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Abstract

Within this thesis, structural relaxation dynamics of vapour deposited as well as
conventionally produced metallic glasses are studied. Vapour deposition enables to
crucially tune the surface diffusion during the deposition process, so metallic glasses
with much lower potential energy can be fabricated – so-called ultrastable metallic
glasses (UMGs). X-ray photon correlation spectroscopy (XPCS) studies of UMGs
reveal a particular anti-aging behaviour upon annealing, which underlines the intrin-
sic low potential energy of UMGs. Furthermore, a new data processing method was
developed in order to analyse the statistics of relaxation time changes along with
the evolution of the relaxation behaviour, uncovering evidence for avalanche-like dy-
namics upon non-directional excitation of local rearrangements in annealed vapour
deposited metallic glasses.
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Chapter 1

Introduction

Glasses. Brightening the sites of human shelter, they are more than just a
separator between inside and outside. While this is most likely a description
of glass most people would agree on, indeed glasses span an entire class of ma-
terials. Glasses may be polymers such as polyvinlychloride (PVC), polycar-
boante [BBH69] or polymethylmethacrylate (PMMA) [Fin16], network glasses
as for instance composed of SiO2 [Mic16], chalcogenide glasses [Bur+04], or-
ganic glasses such as indomethacin (IMC), toluene or ethylbenzene [Woj+09;
Ell90], metallic glasses such as AuSi or CuZr [KWD60; PDG78; WLG05]
and many other types. Despite their chemical differences, under certain con-
ditions they can all be subjected to glass formation upon cooling from the
melt. However, the cooling rate necessary to omit crystallisation crucially
depends on the chemical nature of the glass former [Ell90]. When enter-
ing the glassy state, a glass former falls out of thermodynamic equilibrium,
reaching a metastable state, featured throughout the lag of long-range order.
The nature of this state gives rise to spontaneous changes of the physical
and chemical properties of a glass, summarised under the term aging [Kov64;
Str77; Hod95; KB97]. Although known for over half a century, the underly-
ing mechanisms of aging are still unknown and under vibrant debate [Pas+19;
Rie+22; Zha+22].

A new kind of glasses was introduced when the first report on an ultrastable
glass (USG) was published displaying exceptional thermodynamic and ki-
netic stability [Swa+07]. Throughout a new preparation technique, a glass
former is deposited by means of physical vapour deposition onto a substrate
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while particular process parameters have to be adjusted. After their discov-
ery, ultrastable glasses (USGs) of different types of glasses attracted inter-
est in the scientific community, spanning from organic [Kea+08], to chalco-
genide [Zha+17], and subsequently, to metallic [YLS13; Cao+14; DLS20]
USGs. Besides, molecular dynamics [LEP13] and Ising modelling [LH10] nu-
merically mimicked the underlying physics of this particular preparation tech-
nique. The experimental realisations all share alike preparation parameters of
a high substrate temperature being in the range of 0.7 to 0.9 𝑇g and a low depo-
sition rate ranging from 10 nm s−1 to 20 nm s−1 [Swa+07; Kea+07; Kea+08] to
orders of 1 nm s−1 to 0.1 nm s−1 [Kea+08; Fak+11; YLS13; Rie+19; DLS20].
Experimental [FF08; BY13; Cao+15; Nga+17] and computational [SP11;
Ber+17] studies of glasses’ surface and bulk mobility suggest that the essen-
tial underlying mechanism which leads to ultrastability is an enhanced surface
mobility during the preparation process. In that way, vapour deposited glasses
seem to directly access a low energy state in the potential energy landscape
by their preparation [PS13; Edi17; Rod+22].

From the discovery of USGs, it was commonly accepted that it takes cen-
turies to thousands of years of annealing or aging a conventionally produced
glass to reach similar stability [SEP13; Ber+17]. Moreover, recent stud-
ies on bulk metallic glasses (MGs) show that only several decades of aging
time for a Ce-based MG suffices to reach comparable stability as in metallic
USGs [Zha+22].

Different techniques have been developed to study the underlying dynam-
ics; for instance dielectric spectroscopy [Lun+00; Ric17], mechanical spec-
troscopy [HS16; RS17], surface sensitive techniques such as atomic force mi-
croscopy (AFM) or nano-indentation [Wag+11; DM16], calorimetry [Zhe+19],
and X-ray diffraction [DWB21]. Although these techniques cover a large spec-
trum of time and spatial scales, there is still a blind spot which a recently
developing technique perfectly fills. Because X-ray photon correlation spec-
troscopy (XPCS) is capable of accessing spatial scales on the nanometre scale,
together with an observable time scale spanning from 10−3 s to 105 s it is des-
ignated to be the perfect tool to fill that gap [GMR08; MFR15]. Hence,
XPCS enables new perspectives to study local rearrangements during slow
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relaxation processes in MGs. After the first publication on the atomic-scale
relaxation dynamics in MGs [Rut+12], the method could show its valuable
contribution to the metallic glass community by revealing a particular anti-
aging effect in ultrastable metallic glasses (UMGs) [Lüt+18] as presented in
this thesis, and uncovering intermittent dynamics and indications of a dynam-
ical crossover [Eve+15; Gal+18; Hec+18]. Young, complementary techniques
to study the dynamics of medium-range order such as fluctuation electron
microscopy (FEM) or electron correlation microscopy (ECM) have been pub-
lished and demonstrate their impact [VGT00; TV18].

To understand how relaxation processes of local rearrangements relate to
cooperative effects such as the formation of shear bands [SWS07], XPCS
data may provide insight thanks to its temporal resolution along with the
evolution of relaxation processes. Statistical imprints of avalanche dynamics
can reveal the activation of cooperatively rearranging regions [LC09]. It have
been found in MGs by means of mechanical spectroscopy [Kri+14]. The
connection between statistical measures, i.e. the statistics of avalanches, in the
evolution of the dynamics and cooperatively rearranging regions throughout
shear transformation zones (STZs) is addressed within the here presented
work.

In contrast to all aforementioned techniques, machine learning has recently
been used to predict dynamical features and plastic deformations solely based
on the initial particle positions [Bap+20]. It will be of great interest to follow
the development of such techniques in the near future.

The central theme of this thesis is as follows. After the introductory chap-
ter, chapter 2 introduces metallic glasses, in particular the framework of the
potential energy landscape, and gives a brief introduction to relaxations and
aging. While the preparation of ultrastable metallic glasses is explained, the
compositions and fundamental characterisations of the herein discussed sam-
ples, in particular of ultrastable metallic glasses, are lined out in this chapter.
Chapter 3 puts its focus on X-ray photon correlation spectroscopy (XPCS)
with an introduction to coherent synchrotron radiation, and on an overview
of X-ray scattering. It culminates in a phenomenological view on a coherent
scattering phenomenon – speckles – and their capabilities in order to detect
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density changes on the atomic length scale. How XPCS is realised at a beam-
line and how therewith captured data are commonly processed is provided,
and the perspectives of XPCS experiments at future X-ray light sources are
debated. Results according to publication [Lüt+18] on anti-aging in ultra-
stable metallic glasses are reported and discussed in chapter 4. Besides, aging
phenomena of annealed UMGs are addressed. Eventually, new data process-
ing tools for XPCS data are presented in chapter 5. These tools statistically
analyse quantified changes of the relaxation time evolution of MGs, unlocking
power-law distributed amplitudes of the mentioned changes, and are discussed
in the scheme of avalanche dynamics. Finally, a general discussion of all afore-
mentioned chapters is hold in chapter 6.
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2.1 Introduction

MGs are neither necessarily transparent nor usually colourless1. They are
called metallic because of their composition and electrical resistivity. They are
called glass due to their structural properties and thermodynamic behaviour
as will be stated in the this chapter. All MGs have in common that at least
one of their constituents is a chemical element belonging to the group of
metals.

