaxTiO3 [21, 23, 16], but refine it by
stressing the gradual nature of the appearance of the LTO phase.

Furthermore, data is shown from rocking scans with area detectors on a long exit arm,
and they go to show the efficacy of this approach in probing a large volume of reciprocal
space. On the one hand, these scans confirm the gross features of the picture sketched above.
On the other, they also raise questions about the details of the structure of the diffraction
peaks that warrant further study.

The main body of experimental results presented in this chapter, however, are a series
of hard X-ray microdiffraction maps. These maps indicate that the large unit cell volume,
monoclinic (LTM) phase coexists with the smaller unit cell, low temperature orthorhombic
(LTO) phase over a large temperature range around the MIT. This coexistence is arranged in
more or less randomly-sized domains within the single crystal structure. Although the voxel
in the experiment is 3x5x0.5 micron3, the correlation lengths that can be inferred from the
ensemble-averaged diffraction results point to much smaller domain sizes. At 158 K - the
low temperature end of the MIT region - the correlation length along the direction normal to
the (100) plane is 100 Å for both the LTO and LMO fractions, independent of temperature.
Along the (0-11) direction, the correlation length has lower limits of 800 Å for the LTO and
1400 Å for the LTM fraction, and for both phases these length-scales decrease on warming
up.

For temperature in the MIT region, the microdiffraction maps uncover a remarkable self
organization superimposed on the domain structure in the form of a strip patterns of period
24 µm. This ordered structure is all the more remarkable as the direction of propagation
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Fig. 5.20 Model of the stripy phase. Charge ordered LTM domains with a range of sizes and
possibly elongated in the (011) direction (orange) self-organize into microscopic stripes in a
background of the metallic LTO phase (blue).

of the stripe lattice cannot immediately be linked to a high symmetry plane of the crystals
structure. There are signs of temperature hysteresis in the stripe pattern, and has been pointed
out previously[41], such hysteresis can form a natural basis to explain the observed hysteresis
in the resistivity, as the electric current would have to find a percolative path through such as
strongly anisotropic system of organized charges and spins.

An analysis of the intensity distribution of the microdiffraction maps shows that the
domain size is randomly distributed, following an overall Gamma distribution, in which the
stripe pattern does not emerge. An additional analysis of the high intensity tail of the intensity
distribution function shows at best only weak signs of the presence of scale invariance
[127, 131, 39, 134].

Taken together, these diffraction data for temperatures around or just under the MIT in
the Ca-doped ErTiO3 system suggest that the structure is organized along the lines of the
sketch shown in Fig. 5.20. In this picture, a collection of essentially randomly-sized LTM
domains, elongated along the (011) direction, are embedded in a matrix of the LTO phase.
Both phases possess a sinusoidal-like concentration profile with a period of 25 µm with a
propagation vector that makes an angle of 18.3◦ with respect to the (100) axis. Connecting
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this micro-structural model to the transport data, we note that the electrical current will only
run in the metallic, LTO phase, shaded blue in Fig. 5.20. On warming the system up, the
LTM domains (orange) increasingly nucleate throughout the system, slowly washing out
the stripe periodicity, but also compromising the percolative pathway through the remaining
LTM phase: heralding the metal to insulator transition.

Furthermore, by zooming in on the ridges and valleys of the stripe structure, it could
be shown that the stripe modulation is, in fact, a concentration modulation of the LTO and
LTM phases, despite the fact that the local concentration of the two phases could not be
determined since the orthorhombic (011) signal is a parasitic reflection caused by local
symmetry breaking effects such as dopant concentration disorder. Nevertheless, the stripe
structure could be analyzed in terms of a simple model that takes into account the detection
efficiency of the two phases as determined by the angle of incidence of the X-ray beam, a
model in which the observed reversal of the stripe contrast can be explained in a natural
manner. It is therefore also not clear by what amount the local fractional concentration of the
two phases varies.

Given the probing depth of these microdiffraction experiments of order 0.5 micron,
whether the stripes are living only at the near-surface region of the crystal or also in the bulk
remains a moot point. Assuming for the moment that these data are relevant for the bulk,
they suggest that the mixed phase consists of a multilayer of LTM and LTO rich material.

In this case, the stripe spacing observed would represent the upper limit for the layer
periodicity, as the angle the multilayer makes with the sample surface is not known.

Integrating all the information above yields the following overall scenario for the evolution
of Er0.6Ca0.4TiO3 on cooling from high temperatures across the MIT.

• At high temperatures, the system takes on an orthorhombic structure: thermal excita-
tions overcome the correlation and charge order tendencies.

• On cooling, these gain the upper hand and the HTO structure gradually distorts into
the charge ordered insulating LTM structure, and this is coupled to a large increase in
the resistivity.