MGs span a wide variety of materials. There are tens of different mate-
rial compositions and over hundreds of configurations forming MGs [Gre95;
Wan12]. All of them have in common that typical behaviour of glass forming
materials, showing a continuous variation of some physical properties’, a slope
upon temperature change, such as volume 𝑉, enthalpy 𝐻 or configurational
entropy 𝑆𝑐. That change of slope manifests in a region around 2/3 of the
melting temperature [Ang+00].

Figure 2.1: Schematic representation of the specific volume – temperature
– dependency of a glass building material. The dashed line represents the
extrapolation of the equilibrium line while 𝑇g stands for the glass transition
temperature, 𝑇f the fictive temperature and 𝑇a stands for a temperature at
which the material is kept and aging progresses. Reprinted with permission
from [MS17]. Copyright 2024 American Chemical Society.

Upon cooling, at temperatures lower than that region, a material that de-
1Both optical properties refer to the visible spectrum of a human eye.
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viates from the former slope of the equilibrium line forms a glass. That
is why this region of changing slope defines the glass transition tempera-
ture (𝑇g) (see fig. 2.1). 𝑇g depends on the material and on the temperature
rate ̇𝑇 as well2. At higher cooling rates 𝑇g sets on earlier while lower cool-
ing rates lead to lower 𝑇g [Guo+11]. However, the cooling rate needs to be
sufficiently high in order to prevent crystallisation. Glass formers of a more
complex composition generally urge less high cooling rates [Gre95]. Sub-
stantially different covalent radii of the compounding elements, e.g. involving
beryllium (Be), contribute to a lesser need of a high temperature rate while
cooling [Gre95].

All those different paths forming a glass lead to different manifestations of
glasses the same composition. Another procedure which results in different
glasses happens spontaneously. By simply leaving a glass to itself, the physical
properties of the glass change. This process is sketched in figure 2.1 on the
pathway from the blue (upper) to the red (lower) dot and below when the
glass transits from one glassy state into a different one. All that even happens
at constant temperature – here called annealing temperature 𝑇a. The process
just described is called aging and is depicted throughout a lowering of the
volume in the named figure. Besides, aging affects numerous mechanical
properties [Cui+21] and is a crucial scientific mystery to understand as it
affects the usability of MGs in diverse applications.

Each glassy state can be attributed an intersection of a parallel path to the
former (initial) glassy states path and the equilibrium line, defining the fic-
tive temperature 𝑇f. This fictive temperature represents the theoretical glass
transition temperature which that glassy state belongs to as if the glass was
produced directly into that state [Bad+07]. As the aging process itself de-
celerates, glasses aged throughout annealing become kinetically more sta-
ble over time. However, this aging process can take very long time [Kov64;
SEP13; MZ15], leading to unpractical demands in order to form (more) sta-
ble glasses. This is why different paths to form stable glasses are sought
for.

2The dot on top of the variable 𝑇 denotes the “dot notation” or Newton’s notation
denoting the time derivative of a variable 𝑥, hence d

d𝑡 𝑥.
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To predict or even guide the aging process and with that the transit of physical
and chemical properties of a glass is the main impetus of this thesis. The
findings will contribute to the general understanding of the aging process
which is of particular interest in material science.

2.2 Properties

2.2.1 Structure

As amorphous materials are disordered systems, they are often suggested with
a chaotic or random structure. In fact, by definition the atomic structure of
amorphous metals exhibits no long-range order.

Figure 2.2: Schematic 2-
dimensional projection of a
radial distribution function.
Taken and adopted from
[Was+08].

However, the absence of long-range order in a
glass can still be structurally described. Such
a structure can be pictured starting from a
single reference particle which is surrounded
by other particles which are distributed in
unalike distance to each other. When then
the radial occurrence of a particle in three di-
mensions, i.e. its density distribution, is inte-
grated azimuthally and resolved radially, the
so called radial distribution function (RDF)
𝑔(𝑟) is calculated. 𝑔(𝑟) can be understood as
the distribution of coordination shells of sur-
rounding particles with respect to a reference
particle at 𝑟 = 0 – in other words, it tells the
probability of finding a particle at radius 𝑟
from a reference particle. Especially, the first
coordination shells develop well pronounced

features in the RDF while for large 𝑟 the function 𝑔(𝑟) converges towards a
constant value, the average density of the material. The described arrange-
ment of particles is illustrated schematically in figure 2.2. The inset in the
upper right depicts the 𝑔(𝑟) function with the first three underlying shells.
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The mathematical description of the arrangement of particles within disor-
dered systems is of particular importance as it is experimentally accessible.
By means of X-ray diffraction (XRD), the equivalent of the 𝑔(𝑟) function in
reciprocal space – the so called static structure factor 𝑆(𝑞) – can be assessed.
The static structure factor is related to 𝑔(𝑟) throughout Fourier transfor-
mation as follows [DWB21]:

𝑆(𝑞) = 1 + 4𝜋𝜌 ∫
∞

0
d𝑟 𝑟2 sin 𝑞𝑟

𝑞𝑟
(𝑔(𝑟) − 1) . (2.1)

Therein 𝜌 denotes the particle number density, 𝑞 denotes the momentum
transfer (for details see sec. 3.3) and 𝑟 denotes the radius with respect to a
reference particle at 𝑟 = 0. For simplicity reasons a two-dimensional picture is
drawn here with 𝑞 and 𝑟 being treated as scalar quantities; however, the math-
ematical description can be easily expanded to three dimensions. The first
peak in diffraction data of disordered systems corresponds to the first coordi-
nation shell in real space, which denotes its particular importance. It is also
called the first sharp diffraction peak (FSDP) and particularly characterises
the local structure as it represents next neighbour coordination [Ell91; EB03;
Cav09; DWB21]. Characterisations of 𝑆(𝑞) represented by measurements of
XRD are depicted in section 2.5.2.

2.2.2 The potential energy landscape

The concept of the potential energy landscape (PEL) is substantial for un-
derstanding relaxation processes in disordered systems. Initially introduced
to the field of glasses by Goldstein [Gol69] and brought up or extended by
others [SW84; LS87; Ang95; Sti95; DS01; Sci05; Heu08; RAA15], the concept
remains essential to describe the structural configuration in terms of a multi-
dimensional topographic energy map composed of energy barriers, basins and
wells.

Figure 2.3 shows a schematic representation of the PEL (left panel). It illus-
trates the multi-dimensional potential energy function Φ(𝒓1, 𝒓2, … , 𝒓𝑁) as a
function of coordination space 𝑹 ≡ (𝒓1, 𝒓2, … , 𝒓𝑁). All coordinates 𝒓𝑖 ∈ 𝑹
comprise position, orientation and vibration coordinates of each particle in
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Figure 2.3: Schematic one-dimensional projection of the potential energy
landscape (left) and temperature dependent (right) energy of a glass, pub-
lished by Parisi et al. [PS13]. Reproduced with permission from Springer
Nature. The crystalline configuration is not displayed.

an 𝑁 particle system and are referred to when in the following the term
state is used. The PEL consists of various local minima with relatively small
or large local maxima3 in between. Each local minimum reflects the con-
figuration 𝒓𝑖 of a metastable arrangement. These states are called inherent
states. The barriers around those minima separate inherent states while two
contiguous local maxima span a basin in between. Moreover, a region of
multiple similar, contiguous local minima, which are enclosed by relatively
large barriers is called a metabasin. Within such a metabasin, structural
transitions are rather associated with 𝛽 relaxations related to gradual re-
arrangements of the local arrangement, while transitions from one metabasin

3In this thesis, the term (local) maximum (or to be more general local extremum) differs
from the term saddle point. A maximum of a function 𝑓(𝑥) at 𝑥0 is defined throughout
two conditions which both need to be fulfilled. (1) The first derivative d𝑓(𝑥)

d𝑥 |𝑥=𝑥0
needs

to vanish. (2) The second derivative d2𝑓(𝑥)
d𝑥2 |𝑥=𝑥0

must not vanish. In contrast, a saddle
point is defined by its first derivative vanishing while the second derivative must vanish
as well at 𝑥0. For simplicity reasons, this definition is made in two dimensions, yet can
be easily extended to multiple dimensions. As an example, the two dimensional function
𝑓(𝑥) = −𝑥2 has a maximum pronounced at 𝑥0 = 0; this is not seen as a saddle point.
In contrast the function 𝑓(𝑥) = 𝑥3 holds a saddle point at 𝑥0 = 0. Other authors may
use a different definition of the term saddle point.
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to another are rather associated with 𝛼 relaxations [Heu08; Sti95]. In a simple
system consisting of structureless single particles, minima of identical hight
are achievable through permutation of identical particles. It is important to
stress that the potential energy function Φ(𝑹) itself is not a function of tem-
perature. Yet, transitions and relaxation processes are highly temperature
dependent.