• On further cooling, the bulky LTM unit cell impedes the natural lattice contraction at
lower temperatures, and the system reacts by nucleating domains of the small unit cell,
metallic LTO phase starting at temperatures around 250 K.

• Each LTO nucleus has a smaller volume than the volume in the LTM matrix from
which it originated, and thus the LTO is surrounded by a local strain field, which also
contains torsional components, as the LTO phase formation is accompanied with a
tilting of the unit cell c axis.
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• These strain fields self organize the system of mixed phase domains into a stripe
structure in which lattice (unit cell) and charge/orbital degrees of freedom are spatially
modulated in a highly anisotropic manner.

• The stiffness of such a strain modulated superstructure leads to temperature hysteresis
in the spatial arrangement of the mixed phase structure, which naturally explains the
strong hysteresis found in the resistivity curves.

Clearly, many open questions remain: are the stripes only living on the ’surface’, ’sub-
bulk’ (< 0.5µm) or are they the sign of a bulk multi-layering structure? Do the torsional
strains between the LTM and LTO domains lead to speckle structure and can this be linked
to the concept of mosaicity in kinematical diffraction, and do these effects perhaps explain
the strange forms of the diffraction spots in the rocking scan maps? How important is the
tolerance factor for stripe formation? How ubiquitous is stripe formation as a means of
relieving strain in a mixed phase system? In this respect it should be remarked that in parallel
studies on Y0.62Ca0.38TiO3 performed in this thesis project, we observed anomalous satellites
around the (011) peak, which could be indicative of the emergence of an incommensurate
order.

Looking back over the whole project, we can conclude that our bold efforts to find slow
equilibrium dynamics of the charge order in Er0.6Ca0.4TiO3 have, despite some early data
that looked promising, not brought any sign of such dynamics to light. This inability of the
system to show anything other than very slow equilibrium dynamics is most likely due to
the strong coupling of the electronic and lattice degrees of freedom, coupled to the sluggish
nature of the phase transition and the resulting hysteresis in structure and electrical properties.

However, even in these inherently strongly disordered systems, the stability of our ex-
perimental setup has allowed rapid ‘settling’ dynamics to be identified in Ca-doped ErTiO3.
These effects can still lead to changes in the domain landscape after minor temperature
excursions or thermal fluctuations.

The final question to answer is thus what X-ray speckle techniques can contribute to our
knowledge of the dynamics of charge and orbital ordering phenomena. The answer still lies
in the idea that speckle images taken with a pulsed source produce snapshots that can be used
to detect fast changes in the lattice, electronic and spin structures. Thus, XFEL-based speckle
experiments using pump probe techniques will still be extremely interesting for the study of
non-equilibrium femto- to nanosecond scale dynamics. Use of a split-and-delay technique as
was proposed by Grübel, Stephenson, and Gutt et al. [75, 113, 101, 108] would give access
to intrinsic fluctuations in the interesting pico- to nanosecond time window. It is therefore
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to be expected that with the further development of sources, detectors and experimental
setups that speckle techniques will in due time mature as a relevant technique for probing the
intrinsic dynamics of spins, charges and orbitals.
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Appendix A

Diffraction geometry and
crystallographic orientation

In this appendix we discuss details of the diffraction geometry. We start out by discussing the
labeling of the charge ordered titanate structure in terms of cubic and orthorhombic unit cells.
We then deal with the conversion of detector positions to scattering angles and from that
derive the mapping of reciprocal space onto the detector. Finally we consider the possible
loss of coherence due to the large scattering angle geometry.

Fig. A.1 shows the lattice of the charge ordered titanate system, with an indication of
cubic and orthorhombic lattice directions. The (011)o planes form triangular lattices of
titanium atoms of equal valence. During the experiments discussed in chapter 5, the q(100)o

direction was placed parallel to the θ rotation axis while the q(0−11)o lies in the diffraction
plane, as shown in panel (b).

Fig. A.2 shows the layout of the scattering experiment in real space. The (011)o surface
is parallel to the vertical θ -axis, so that the reciprocal lattice vector q(011)o (black) lies in the
scattering plane (light blue). The scattering condition is fulfilled when this vector equals the
difference of the incoming and outgoing wave vectors kin and kout . The scattered light is
intercepted by the CCD detector, which has its surface perpendicular to the kout(011) wave
vector. In the following we use a coordinate system in which the y axis is normal to the
surface and z is along the θ rotation axis.

The corresponding reciprocal space representation of the experiment is depicted in Fig.
A.3. The incoming and outgoing wave vectors kin and kout define the Ewald sphere and the
light blue scattering vector q connects the two. When the (011) diffraction condition is met,
the scattering vector q coincides with the (011) reciprocal lattice vector q(011). Due to the
disorder in the charge order structure, the (011) diffraction spot is surrounded by a cloud of
diffuse scattering, represented here by a green ellipsoid.
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Fig. A.1 Left: the (RCa)TiO3 system in the charge ordered state. The Ti3+ (green) and Ti4+

(red) ions sit in the corners of a nearly cubic unit cell. The cubic lattice vectors are indicated
in red with subscript c. The q vectors in orthorhombic notation are denoted in black with
subscript ‘o’. One of the (011) planes is indicated by a green triangle. Right: a top view
of the (011) plane, where q(011)o direction is pointing out of the surface, q(100)o is pointing
down, and q(0−11)o lies horizontally in the diffraction plane.