Having an essential impact on the potential energy landscape of the glass,
the preparation process itself predefines the thermodynamic metastable state
of the glass in which it will find itself after falling out of equilibrium. In
other words, the preparation process dictates in which position of the PEL
an MG is initially located. The cooling rate (upon fast quenching methods;
introduced in sec. 2.3) plays a crucial role: at a relatively high cooling rate,
the viscosity increases rapidly on the path from liquid to supercooled liq-
uid, and especially when the system falls out of equilibrium at the end of
the supercooled liquid phase. This process is accompanied by a continuous
reduction of particle mobility. Lower cooling rates, however, consequently
allow the particles to stay in equilibrium following the equilibrium line un-
til lower temperatures (see fig 2.3, right panel). Considering that the glassy
state deviates from the equilibrium line at lower temperature, slower cool-
ing intrinsically enables the glass to reach a configuration associated with a
lower Φ(𝑹). Yet, the cooling rate has a lower limit as to omit crystallisation
which can effectively be prevented by sufficiently fast cooling. Lower regions
in the PEL are associated with states of higher stability or higher (longer)
relaxation times, respectively. If it was possible to cool a liquid infinitesi-
mally slow – while preventing crystallisation – the lowest minima and hence
highest stability could be reached. This configuration might be called an ideal
glass. However, infinitesimally slow cooling is not possible because of two rea-
sons. First, practical reasons do not allow to cool infinitesimally slow as that
would take more time than available on human time scales, relaxation times
increase reciprocally with temperature according to the Vogel-Fulcher-
Tamman (VFT) relation [Ruo+04]. In the Krausser-Samwer-Zaccone
(KSZ) model, this is explicitly described by two exponential dependencies
from the local structure parameter 𝜆 [KSZ15]. Second, especially metallic
glasses tend to crystallise upon slow cooling. From that a lower limit cool-
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in equilibrium
SCL out of equilibrium

glass

aging

Figure 2.4: Schematic representation (own work) of an Arrhenius plot of
the relaxation time and temperature of amorphous materials. At higher
temperatures the system is in equilibrium while upon cooling, around the
glass transition temperature, it falls out of equilibrium. With time the
systems relaxes further towards equilibrium, this aging process is indicated
by the arrow.

ing rate emerges and a practically explorable temperature range for cooling
metallic liquids can be conducted.

Throughout a different technique named vapour deposition, which will be
shed more light on in section 2.3.2, the limitations described above seem to
be possible to overcome. The relaxation behaviour of samples fabricated by
vapour deposition is addressed and discussed in the framework of the PEL in
section 4.9.

2.2.3 Relaxations and aging

MGs undergo several kinds of relaxations [Max67; Ang+00]. The focus of
this section lies on structural relaxation, also called 𝛼 or primary relax-
ation [Lun+00], which is the most prominent relaxation within the studies
of this thesis. Relaxations such as the secondary or 𝛽 relaxation as well as
the Boson peak, which are promoted at higher frequencies, are not subjected
within this section. At temperatures below the glass transition 𝑇g, amorphous
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systems fall out of their equilibrium (liquid or supercooled liquid) state. As
a consequence, the system is able to occupy numerous metastable states gov-
erned through irreversible processes which strongly depend on the history of
the system, in especially on applied experimental protocols. With that, based
on the ongoing relaxation processes, physical properties of the system evolve
with time towards the corresponding equilibrium state. This behaviour is
called physical aging (in the following simply “aging”) and is indicated by the
up-pointing arrow in figure 2.4 [Kov64; Str77; Hod95; McK12; SEP13; MZ15;
RPE17; Rie+22].

The foundation of the underlying structural relaxations manifests through
atomic motions, which can be described conveniently through density fluctua-
tions. For their mathematical description the intermediate scattering function
(ISF) holds, which writes in its normalised form [GMR08]

𝐹(𝑞, 𝑡) =
⟨𝜌∗

𝑞(𝑞, 0), 𝜌𝑞(𝑞, 𝑡)⟩
⟨𝜌∗

𝑞(𝑞, 0), 𝜌𝑞(𝑞, 0)⟩
, (2.2)

where 𝜌𝑞 denotes the 𝑘-space equivalent of the particle density opera-
tor 𝜌(𝒓, 𝑡) = ∑𝑗 𝛿 {𝒓 − 𝑹𝑗(𝑡)} after the formalism by van Hove [Van54].
Chevrons (angle brackets) ⟨⋯⟩ denote the average of the expectation value
of the enclosed term. The denominator of the ISF is equivalent to the static
structure factor 𝑆(𝑞) = ⟨𝜌∗

𝑞(𝑞, 0), 𝜌𝑞(𝑞, 0)⟩. For simplicity reasons and because
of the isotropic character of MGs, the vector form in equation 2.2 is omitted,
i.e. 𝑞 = |𝒒|. These density fluctuations can be experimentally captured and
analysed. The experimental implementation is elucidated in chapter 3, while
the experimental implementation is applied in the following chapters chap-
ters 4 and 5.

The described aging process with its indications on physical properties of the
glass is a huge drawback regarding practical applications of glasses. In espe-
cially the drive to explore lower states in the PEL connected to rearrangement
processes, and hence aging, limits application-oriented feasibilities where sta-
bility of physical properties are fundamental. This flaw seems possible to be
overcome by a new preparation technique. The new approach demonstrates
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Figure 2.5: Neutron reflectivity data for USG continuously annealed closely
below 𝑇g over a time span of 16 h. (A) Conventionally fabricated organic
glass showing a prompt decay of the multilayer structure peaks along with
the continuous measurement. (B) Ultrastable organic glass showing no
decay of the structure peaks at all. Adopted from [Swa+07], reprinted
with permission from AAAS.

the ability to cut short the hike down the PEL [Swa+07; Kea+08; YLS13]
which would take longer than human time scales [SEP13; Wel+13; RAA15]
by conventional means such as annealing. By means of vapour deposition (de-
tails are given in sec. 2.3.2), so called USGs with exceptional thermodynamic
and kinetic stability can be produced directly by their fabrication process.
The process allows the particles to explore the PEL directly by preparation
and hence occupy a deeply relaxed state deep down in the energy landscape.
Parisi et al. [PS13] relate such a glass to a deepest possible not crystalline
state in their schematic sketch of the PEL in figure 2.3.

Swallen et al. [Swa+07] could demonstrate the production of such a USG
and therewith its exceptional thermodynamic and kinetic stability. Fig-
ure 2.5 shows neutron reflectivity data versus wave vector 𝑞 of an organic
glass multilayer along with 16 hours of continuous annealing closely below
𝑇g by Swallen et al. [Swa+07]. While the left graph (A) shows a com-
plete decay of the multilayer-structure peaks over time already after the first
few measurements, the structure peaks on the right side graph (B), in con-
trast, remain stable over 16 hours, not even showing an indication of peak
intensity reduction, hence inter-layer diffusion. Similarly, Yu et al. [YLS13]
fabricated the first ultrastable metallic glass throughout vapour deposition
technique.
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2.3 Preparation

MGs can be prepared throughout different approaches. One may either start
with a ordered (crystalline) system and destroy the long range order or – and
this is the approach used in this thesis – one starts with a disordered system
like a liquid or a gas. Within the here presented studies two methods to
prepare metallic glasses are used, fast quenching of a melt as well as a vapour
deposition technique.

2.3.1 Fast quenched metallic glasses

Figure 2.6: Photograph (own
work) of a melt spun MG rib-
bon of Zr65Cu27.5Al7.5.

Fast quenching (FQ; also known as melt
quenching) is a commonly used method to cre-
ate metallic glasses [Gre95; Ell90, Chpt. 1.3].
For this purpose a melt is cooled sufficiently
fast to prevent crystallisation of the compo-
sition. For metallic glass formers this has
to happen very fast – the melts need to be
quenched. Several techniques have been de-
veloped in order to perform such a rapid cool-
ing, and almost all of them involve a large
heat sink to dissipate the heat. A “chill-block”
made of copper is usually used to realise that
heat sink. One realisation of such a fast quench method is called melt spin-
ning. It is used to prepare the herein presented fast quenched (FQ) MGs
samples. Figure 2.6 shows a photograph of such a ribbon exemplary. In this
procedure the liquid melt of the alloy is spilled through a small nozzle onto a
polished rotating copper wheel. This wheel takes the thermal energy of the
melt and hence quenches it to form the amorphous solid. Parameters such
as the rotation frequency of the Cu, the finish of its surface, the diameter
and throughput of the melt jet and the ambient gas pressure influence the
effective cooling rate. Typically, cooling rates of 106 K s−1 to 108 K s−1 are
achieved by this procedure [Ell90; Gre95].
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In the following, the term fast quenched (FQ) refers to melt spun ribbons and
is commonly used for producing conventional MG systems, to which vapour
deposited (VD) samples (see next section 2.3.2) get compared to. In chap-
ters chapter 4 FQ samples prepared by melt spinning are discussed.

2.3.2 Vapour deposited metallic glasses

Figure 2.7: Photograph (own
work) of purple glowing plasma
of the DC magnetron sputtering,
observed through a window in
the vacuum chamber.

A second method to produce metallic glasses
is physical vapour deposition (PVD). This
method makes use of physical deposition of
particles onto a substrate to grow a MG layer
by layer without provoking a chemical re-
action. That is why it is called physical
vapour deposition. In contrast to physical
VD, another deposition method called chemi-
cal vapour deposition is neither described nor
referred to in this thesis. Consequently, phys-
ical vapour deposition will be simply called
vapour deposited (VD) from here on. In
this work, vapour deposited (VD) is realised

through DC magnetron sputtering. In brief, DC magnetron sputtering makes
use of a low-pressure plasma’s ions, which bombard a (polycrystalline) tar-
get. This target is made of the same composition of which the metallic glass
should be composed of. Hot ions4 from the plasma erode the target and
deposit atoms onto the substrate, gradually growing a film. In the vacuum
chamber used within the herein presented work, the substrate itself can be
either cooled with water or a cryogenic fluid, and heated by a halogen lamps
filament. The home made substrate holder is equipped with two temperature
sensors and a proportional-integral-derivative (PID) controller regulating the
substrates temperature. With this setup, it is possible to control 𝑇sub in a
range of at least 100 K to 600 K.

Two rectangular slices of polished NaCl crystals with surface dimensions of
20 mm × 30 mm are used as substrates, to potentially being dissolved in wa-

4With an energy in the order of a few ten keV.
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(a) With isopropyl alcohol wetted film on top
of NaCl crystal on a coloured silicate lass
plate.

(b) Free standing film

Figure 2.8: Photographs (own work) of vapour deposited Pd77.5Cu6Si16.5 MG
immediately after preparation.

ter if the deposited films did not separate easily. Eventually they separate
easily after deposition by gently scraping along the edges of the film or –
even more simple – pouring isopropyl alcohol on the film as indicated in
figure 2.8a. From each sputtering process two films of VD MG are pro-
duced.

Figure 2.9: Schematic drawing
of enhanced mobility of a sur-
face particle exploring the lay-
ers proximal to the free surface
during vapour deposition. Re-
produced with permission from
Springer Nature [PS13].

Producing ultrastable metallic glasses
In order to produce amorphous MG films
throughout vapour deposition, DC magnetron
sputtering process parameters are used as
listed in table 2.1. Amorphous targets of
Cu50Zr50 and Pd77.5Cu6Si16.5 were used. To
make an ultrastable MG, sputter rate and
substrate temperature are crucial parame-
ters during preparation. Low sputter rate in
conjunction with high 𝑇sub (in the range of
𝑇sub = 0.8−0.9 𝑇g) are parameters to success-
fully produce UMGs as previously shown by
[YLS13; DLS20], and reproduced in the here-
with presented work (see fig. 4.1), published
in [Lüt+18].
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parameter quantity
sputter gas Argon
Ar pressue 6 × 10−4 mbar
sputter rate 1.76(1) nm s−1

substrate temperature (𝑇sub) variable; ca. 100 K to 600 K
film thickness 5 µm

Table 2.1: Sputtering parameters used for producing amorphous MG films.

The conjunction of a low sputter rate together with a 𝑇sub closely below
𝑇g allows an enhanced surface mobility of the top layer particles of the
sputtered film. The alliance of both parameters allows impacting parti-
cles to explore the surface of the sputtered film and hence the PEL in or-
der to reduce the potential energy Φ(𝑹), bypassing long time aging pro-
cesses which are usually necessary to reach those low energy states in the
PEL. Conventional relaxation processes would require nearly impossible time
spans of aging to reach such a state. An elevated substrate temperature fa-
cilitates this process as the thermal energy provides enhanced surface mo-
bility of the top layer atoms [Swa+07; PS13; YLS13; MMS16; Ber+17;
Yan+21].

Figure 2.9 schematically depicts the enhanced surface mobility of a deposited
particle and the picture of an explorable volume of a surface particle in com-
parison to a caged particle which is already built in. A 𝑇sub far below 𝑇g de-
creases also the surface mobility, and with that the ability of the just arriving
sputtered particles to explore the topology for the site with lowest potential
energy before the next sputtered particles arrive at the surface, which would
effectively suppress the creation of a UMG (see further details in sec. 4.2 and
fig. 4.1).

2.4 Characterisation techniques

MGs show several properties and behaviour which are particularly charac-
teristic for them. To check and monitor them, there are several techniques
available. A selection of the most common ones, which are considered within
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this work and have been applied to the studied samples, are briefly illus-
trated within this section. For more detailed explanations, several textbooks
or review articles exist and should be considered for consultation in case of
profounder interest [Ell90; Zhe+19].

2.4.1 Calorimetric analysis by differential scanning
calorimetry

Differential scanning calorimetry (DSC) is a common technique to study heat
dissipation in MGs. The instrument used at University of Göttingen is a DSC
7 manufactured by Perkin Elmer. To perform DSC two identical crucibles
made of aluminium, gold or other materials simultaneously follow a defined
temperature protocol, heated by two independent furnaces. Only one crucible
is equipped with the material which is about to be analysed while the second
crucible remains empty. Afterwards, both furnaces follow the same tempera-
ture protocol which dictate temperature range and rate. While following the
temperature protocol, the heat 𝑄 necessary to follow the protocol is measured
for each furnace. Assuming that the crucibles are identical, the difference of
both captured heat flows gives the heat flow contribution of the sample it-
self to follow the temperature protocol. In order to prevent the influence of
oxidation processes and to improve thermal coupling between crucible and
furnace, a low, constant flow of the noble gas argon (order of 10 mL min−1) is
maintained. Exothermic sample behaviour results in a lower, while endother-
mic behaviour results in a higher heat flow difference. The results are usually
depicted in a 𝑐𝑝 − 𝑇 diagram.