Fig. A.2 The real space representation of the scattering geometry indicating the mapping of
reciprocal space to pixel positions on the CCD detector.
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Fig. A.3 Reciprocal space representation of the scattering geometry. The green ellipse
represents the diffuse scattering around the (011) reciprocal lattice point. The angles are
representative of the hard X-ray experiments, θ = 10◦. In the soft X-ray experiments, the kin
vectors are much shorter and θ = 79◦. The angle between the detector plane and the q(011) is
equal to the diffraction angle θ .
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Fig. A.4 Schematic of the difference in detector cuts through the (011) reflection in reciprocal
space for our soft and hard X-ray experiments. (For the latter, the red circle representing the
source position in q-space should be very off the paper to the right.)

Since the detector has its surface perpendicular to kout , it can be represented in reciprocal
space as a tangent plane to the Ewald sphere. The alignment procedure aims to position the
detector on the q(011) reciprocal lattice vector, so that the image on the CCD detector is a
cut through the diffuse scattering cloud. In that case, the center of intensity on the camera
corresponds to the wave vector kout - kin = q(011).

The diffuse scattering can be seen as the light that has scattered away from the (011)
reflection by interaction with disorder in the crystal. The intensity on the CCD image can
therefore be labeled by a relative wave vector kout - kin = q(011) + qi j, where i and j are the
horizontal and vertical pixel coordinates on the detector. As can be seen from Fig. A.2, qi j

can be decomposed in components qx, qy and qz, where qy is along the (011) surface normal
and qx and qz are two orthogonal components in the surface plane.

Sample alignment is done by either θ −2θ scans, in which both angles are changed by
equal increments, moving the detector along the scattering vector direction, or rocking scans,
in which only θ is changed, causing the detector to rotate around the scattering vector.

Fig. A.4 compares the geometry for the hard and soft X-ray experiments. It shows that
in the soft X-ray experiment the detector plane makes an angle θ=∼ 80◦ with the [011]
direction, while in the hard X-ray experiments this angle, θ ′ is ∼ 10◦.
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The next task is to map the diffuse scattering on the detector in terms of the three
components of qi j. To this end, one first has to map the pixel positions to the angles θout and
χ that define the direction of kout , as shown in Fig. A.2. This mapping is given by

θout = θin +(ic − i)∗δpix (A.1)

χ = ( jc − j)∗δpix (A.2)

qx = k ∗ (cos(θout)− cos(θin)∗ cos(χ)) (A.3)

qy = k ∗ (sin(θout)+ sin(θin)) (A.4)

qz = k ∗ cos(θout)∗ sin(χ) (A.5)

qT =
√

qx2 +qz2 (A.6)

qi j =
√

q2
T +q2

y . (A.7)

Here i and j are the horizontal and vertical pixel coordinates and ic and jc are the
coordinates of the barycenter of the scattering peak. δpix is the angular width of one pixel
on the detector, determined by the pixel size and the distance between the sample and the
detector.

As a final point of consideration, in large angle scattering experiments the path length
differences inside the illuminated volume of the sample can become larger than the longi-
tudinal coherence length, leading to a reduction of speckle contrast. In Fig. A.5 we show
the scattering of a beam with diameter L at an angle θ . The penetration depth or extinction
length H indicates the distance from the surface into the sample along the surface normal,
over which the beam intensity falls to 1/e of the original value [117]. From the figure it
can be concluded that the maximum allowable path length difference is given by 2Hsin(θ).
From this point of view, the experimental conditions at each of the three beamlines used
in the research presented here are such that the path length difference is always shorter
than the longitudinal coherence length. This means that we are always fully coherent in the
longitudinal direction.
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Fig. A.5 Illustration of the path length difference. L indicates the beam diameter, and H is
the penetration depth. AOF and BMG are the surface reflections that have the shortest path
length between flat wave fronts in the incoming and outgoing beams. AOD and BCE are the
equivalent longest pathways. The path length difference is defined as the difference between
the shortest and the longest path lengths, which is equal to 2Hsin(θ).
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The Timepix Detector

The Timepix detector [135–137, 109, 138, 123] is a derivative product of the Medipix
detector developed for high energy particle detection at CERN. In this detector, the signal
from each pixel is processed by its own electronic circuit, which differs from the operating
principle of conventional CCD detectors. This simultaneous readout ability allows one to
record up to 120 frames per second, making it a suitable detector for the 120 Hz repetition
rate of the LCLS.