Before starting an analysis procedure, the DSC instrument is calibrated by
scans of zinc and indium standards. The onset of melting temperature of both
materials is determined, and for indium the melting enthalpy is evaluated. A
comparison to literature data allows to calibrate temperature and heat flow.
Usually, scans are performed in a range of 310 K to 820 K using a temperature
rate of 0.16 K s−1 (=̂ 10 K min−1); the melting temperature of the crucible
must not be attained. The amount of sample examined is in the order of
20 mg, however, if necessary, samples of around 1 mg may give reasonable
results.
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In order to obtain the contribution of the amorphous state to the specific heat
only, a samples heat flow is measured twice following the same temperature
protocol which exceeds the crystallisation temperature. The data from the
second run is subtracted from the first. As the specific heat of the glassy
and of the crystalline state is close to each other, their difference is close to
zero in the glassy region. At higher temperatures, a well pronounced positive
deviation from zero forms starting from 𝑇g until the latent heat switches the
signal to negative when approaching 𝑇x. The onset of 𝑇g is determined by
the (double-)tangent method [Per94; Zhe+19].

2.4.2 Static structure analysis using X-ray diffraction

Static structure X-ray analyses are performed to confirm the amorphous struc-
ture of the produced MGs as well as to monitor their amorphous state after
treating them, for instance by annealing, aging or applying tensile stress. This
is done throughout wide angle X-ray scattering also called wide angle X-ray
diffraction (XRD). This section only covers a brief outline to the physics be-
hind it. For a more detailed insight section 3.3 may be consulted to gain a
general insight into the fundamentals of scattering.

XRD is performed regularly in order to confirm the desired structure of
the produced or treated samples. It is commonly performed at a labora-
tory at University of Göttingen using a Bruker D8 Advance diffractometer.
This diffractometer uses a Cu-𝐾𝛼 source operating at a wavelength 𝜆 =
0.154 06 nm. Another diffractometer which was used within the work of this
thesis is a Diffraktometer D5000 by Siemens using a Mo X-ray source which
operates at a wavelength 𝜆 = 0.070 93 nm.

2.4.3 Compositional analysis by energy-dispersive X-ray
spectroscopy

To analyse the composition of the studied samples, energy-dispersive X-ray
spectroscopy (EDX) analysis is carried out, using a scanning electron micro-
scope (SEM) LEO SUPRA 35 by Carl Zeiss NTS GmbH equipped with an
EDX instrument by Thermo Fisher Scientific GmbH.
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sample name nominal composition preparation technique
(%atom)

Cu50Zr50-VD_014 Cu50Zr50 vapour deposition
Cu50Zr50-VD_015 Cu50Zr50 vapour deposition
Cu50Zr50-FQ_001 Cu50Zr50 fast quenching
PdCuSi-VD_003 Pd77.5Cu6Si16.5 vapour deposition
PdCuSi-VD_004 Pd77.5Cu6Si16.5 vapour deposition
PdCuSi-VD_005 Pd77.5Cu6Si16.5 vapour deposition
PdCuSi-VD_006 Pd77.5Cu6Si16.5 vapour deposition

Table 2.2: Overview of the parental samples discussed within this thesis.
Cu50Zr50-FQ_001 was given by Eloi Pineda (Dpt. de Física, ESAB, UPC
BarcelonaTech, Spain).

In order to perform an EDX analysis a high energy electron beam is emitted
from an electron gun within a SEM. Those high energy electrons are capable
of exciting electrons from an inner shell and creating free electrons. Thus, a
series of electron relaxation processes is likely to happen, where subsequently
electrons drop from an outer shell towards the vacancy of an inner one. In case
a high-energy transition, each of these drops result in emission of characteristic
electromagnetic radiation in form of X-rays. The characteristic emission can
be unambiguously attributed to a specific element and thus identify the chem-
ical constitution of the examined area. Moreover, the relative intensities of
each element’s characteristic emission carry information on the compositional
ratio of the elements in %atom (atomic percent) [Ins83].

2.5 Sample characterisation

Table 2.2 shows all samples which are used within the work of this thesis.
From each sample, pieces are used for the referred studies. Each piece can
by identified with its unique identifier. The identifier starts with the nominal
composition (with or without elemental quantities), followed by a hyphen,
a tag for the preparation process (FQ/VD), an underscore, and a sequential
number. If the sample was not produced by myself, the initials of this person
precede that sequential number. Whenever a piece is separated from a sam-
ple, a letter (a-z) or a numeral (00-99) is appended to the parental piece
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(e.g. Cu50Zr50-FQ_001f or Cu50Zr50-VD_015a11) in an alternating man-
ner.

2.5.1 Calorimetric characterisation

DSC measurements have been performed at Göttingen University at the DSC
7 instrument (Perkin-Elmer) in order to achieve calorimetric characterisa-
tions of FQ as well as VD metallic glasses. In order to prepare ribbon (FQ)
samples for analysis, their edges are straightened in case they are spiky –
hence, spikes get cut off. Afterwards, samples are cut into small pieces and
stapled to 15 to 20 layers into the provided 30 µL vented Al crucible5. VD
samples are cut into small squares and stacked as well. This allows to pile
up to approximately 13 mg of material into the crucible. As FQ samples are
intrinsically thicker, they stack up to approximately 32 mg. A constant flow of
approximately 10 mL min−1 of 99.999 % pure Ar gas equipped with an oxygen
filter (“Alphagaz – purifier O2-free”, Airliquide) flushes the sample chamber
to prevent oxidation.

Before a sample’s calorimetric behaviour is measured, it is cleaned first with
acetone and second isopropyl alcohol in an ultrasound bath for approxi-
mately 5 min each. Then one sample is cut and stapled into a crucible
as described above and loaded into the DSC instrument. An individual,
unused Al crucible is used as reference and loaded into the reference fur-
nace.

Figure 2.10 shows the results of the data obtained by DSC measurements
of CuZr-based FQ (orange-like colours) and VD (blue colour) samples. The
data show subtracted differential heat flow, normalised by the samples mass,
and rescaled by a linear function 𝑓corr(𝑇 ) to correct from drift. The func-
tion 𝑓corr(𝑇 ) is used such that the DSC signal from the first and second run
match in the crystalline region. A linear signal drift is assumed. The de-
tailed temperature protocol of the DSC measurement is given in appendix B.
The UMG sample VD_015b shows a smooth signal with an onset tempera-
ture 𝑇on = 671 K. The three FQ samples FQ_001a, FQ_001b and FQ_001f

5VD_015 was measured in not-vented Al crucible.
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Figure 2.10: DSC data (coloured bullets) of the drift corrected specific heat
capacity 𝑓(𝑇 ) ⋅ 𝑐𝑝 of CuZr-based VD and FQ samples at a heating rate
of 10 K min−1. The data are corrected by a linear function 𝑓corr(𝑇 ) in
order to handle a signal drift. Dashed lines of lighter colour (matching
with the corresponding DSC data) signal linear fit functions to baseline
and ascending regimes, respectively. Their intersection defines 𝑇g by the
tangent method. The determined values of 𝑇g are indicated by coloured
vertical short lines on the abscissae.

show differing results. The signals of FQ_001a and FQ_001b evolve with a
similar shape, although the latter displays a slightly falling curve below the
onset temperature, what results in the determination of the 𝑇on = 717 K at
a lower value (FQ_001a quantifies 𝑇on = 732 K). A third sample of the same
batch, FQ_001f, shows a similar 𝑇on = 719 K as FQ_001b, although its sig-
nal is highly unsmooth. It seems that the thermal contact of this sample
within the crucible was insufficient, which would also explain the spike in the
data at approximately 595 K. However, the results of all FQ samples support
each other, while in especially their exothermic peak due to crystallisation
lie on top of each over. Later determinations of the chemical composition of
these samples will show, that UMG and FQ samples do not have the same
composition as initially expected, and may explain the large difference in the
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calorimetric analysis of the two.

2.5.2 Static structure characterisation

Figure 2.11 depicts wide angle XRD data of four Pd77.5Cu6Si16.5 VD
samples, sputtered at different substrate temperatures: PdCuSi-VD_003a,
PdCuSi-VD_004a, PdCuSi-VD_005a and PdCuSi-VD_006a. It shows the inten-
sity sequentially captured over the range from 17.5 nm−1 to 37.5 nm−1 around
the FSDP. All samples reveal a single, wide peak distribution with no sharp
bragg or bragg-like peak at all, confirming all samples are amorphous. No
quantitative difference between the samples can be determined in the static
structure analysis. The position of the samples’ maximum of the FSDP notes
at 28.1(1) nm−1. The only difference between the depicted samples is the low-
ering of the absolute intensity along with lower 𝑇sub, which is, however, not
of great interest in this analysis. Similar XRD results are found for all other
samples stated in table 2.2.

X-ray sources with higher photon energy and more sophisticated detectors
allow to examine a wider range in reciprocal space. Figure 2.12 shows the
static structure factor of a VD Cu50Zr50 sample (Cu50Zr50-VD_015) analysed
at the European Synchrotron Radiation Facility (ESRF) beamline ID15 at
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Figure 2.11: Wide angle XRD of PdCuSi-VD samples performed using a
Cu-𝐾𝛼 source at 15.406 nm wavelength. The scattering vector ranges from
17.5 nm−1 to 37.5 nm−1, including the FSDP of the static structure factor.
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Figure 2.12: Wide angle XRD of Cu50Zr50-VD_015 after being used in XPCS
experiments, covering a wide range of the static structure factor. The
measurement has been performed at ESRF beamline ID15.

a photon energy of 75 keV using a Dectris PILATUS3 X CdTe 2M detec-
tor.

2.5.3 Compositional characterisation

To characterise the composition of all studied samples as stated in table 2.2,
EDX analyses were performed. Therefore, the samples were mounted indi-
vidually on aluminium carriers, fixated to them with a carbon-based glue
pad. Hence, impurities of Al or C may be expected in the captured data
and are not necessarily constituents of the analysed area itself. The SEM was
operated at an acceleration voltage of 20 keV. Of each sample, three to five
different areas were probed, while irradiated areas, from which the emission
signal is analysed throughout EDX, spanned dimensions of 20 µm × 30 µm.
The determined compositions are as follows:

Sample Cu50Zr50-VD_015 Compositional analysis detects a composition
of (55.0 ∶ 45.0) ± 0.2 %atom (Cu : Zr). Besides, no further impurities are de-
tected.
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Sample Cu50Zr50-FQ_001 Compositional analysis detects a composition
of (50.8 ∶ 49.2) ± 0.2 %atom (Cu : Zr). Besides, no further impurities are de-
tected.

Sample PdCuSi-VD_003 Compositional analysis detects a composition of
(79.1(2) ∶ 5.8(3) ∶ 15.0(2)) %atom (Pd : Cu : Si). Both sides of the sample
reveal impurities which form dendrites and are identified as NaCl throughout
EDX.

Sample PdCuSi-VD_006 Compositional analysis detects a composition of
(78.7(3) ∶ 6.2(3) ∶ 15.3(3)) %atom (Pd : Cu : Si). On the vacuum-facing side
during sputtering process, no further impurities are detected, while the
substrate-facing side shows impurities of Na and Cl in form of round shaped
erected objects.

2.6 Discussion

Static XRD measurements confirm that all prepared samples are amorphous
without the existence of long range ordering as expected.

EDX measurements reveal deviations from the nominal composition which
was aimed for during preparation. In particular, sample Cu50Zr50-VD_015
shows a discrepancy of 5 percentage points to the nominal composition as
well as a deviation of 4 percentage points to the FQ composition which it is
compared to in following chapters. This may explain different calorimetric
behaviour. Especially, absolute values of calorimetric properties such as 𝑇g

or 𝑇x may not be well suited for comparing VD and FQ samples. In order to
eliminate the influence of the differing composition, an FQ sample of the same
composition as the EDX determined composition of the VD sample might be
useful. Pd77.5Cu6Si16.5 compositions show small deviations in the order of 1.5
percentage points or less from their nominal compositions. However, both
sample types – FQ and VD – are found with the same composition within the
uncertainties of the analyses.

EDX measurements of PdCuSi-VD_003 and PdCuSi-VD_006 show impurities
of the chemical elements Na and Cl. These elements most likely are resid-
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uals of the NaCl substrate which was used during the fabrication process.
Although the samples were ultrasonically cleaned with acetone and isopropyl
alcohol, NaCl is a polar substance and does only dissolve in highly polar
solvents. Hence, rinsing it with water probably would have cleaned away
the NaCl. However, the risk of corrosion should be considered when doing
so.
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Chapter 3

Structural dynamics analysis by XPCS
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3.1 Introduction

Understanding the structure and dynamics of disordered systems is crucial to
understand the nature of out-of-equilibrium systems. Glasses represent one
branch of such systems, as it is fundamental to them to be out of equilibrium.
This unlocks quite new physics to deal with when glasses, especially metallic
glasses are studied. However, quantifying the structural dynamics of MGs on a
atomic length scale was impossible for long time. Commonly used techniques
for dynamics studies, such as dynamical light scattering (DLS)1 can only reach
up to a momentum transfer of 𝑞 ≤ 4 × 10−2 nm−1 [Kwa12], while the range of
𝒪(10 nm−1) and larger is the relevant scale for dynamics of MGs as they do not
exhibit long range order [Ell90]. Hence, such high momentum transfers are
not accessible with visible or near-visible light sources.

WA-XPCSSA-XPCS
PCS

Figure 3.1: Coverage of momentum transfer by visible light and X-ray photon
correlation techniques.

A young technique which is able to excess the desired 𝑞-range is called XPCS.
Because of the high brilliance of 3rd generation synchrotron facilities, PCS –
for which laser light with its high degree coherence is used – could be adopted
to using X-ray light sources [Sut+91; Die+95; Rut+12; Lei+12]. With that,
the accessible 𝑞-range widely expands towards larger values as depicted in
figure 3.1 and can roughly be split into the regimes of small angle and wide
angle XPCS. At synchrotrons, accelerated electrons emit X-ray radiation in a
spontaneous and independent manner. Hence, such an X-ray beam can only
be considered partially coherent. The challenge in the X-ray regime is to retain
high enough intensity of X-ray radiation after preparing a coherent beam.
That coherent beam is critical to the performance of X-ray photon correlation
spectroscopy. A quantitative description of the coherence characteristics of
synchrotron radiation may be attributed to the longitudinal and transversal
coherence length.

1Also known as photon correlation spectroscopy (PCS).
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3.2 Coherence of synchrotron radiation

Synchrotron radiation, provided by electron (or positron) storage rings, is a
result of a chaotic emission process. Charged, relativistic particles produce
photons spontaneously and independent. The coherence properties of such
created photons can be quantitatively described by their bandwidth2 𝜆/Δ𝜆

and the phase space volume (or emittance) (𝜎𝜎′)2, while 𝜆 is the wave length
and Δ𝜆 its variance, 𝜎 is the source size and 𝜎′ the divergence of the photon
beam. The requirement for a spatially coherent beam,

𝜎𝑥𝜎′
𝑥𝜎𝑦𝜎′

𝑦 < ( 𝜆
4𝜋

)
2

, (3.1)

is usually not satisfied in the X-ray regime [AHK85]. Hence, when talking
about synchrotron radiation one may refer to partially coherent light. An
improvement of the coherence can be achieved by limiting the phase space
volume. Introducing collimating apertures into the beam path shrinks the
phase space volume and allows a wider range of (shorter) wavelengths to sat-
isfy equation (3.1). This technique however has a huge drawback: it dramat-
ically reduces the photon flux. Besides, shifting towards smaller wavelengths
additionally leads to a reduction of the coherent flux as can be understood
from the quantitative description of the coherent fraction of the photon flux,
given by [GZ04]:

𝐹coh = (𝜆
2

)
2

ℬ (3.2)

with [ℬ] = photons/second
mrad2 mm2 0.1 %BW

.

Here, ℬ is the brilliance of the source, given in photons per second, nor-
malized by opening angle in mrad2, source size in mm2 and bandwidth cut-

2While a bandwidth is typically defined as Δ𝑤/𝑤, here the relation 𝜆 ∝ 1/𝑤 is used to
express the bandwidth in therms of the wavelength 𝜆.
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off.