As we were only the second user group to utilize this detector, and since we could
benefit from direct contact with the manufacture of the instrument at Amsterdam Scientific
Instruments, we will describe it in some detail here. In particular, we discuss the sensitivity
of the detector, the use of cluster analysis to detect pixels that have received multiple photons
in a single shot, and the effects of charge sharing.

Fig. B.1 shows a typical Timepix chip. It consists of a 300 µm thick silicon diode on the
top, which is bridged by 30 µm In-Sn bump-bond balls to an application-specific integrated
circuit (ASIC)[137, 109].

As in any diode, photons hitting the detector produce a number of electron-hole excitations
that is proportional to the photon energy. The electrons and holes drift apart under the
influence of a 100 V bias voltage (see Fig. B.2). The holes are collected by contacts at the
back side of the wafer and then processed on the ASIC chip. The metallic contacts form a
matrix of 256x256, dividing the photodiode in 55x55 µm2 pixels. Four of such quadrants
are connected by two rows of 165 µm by 55 µm rectangular pixels, that form a cross at the
center of the detector (see Fig. 4.10(b) for an example in which the borders of the quadrant
are visible).

The electronics can process the signal in 3 different modes depending on the user setting:
the counting mode, the Timepix mode, and the time-over-threshold (ToT) mode. In the
experiments described here, the detector was operated in the ToT mode. In this mode the
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Fig. B.1 Picture of the Timepix detector. An application-specific integrated circuit (ASIC)
is attached to the silicon sensor with Indium bump-bonding. Adopted from the Timepix
website.

Fig. B.2 Schematic of the Timepix detector showing the pixelated p-n diode sensor that
is bump bonded to the underlying signal processing unit, and an animation of the photon
detection on the top layer. From the top-left to the bottom-right, the process is as follows:
photons hit the top silicon layer creating electron-hole pairs. A bias voltage of around 100
V causes the holes move to the readout, while the electrons move towards the surface. The
number of electron-hole pairs is proportional to the incident photon energy. Adopted from
Timepix website.
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Fig. B.3 The counting logic of the ToT mode. The pre-amplifier converts the collected charges
into a standard pulse shape, whose integral is proportional to this charge and accordingly
proportional to the photon energy. The signal is the number of cycles of a 40 MHz internal
clock that are counted while the input pulse is over the preset threshold voltage.

charge pulse generated by the incident photons is converted to a standard shape voltage
pulse whose integral is proportional to the collected charges. This pulse is compared to a
discriminator level (see Fig. B.3) that is set such that the electronic noise in the detection
circuit is suppressed. The output is given by the number of 40 MHz clock pulses for which
the signal is above the threshold. The advantage of this operation mode is that it yields the
most precise estimate of the charges that collected by the pixel and thus the deposited photon
energy. However, this ToT circuitry has a non-linear response at photon energies below 18
keV [139]. For instance, if the amount of charge is insufficient to bring the signal above the
discriminator level, it will be lost completely.

The calibration curve that relates the amount of charge (= energy of the photon) to the
ToT output is shown Fig. B.4 [140]. Assuming a Gaussian photon energy distribution, the
corresponding ToT output will be distorted by the non-linear response function, resulting a
distorted Gaussian output distribution.

The response curve is well described by the fitting function

SToT (E) = aE +b− c
(E − t)

, (B.1)
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Fig. B.4 The relation between photon energy and ToT response. The red curve represents the
calibration curve. The horizontal yellow Gaussian area represents the energy distribution
of the photons hitting the detector. The vertical yellow area represents the resulting ToT
signal distribution. At low energy, the ToT probability function can be fitted with a distorted
Gaussian; at high energy the ToT response is close to linear with photon energy. Adopted
from [140].
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Fig. B.5 a) A portion of raw data of the (022) diffracted beam intensity of a single LCLS
pulse. The colored dots represent the illuminated pixels, and the black background represents
zero counts. Most events are single pixel events, but one can also observer 2 pixel clusters in
the shown region. b) After cluster analysis and correction for charge sharing, the counts of
the multipixel clusters have been reassigned to single pixel photon events.

where SToT is the ToT number of clock pulses, E is the photon energy, a,b,c and t are fitting
parameters. These can be determined by fitting to data of radiation sources with well defined
energy.

B.1 Charge sharing

An intrinsic problem of pixelated detectors is the charge sharing effect. The charge cloud
generated in the detector by an incident photon can spread out on its way to the collector due
to Coulomb repulsion and dispersion. This gives rise to charge sharing between pixels. As
a result, two or even more pixels each record a fraction of the total charge and it becomes
difficult to determine if and where the photon has hit.