3rd generation undulator sources3 provide a brilliance up to the order
of 1021 ph s−1 mrad−2 mm−2(0.1%BW)−1 [And+15]. As already mentioned,
there are two aspects of coherence – longitudinal and transversal – accord-
ing to the propagation direction of the beam. Undulator radiation has the
advantage of a relatively high longitudinal coherence, compared to X-ray ra-
diation produced through different devices in a storage ring, such as Wigglers
or Bending Magnets [AHK85]. Besides, its transversal coherence needs to be
improved, as will be addressed later.

The longitudinal coherence length, 𝜉l, takes into account the mono-
chromaticity (energy distribution) of the light. Figure 3.2 schematically
presents propagating plane wave fronts with (A) wavelength 𝜆 and (B) slightly
detuned (𝜆 − Δ𝜆), accordingly. Both plane waves are in phase at point 𝑂.
2𝜉l defines the segment 𝑂𝑃 within which both plane waves are in phase
again:

Figure 3.2: Sketch of the derivation of the longitudinal coherence length.

3At synchrotrons, X-ray light is usually produced by one out of two devices: Bending
Magnets or Insertion Devices. The latter apparati split again into so called wigglers and
undulators. Without commenting on the underlying principles – an excellent textbook
would be reference [AM11] — up-to-date undulators provide the highest flux of coherent
X-ray light.
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2𝜉l =̇ 𝑁𝜆 = (𝑁 + 1) ⋅ (𝜆 − Δ𝜆)

⇔ 𝜆 = Δ𝜆(𝑁 + 1) .

This leads to an expression 𝜉l = 𝜆2/(2Δ𝜆) − 𝜆/2. The term 𝜆/2 is usually
neglected as it scales with Δ𝜆/𝜆 compared to the first term and the mono-
chromaticity of undulator radiation typically is in the order of Δ𝜆/𝜆 ≈ 10−4

or less [GZ04]. With that we can conclude

𝜉l ≈ 𝜆2

2Δ𝜆
. (3.3)

The longitudinal coherence length, 𝜉l, arises from the finite size of the
light source 𝜎. As a result, the X-ray beam diverges. Figure 3.3 depicts the
geometry of that situation. Given two wave fronts (A) and (B), which are in
phase at point 𝑃, the transverse coherence length 𝜉l may be defined as twice
the distance it takes to count a phase shift of one wavelength 𝜆. This can be
expressed through

ΔΘ = arctan ( 𝜆
2𝜉t

) .

With a source-to-sample distance 𝑅, a second relation ΔΘ/2 = arctan (𝜎/2𝑅) for
the aperture angle ΔΘ can be found as both triangles, which enclose ΔΘ, are
similar triangles. Under the assumption of 𝜎/𝑅 ≪ 1 we can linearly approxi-
mate the arctan function and combine both equations getting an expression
for the transversal coherence length

𝜉t = 𝜆𝑅
2𝜎

. (3.4)
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Figure 3.3: Sketch of the derivation of the transversal coherence length.

The path length difference (PLD), 𝛿𝑠, is a parameter, based to the
thickness of the sample 𝑙 and the beam diameter 𝑤, which needs to be taken
into account. Figure 3.4 shows the PLD’s impact on the beam’s pathway.
Both effects will be considered separately. The two components sum up to
the total PLD 𝛿𝑠 = 𝛿𝑠1 + 𝛿𝑠2. Panel (a) of figure 3.4 displays the effect of
the finite beam size regarding half the beam waist. This results in a PLD
of 𝛿𝑠1 = 𝑤/2 sin(𝜃). Panel (b) of figure shows the influence of the sample
thickness. As a scattering event may occur somewhere between the front
and the backside of the sample (neglecting multiple scattering events4), a
maximum PLD of 𝛿𝑠2 = 𝑙[1 − cos(𝜃)] = 2𝑙 sin2(𝜃/2) may built up. With that,
a total PLD can be expressed by

𝛿𝑠 = 𝑤
2

sin(𝜃) + 2𝑙 sin2 (𝜃
2

) . (3.5)

As 𝛿𝑠 emerges along with the propagation direction, it mainly affects the longi-
tudinal coherence 𝜉l. With that, one can conclude that, to preserve longitudi-
nal coherence, the following requirement needs to be fulfilled:

4Born-Approximation, [PT85, sec. 4.4]
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Figure 3.4: (a) Beam path length difference due to beam width 𝑤. (b) Path
length difference due to sample thickness 𝑙.

𝛿𝑠 < 𝜆2

2Δ𝜆
. (3.6)

A quantitative view on these constrains will be given in section 3.6, where the
setup of an XPCS beamline is discussed exemplarily.

3.3 Overview on scattering

A useful picture to describe an electro-magnetic wave is the plane wave de-
scription. It is defined by its amplitude 𝐸0, frequency 𝜈 and wavelength 𝜆
and propagates along the ̂𝑧-axis:

𝐸(𝑧, 𝑡) = 𝐸0 cos [2𝜋(𝑧/𝜆 − 𝜈𝑡)] .

A more convenient formulation for further calculus uses the complex notation,
with angular frequency 𝜔 = 2𝜋𝜈 and wave number 𝑘 = 2𝜋𝑛/𝜆. As the index
of refraction almost equals unity for the X-ray regime, it will be neglected in
the following equation5:

5The index of refraction for X-rays 𝑛 = 1 − 𝛿 + 𝚤𝜀 can easily be assumed to be unity as
for many solids 𝛿 ≈ 10−5, in air even 𝛿 ≈ 10−8 [De 16].
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𝐸(𝑧, 𝑡) = 𝐸0 exp [𝑖(𝑘𝑧 − 𝜔𝑡)] . (3.7)

Considering the electro-magnetic wave as an oscillatory electro-magnetic field,
Maxwell’s equations well describe the interaction of such a field with charged
particles (i.e. electrons). In this section, the geometrical implications of elastic
scattering processes (𝑘 ≐ |𝒌in| = |𝒌out|) are described.

3.3.1 Single particle scattering

Figure 3.5: Definition of the momen-
tum transfer 𝒒 (inspired by [De
16]).

The simplest scattering scenario is the
scattering of an electro-magnetic wave
by a single scatterer (electron) as out-
lined in figure 3.5. The typical notation
makes use of the incoming and outgoing
wave vectors 𝒌in and 𝒌out which define
the scattering angle 2𝜃. The nomencla-
ture uses the factor 2 following the usual
notation in diffraction and being used

here for consistency reasons. All information on that simple scattering process
can be summed up within one single variable, the so called momentum trans-
fer 𝒒, which is defined as the wave vector change throughout the scattering
process 𝒒 = 𝒌out −𝒌in. Besides, the geometrical relation

𝑞 ≐ |𝒒| = 4𝜋
𝜆

sin 𝜃 , (3.8)

describing the absolute value of the momentum transfer, will be useful in the
following.

3.3.2 Multiple particle scattering

Coming to a more general picture including the implications of coherence,
hence, interference, the scenario of the prior section is extended by including
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a second scatterer. Figure 3.6 sketches two scatterers 𝐴 and 𝐵, which are
separated by vector 𝒓. From geometrical considerations, the incoming plane
wave, which is scattered under the same scattering angle 2𝜃, hence wave
vector 𝒒 by each scatterer, undergoes different path lengths according to the
relative position of both scatterers.

Figure 3.6: Sketch of a sample with two scattering centres. The different
path lengths of result in phases shifts 𝜙𝑗 built up by relative locations of
different scatterers (inspired by [De 16]).

Each part of the plane wave collects an extra phase shift 𝜙𝑗 = 𝑘𝑟 cos 𝛼𝑗 = 𝒌⋅𝒓𝑗,
according to the relative location 𝒓 compared to the other scatterer. The total
path length difference can be expressed by the phase shift

Δ𝜙(𝒓) = −𝒌in ⋅ 𝒓 + 𝒌out ⋅ 𝒓 = 𝒒 ⋅ 𝒓 . (3.9)

With expression (3.9) can be seen, how the simplicity of expressing a phase
shift in terms of 𝒒 manifests the usefulness of the scattering vector nota-
tion.