To illustrate this, Fig. B.5, left, shows a region of a typical Timepix pattern of the (022)
reflection from a single XFEL shot (for experimental settings, please see chapter 4). There are
only a few illuminated pixels in the field of view, mainly isolated from each other. However
some adjacent pixels are connected into clusters. In these clusters it is not a priori clear
whether multiple photons have impinged on the corner of adjacent pixels or that the spatially
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separated charges originating from one or more photons have hit over several neighboring
pixels.

The situation can be cleared up partially by using a droplet analysis protocol [99], where
the counts of the pixels within a cluster are regrouped and assigned to a best guess of the
photon impact position. In this procedure, first the total ToT signal of the cluster is divided by
the signal of a single photon, which was estimated to be ToT=34 by calculating the histogram
of multiple single frames, such as shown in Fig. B.5. The resulting value is rounded to the
nearest integer, giving an estimate of the total number n of photons in the cluster. Then the
pixels in the cluster are sorted from largest to smallest ToT values and the n photons are
assigned to those pixels having the highest values. The result is an image with integer photon
counts 0, 1, 2, 3, etc. in each pixel, as shown in the right panel of Fig. B.5.

B.2 Cluster analysis

Before the droplet analysis can be performed, first all mulitpixel clusters have to be found.
To this end the SoPhy package was developed by J. Uher [123] at Amsterdam Scientific
Instruments. This code scans each image for the first non-zero value pixel, giving it a label 1.
It then checks the surrounding pixels, and gives none-zero valued pixels the same label. For
this first cluster, the positions of pixels in the cluster and their intensity (ToT) are stored. The
procedure is iterated until all the detector pixels are evaluated and labeled.

We will illustrate the procedure on a data set consisting of 131,751 Timepix frames
exposed by the (022) reflection from single X-ray laser pulses with an energy of 8.08 keV.
We used SoPhy to identify the clusters of different sizes, together with their total ToT value
for all frames in the movie. In Fig. B.6 (b), we show the accumulated histograms for each
cluster size. For single pixel clusters, a single photon peak is resolved. Multi-pixel clusters
show histograms with correspondingly larger number of peaks, although they become less
clearly resolved beyond 3-4 pixel cluster size.

It is interesting to note that the single photon peak for two pixel clusters is shifted to
higher ToT values compared to the single photon peak in the single pixel cluster (see Fig.
B.6 (a)). This is due to the fact that in two or more pixel clusters less charge is lost due to
charge sharing. The same effect can be seen also in the curves of even bigger cluster sizes.

A comparison between the raw data histogram and the sum of all the cluster histograms
is shown in Fig. B.6 (b). This graph makes it clear that by cluster analysis alone, we can
resolve peaks corresponding to the detection of up to four photons, the vast majority of which
is produced by equal sized clusters though. This result indicate that we don’t have multiple
photons hitting the same pixel in experiments involving a single LCLS pulse. This is mostly
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Fig. B.6 (a) Cumulative histograms of the ToT value for each cluster size. The red peak
shows the single pixel cluster histogram, which only trivially has a single peak. This indicates
that with the incident intensity most commonly used for the experiments reported in chapter
4, the vast majority of single pixel clusters are indeed single photon events. The orange curve
shows the histogram of two pixel clusters, in which we can recognize the one and two photon
peaks. (b) Raw and clustered Timepix ToT histogram. The red curve is the accumulated raw
histogram of the ToT value for 14000 single-shot frames. It shows a single photon peak at
ToT = 34. The purple curve is the cluster-analyzed histogram, where the events lost due to
charge sharing have been recovered. On the purple spectrum, we can clearly identify peaks
at multiples of the ToT value of the single photon peak.
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Fig. B.7 Comparison of the Timepix histogram for the 100 shot images shown in Fig.4.12.
Discrete photon peaks are visible up to 3 photon events.

due to the attenuation of the incoming beam and the relatively low diffraction efficiency of
the sample (more details are given in chapter 4).

To illustrate this, in Fig. B.7 we compare the histograms of the intensities of Timepix
and Pixis 1300 images given in Fig. 4.12, which were both illuminated by 100 LCLS
shots, but for the Timepix data, the incoming beam was attenuated by a factor 80. The raw
Timepix histogram only contains a single photon peak (the red curve in Fig. B.6 (b) ). After
cluster analysis of 100 single shot Timepix frames, multi-photon events can been seen in the
clustered histogram (the purple curve in Fig. B.6 (b)). These multi-photon peaks are very
broad, and have a spacing of 34 ToT units. Additionally, the non-linear response curve of the
Timepix camera in ToT mode (see Fig. B.4 and related discussions.) deforms shape of the
single photon peak in the interval 0 ∼ 50 ToT counts.

The histogram from the Pixis camera on the other hand shows sharp true multi-photon
peaks, corresponding to multiple photons having hit the same pixel during a single 30 fs expo-
sure. The spacing between the peaks is 1700 analogue-to-digital units (ADU) corresponding
to one photon.

This part of the appendix shows that although the Timepix detector was the only device
enabling fast recording of data at the 120 Hz rate matching the rep-rate of the LCLS, at
the time of our measurements, this does come at a price in terms of the need for a detailed
analysis of the response of the Timepix system. The analysis presented here, therefore, is of
importance for other users of the Timepix at the LCLS in the future.



Appendix C

Characterization of the coherent
properties of the XCS beam line

In this appendix, we discuss various properties of the XCS beamline at the LCLS. The first
section introduces the three operation modes used in our LCLS experiments: continuous,
burst and one shot or often referred as single shot. We then characterize the longitudinal
coherence of each mode by analyzing the intensity probability distribution function. Finally,
we check these results by analyzing the photon statistics on the CCD detector.

C.1 Electron bunch and types of operation

The compressed electron bunch has a typical duration of ∼ 80 fs, corresponding to a physical
bunch-length of 25 µm. The bunch profile, shown in the top panel of Fig. C.1 has peaks at
the head and the tail of the bunch respectively. In the undulator, the SASE process causes
the bunch to break up into micro-bunches which each emit coherent X-rays with a typical
duration of 300 attoseconds, resulting in an X-ray pulse train with a length equal to that of
the electron bunch. Due to the stochastic nature of the SASE process, these pulses vary in
intensity by several orders of magnitude (see bottom panel of Fig. C.1). In the hard X-ray
range, this results in a spiked single bunch spectrum with a FWHM of about 0.2 % or 16 eV
at 8 keV. For this reason the raw undulator beam is called the pink beam. The LCLS data
acquisition system records the electron energy and its corresponding pink beam energy for
each pulse.

LCLS can be operated in continuous, burst and one shot mode, all of which were used in
our experiment [108]. Examples of the recorded electron beam pulse energies are shown in
Fig. C.2 for all three modes. In continuous mode, the machine runs at the maximum 120 Hz
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Fig. C.1 (a) The current profile of a compressed electron bunch with 250 pC charge. (b) The
power profile of the resulting X-ray pulse train. Taken from LCLS FAQ web page [25].
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Fig. C.2 Examples of the electron beam pulse energy for the three LINAC operation modes
used in our experiments: (a) 120 Hz continuous mode, (b) burst mode, (c) one shot mode.
The nominal energy of the electron beam pulse energy is 14091 MeV
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Fig. C.3 Energy distribution of the electron beam modes shown in Fig. C.2.

repetition rate. It requires a detector that can handle the equal amount of frame rate, such
as the Timepix detector. In bunch mode, a user-determined number of pulses is emitted,
allowing one to integrate the signal of the pulses on a conventional CCD detector with a long
readout time. In single shot mode, one can record a single 80 fs shot with a rather flexible
time interval between consecutive shots.

Fig. C.3 shows the electron beam pulse energy distribution for each of the datasets in Fig.
C.2. In each case the distribution is roughly Gaussian, centred at 14091 MeV with a FWHM
of 8 MeV, although the one shot mode had a slightly higher nominal energy at 14904 MeV.
Fig. C.4 (a) shows that the pink X-ray pulse energy and the electron beam pulse energy are
fairly well correlated, although some electron pulses failed to lase properly.

The pink beam is monochromated by a four-crystal Si(011) monochromator with a
bandwidth (FWHM) of 1.4 eV, i.e. 12 times smaller than the pink beam spectral width.
As a result, a large number of X-ray pulses are partially or completely absorbed by the
monochromator, and the resulting monochromatic beam energy of the pulses varies in
intensity over many orders of magnitude. Therefore it also correlates much less with the
electron pulse energy, as can be seen in Fig. C.4 (b).
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Fig. C.4 The correlation of the pink X-ray pulse energy(a) and the monochromatic X-ray
pulse energy (b) with the electron pulse energy.

C.2 Determination of the longitudinal coherence length from
the statistics of the monochromatic X-ray pulse energy

In Fig. C.5 we show the normalized distributions of the monochromatic X-ray pulse energy
for a one-minute pulse train in each of the three different operation modes. Due to the
stochastic nature of the source, the monochromatic pulse train can be described as a speckle
time series [98, 141]. According to Goodman [97], the probability density function of such a
series is a Gamma distribution.

By fitting the histograms with a Gamma function for each of the three cases, we obtain the
temporal mode factor Mt which represents the average number of longitudinal coherent modes
in the X-ray pulse. We find that this number is around Mt=131 for the pink beam and 4.2 for
the monochromatic beam for all three operation modes. As expected, the monochromator
improves the longitudinal coherence length. By dividing the pulse length by the number of
modes one obtains a longitudinal coherence length of 6 µm.

We repeated this procedure for all the runs taken in three experimental shifts, and the
results are given in Fig. C.6. We find that the number of coherent modes varies with shifts
between 2 and 4.2.

C.3 Determination of speckle modes from single shot pho-
ton count statistics

In an alternative method of determining the coherence of the monochromatic beam the
photon statistics of multiphoton events in each of the single shot frames can be considered
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Fig. C.5 Distribution of the pink (left) and monochromatic X-ray pulse energy (right) for the
continuous (top), burst (middle) and single shot (bottom) modes. The distributions are fitted
with a Gamma function. For the pink distribution a Gaussian fit has also been included for
comparison, as this is the limit of the Gamma function for high mode numbers.
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Fig. C.6 The number of longitudinal coherent modes in the monochromatic beam for all the
runs in the three experimental shifts described here. A small run-to-run fluctuation in the
mode number is observed, but the largest differences are between the shifts.
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Fig. C.7 (a) A typical example of a single-shot Pixis frame (300 by 300 pixels from Run 18).
(b) The intensity histogram on a log scale, obtained by summing the single shot histograms
of all frames in the movie. The single and multi-photon peaks are visible. Vertical lines
define the bins used to determine the number of photons per each pixel.

[98, 99, 142, 143]. We applied this method to single-shot movies of the (022) diffracted beam.
In the single-shot Timepix data, the non-linearity of the photon response makes it difficult
to determine precisely the number of photon events per pixel. However, two datasets were
obtained in one shot mode using the Pixis detector, and these are suitable for this purpose.
These movies were taken with a frame delay of 3.4 seconds at 168 K (run 18) and at 172 K
(run 42), with a total movie length of 100 and 200 frames respectively.

To analyze these data, a dark current image (background) was subtracted from all frames.
An example of the resulting single shot frames is given in Fig. C.7.a, where the color scale
represents the photon energy in terms of Analogue to Digital units (ADU). Fig.C.7.b shows
the cumulative histogram of the ADUs in the dataset. A number of sharp peaks can be
distinguished, corresponding to 1, 2, 3 and 4 photon events that hit the same pixel in the one
shot illumination mode. These peaks are broadened due to loss mechanisms in the detector
and charge sharing between adjacent pixels. We determined the number of photons per pixel,
k, in each single shot frame by binning according to the histogram, such that 850-2550 ADU
counts corresponds to one photon, 2551-4250 counts to two, etc. (see the vertical lines in
Fig.C.7 (b)). In addition, the average number of photons/pixel k̄ was determined for each
frame. This number varies on a frame-by-frame basis by over 2 orders of magnitude, due to
the intensity variation of the incoming light.
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Fig. C.8 Experimental probability (colored squares) of having k=1 to 5 photons per pixels in
a given single shot frame, plotted against the average number of photons per pixel of that
frame k̄. The thick colored lines are fits to these data with a negative binomial distribution
function. The black lines indicate the M=1 curves. The dashed colored lines indicate the
limiting case for M=100. Left: run 18, right run 42

In Fig. C.8, we plot the probability P(k) of having k=1, 2, 3, 4 or 5 photons in a pixel
versus k̄ for the two different datasets (run18 and run42). We fitted these curves with the
negative binomial distribution function shown as Eq. 3.14 (colored solid lines), which applies
to datasets with strongly fluctuating intensity [97–99]. For run 18, we find the number of
coherent modes to be M=1.5 to 1.6, for all k except k=1 where M is 2.17, which could be
due to a greater sensitivity of single photon effects to the details of the statistical procedure
[99] and charge sharing effects. For run 42 we find M=2 to 2.2 for k=2 to 5. Again for k=1
the value, M=8, is much larger.

These values can be cross-checked to the mode numbers of the monochromatic beam
before it was scattered by the sample, which according to Fig. C.6 were M=1.8 in both
cases. This result is gratifying since it shows that two quite different approaches lead to the
same conclusion, namely that within the X-ray pulse length the light beam contains two
longitudinally coherent modes and that the scattering process does not reduce the longitudinal
coherence.





Summary

Oxides of transition metals display a plethora of fundamentally interesting and potentially
technologically relevant properties, including metallic, semiconducting, insulating, magnetic
and superconducting behavior. The foundations for this flexibility lie in the close balance
between the factors controlling the charge, orbital and spin degrees of freedom in such
oxides. One characteristic of many complex oxides are phase transitions between different
quantum states of matter, for example between a conducting and insulating state or between
a paramagnetic and magnetically ordered state. In this thesis, we describe the experiments
on the metal-insulator transition (MIT) in a family of doped titanium oxides, Er0.6Ca 0.4TiO3.
Rather than simply switching between metallic and insulating states, these systems display co-
existence of these antagonistic phases, and the investigation of their interplay and dynamics
lies at the heart of this thesis project. Advanced X-ray techniques, using both hard and soft
X-rays - from storage ring and free electron laser sources - have been adopted and adapted to
probe the phase separation occurring near the MIT in the Er0.6Ca 0.4TiO3 system.

After introducing the contents and scope of the thesis in Chapter 1, the relevant theory
is reviewed in Chapter 2. Chapter 3 treats the experimental state-of-the-art. For the Ca
doping level studied, there is a first-order like MIT at temperatures around 160 K, which is
accompanied by charge and orbital ordering. Much challenging and interesting physics is
hidden in both the dynamics of the ordering phenomena during the MIT and in the manner by
which the separated phases spontaneously spatially arrange across the transition, and these
themes form the basis of Chapters 4 and 5.

Chapter 4 reports a thorough and careful search for the effects of dynamics of this phase
separation using the scattering of coherent X-rays. Great effort was expended to improve the
stability of advanced coherent X-ray scattering set-ups at synchrotrons and to use the unique
capabilities of the X-ray free electron laser course, LCLS. We were successful in pushing the
temporal limits for coherent X-ray scattering to capture equilibrium charge order dynamics
in a solid to only a single second. Nevertheless, the charge order in the Ca-doped titanate
is found to be static at thermal equilibrium, although we do show it to display stick-slip
dynamics when subjected to a temperature change.
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In the final results chapter (Chapter 5), advanced X-ray microdiffraction and related
structural probes unexpectedly uncovered beautiful, self-organized, meso-scale patterns of
stripes in the co-existing, spatially separated metallic and insulator phases occurring at and
close-to the metal-insulator transition. Their significance in this case and also as a general
phenomenon in other complex oxide MITs is discussed.



Samenvatting

Oxiden van overgangsmetalen hebben uiteenlopende fundamenteel interessante en mogelijk
technologisch relevante eigenschappen, waaronder metallisch, halfgeleidend, isolerend,
magnetisch en supergeleidend gedrag. De fundamenten voor deze flexibiliteit liggen in het
evenwicht tussen de factoren die invloed hebben op de lading, baan en spin vrijheidsgraden in
deze oxiden. Een karakteristieke eigenschap van veel complexe oxiden is een faseovergang
tussen verschillende kwantum toestanden van materie, bijvoorbeeld tussen een geleidende
en een isolerende toestand of tussen een paramagnetische en een magnetisch geordende
toestand. In deze scriptie beschrijven we experimenten op een metaal-isolator transitie (MIT)
in een familie van gedoteerde titanium oxiden, Er0.6Ca 0.4TiO3. In plaats van simpelweg te
schakelen tussen metallische en isolerende toestanden, bestaan deze antagonistische fases
naast elkaar. Het onderzoek naar de wisselwerking en dynamica van deze systemen staat
centraal in dit project. Geavanceerde Röntgen technieken, met zowel harde als zachte Röntgen
straling afkomstig van een synchrotron en vrije elektron laser, zijn gebruikt en aangepast om
de fasescheiding tijdens de MIT van Er0.6Ca 0.4TiO3 te onderzoeken. Na een introductie van
de scriptie in hoofdstuk 1, wordt de relevante theorie besproken in hoofdstuk 2. Hoofdstuk 3
behandelt de experimentele state-of-the-art. Het Ca doteringsniveau wat hier bestudeerd is
geeft een eerste orde MIT bij een temperatuur van ongeveer 160 K, welke is vergezeld van
lading en baan ordening. Veel uitdagende en interessante fysica is verborgen in de dynamica
en ordening fenomenen bij de MIT en in de manier waarop de gescheiden fasen zich spontaan
ruimtelijk verdelen gedurende deze overgang. Dit vormt de basis voor hoofdstukken 4 en
5. Hoofdstuk 4 rapporteert een grondige en nauwkeurige zoektocht naar de effecten van
de dynamica van deze fase overgang met behulp van coherente Röntgen verstrooiing. Er
is veel moeite genomen om de stabiliteit van geavanceerde coherente Röntgen verstrooiing
opstellingen van synchrotrons te verbeteren en om de unieke eigenschappen van de vrije
elektron X-ray laser (LCLS) te gebruiken. We hebben de temporale limieten van coherente
Röntgen verstrooiing opgerekt om succesvol evenwicht lading order dynamica vast te leggen
in de vaste stof in een enkele seconde. Desondanks is gevonden dat de ladingsordening
in deze Ca gedoteerde titanaat statisch is bij thermisch evenwicht, hoewel we wel ’stick-



144 Samenvatting

slip’ dynamica aantonen bij temperatuur verandering. In het laatste hoofdstuk (hoofdstuk
5) tonen geavanceerde Röntgen microdiffractie en andere gerelateerde structurele probes
onverwachts mooie, zelf georganiseerde, meso schaal streep patronen in de naast elkaar
bestaande, ruimtelijk gescheiden metallisch en isolerende fasen in en nabij de metaal-isolator
overgang. De significantie hiervan in dit geval en ook in een algemeen geval voor andere
complexe oxiden MITs wordt besproken.
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