Considering the captured quantity being an intensity 𝐼, rather than a field
term, the relation 𝐼 = |𝐸|2 = 𝐸𝐸∗ – while 𝐸∗ stands for the complex conju-
gate of 𝐸 – implies that the constant terms exp [±𝚤𝜔𝑡] aggregate to unity and
leave only the phase term, hence, equation (3.9), being non-unity. Expand-
ing to continuum we make use of the scatterer number density 𝑛(𝒓). With
the knowledge, that each scatterer yields a phase factor, the integral for the
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scattering amplitude of a continuum of the equal scatterers (electrons)6 can
be expressed by [De 16, Chpt 2]:

𝐹 atom(𝒒) ∝ ∫
𝑉

𝑛(𝒓) exp [𝚤𝒒 ⋅ 𝒓] d𝒓 . (3.10)

It is noteworthy that this expression is identical to the Fourier transforma-
tion (FT) of the electron density. Hence, from 𝐹 atom(𝒒) the pair correlation
function7 𝑔(𝒓) can be calculated.

To attain a more realistic situation, equation (3.10) can be further extended
by taking into account multiple atoms. The summation over 𝑁 variously
arranged atoms can be understood as the scattering amplitude generated by
a liquid or a disordered solid and leads to the expression

𝐹 liq(𝒒) =
𝑁

∑
𝒓𝑗

𝐹 atom
𝑗 (𝒒) exp [𝚤𝒒 ⋅ 𝒓𝑗] . (3.11)

For a high number of atoms 𝑁, the summation over all atoms allows to sim-
plify the equation, which is especially reasonable in disordered systems: Re-
garding the average of the phase factor, one can make use of the relation
⟨exp [𝚤𝒒 ⋅ 𝒓𝑗]⟩ = sinc(𝑞𝑟𝑗) [De 16, Chpt 2]. It should be pointed out, that
the arguments of the sinc-function, 𝑞 and 𝑟𝑗 are no longer vectors, but in-
stead their absolute values. Finally, the overall intensity of an illuminated
sample can be calculated, as it is the averaged mean square of the scattering
amplitude:

6Also called the atomic scattering factor.
7Also known as the radial distribution function.
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𝐼(𝑞) = ⟨|𝐹 liq(𝒒)|2⟩

= ∑
𝑗

∑
𝑘

𝐹𝑗(𝒒)𝐹𝑘(𝒒) sinc(𝑞𝑟𝑗𝑘)

= 𝑁𝐹 2(𝒒) + 𝐹 2(𝒒) ∑
𝑗≠𝑘

∑
𝑘

sinc(𝑞𝑟𝑗𝑘))

(#1)
≈ 𝑁𝐹 2(𝒒) [1 + 𝑁 ∑

𝑘
sinc(𝑞𝑟𝑘)]

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
≐ 𝑆(𝑞)

with 𝑟𝑗𝑘 = 𝑟𝑘 − 𝑟𝑗 .

For large particle numbers 𝑁, simplification (#1) 𝑁(𝑁 − 1) ≈ 𝑁2 is applied.
As a result, on the right hand side the factor 𝑆(𝑞) is derived. This factor
describes the inter-particle interactions and is called the (static) structure
factor [De 16, Chpt 2].

3.4 Coherent illumination of disordered systems

In a simple scattering case, with only one single symmetric scatterer, the
scattering amplitude 𝐹(𝒒) can be calculated following equation (3.10) – being
identical to the FT of the scatterer number density 𝑛(𝒓). In order to visualize
the effect of the FT, a simple symmetric scatterer with radius 𝑟 is used while
the numerical framework of the discrete FT is applied.

The FT can easily be calculated by means of open-source libraries of various
programming languages. Here the python language is used, while the numer-
ical calculation of the discrete Fourier transformation (implemented by the
algorithm of the Fast Fourier Transformation (FFT)) is performed within the
framework of the numpy.fft.fft2 function [Har+20]. In the following python-
like pseudo-code the modelling of the diffraction process is schematically lined
out. After generating three images of 𝑁 × 𝑁 pixels of value 0 (img0, img1,

img2), in the centre of img0, a circle with value 1 is drawn. While seven fur-
ther circles (scatterers), arranged randomly, non-overlapping, are identically
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located in img1 and img2, a ninth circle is put at different locations in the
two images img1 and img2. An FFT of all images is calculated and the re-
sulting matrices are rescaled by their minimal and maximal value. In order
to point out the implication of the relocation of one scatterer, the difference
FFT[img1]-FFT[img2] is calculated and plotted.

python-like pseudo-code

1 import numpy as np
2 img0 = np.zeros((4000,4000))
3 scatterer = np.ones(shape='circle', diameter=19)
4 img0 += scatterer(loc='center')
5 img1 = img0 + 8*scatterer(loc='around center')
6 img2 = img1 - scatterer(loc='location9') + scatterer(loc='location10')
7 imgs = [img0, img1, img2]
8

9 # calculate ffts
10 fts = []
11 for img in imgs:
12 ft = np.fft.fft2(img)
13 ft = normalize_by_min_max(ft)
14 fts.append(ft)
15

16 # calculate difference between ffts with one relocated scatterer
17 diff_scatterer_loc = fts[1] - fts[2]
18 plot(diff_scatterer_loc)

Figure 3.7 (a) shows a single symmetric scatterer in the central 1000 px ×
1000 px section of a 4000 px × 4000 px volume. The scatterer has a diam-
eter of 19 px. As a result of the FFT, figure 3.7 (b) shows the formation
of centro-symmetric rings, while only the two most central ones are dis-
played in the cropped section of the entire (4000 px × 4000 px) image. These
rings are called diffraction rings and are characteristic for X-ray scatter-
ing.

The discretisation of the scatterers (“pixelation”) results in a slight deforma-
tion of the rings, which can be noted by having a closed look to the rings.
This distortion as well as box effects from the numerical calculus are not fur-
ther considered here8. In between two diffraction rings, the intensity varies

8Drawing a round pattern in a pixelated matrix technically leads to a discrete, pixel by
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Figure 3.7: (a) Central section of a 4000 px×4000 px area with a central single
symmetric scatterer. (b) Central section of the discrete Fourier transfor-
mation of panel (a). Logarithmic colour scale. Recalculated after [Kwa12].

homogeneously and the distance between the rings is characteristic for the
length scales present in the scattering volume. In this simple scenario, the
diameter of the single point-symmetric scatterer is the only relevant length
scale present, whereas the influence of pixelation and box builds a significant
influence at higher orders, further away from the centre. These higher orders
are not shown here.

As seen in section 3.2, X-ray radiation also has – even if only partial – coher-
ent properties. Coherence plays a crucial role when more than one scatterer is
present in the illuminated volume. That case is depicted in figure 3.8 (a) where
nine scatterers are packed relatively dense but arranged randomly. Because
the FFT formalism is capable of using complex numbers, the so called coher-
ent scattering part is taken into account as well as the incoherent scattering
part. While the incoherent part forms the same pattern of diffractions rings,
the coherent part forms a randomly appearing and homogeneously spread
pattern of small intense spots on top of the diffraction rings – the speckle
pattern. This pattern depicts a signal which alternates on a relatively small
lateral scale between high signal, corresponding to constructive interference,
and low signal (destructive interference). The speckle pattern is a direct
consequence of the coherence of the beam, being an interference pattern ex-

pixel, stepped “curvature”. This results in the discretisation of two (normal) surface
orientations which distort the expected round shaped diffraction pattern by predominant
directions of the pixelated circle.
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Figure 3.8: (a) Central section of a 4000 px × 4000 px 2-dimensional volume
with nine randomly arranged symmetric scatterers. (b) Central section
of the discrete FT of panel (a), showing diffraction rings with a speckle
pattern on top. Logarithmic colour scale. Recalculated after [Kwa12].

actly determined by the arrangement of the scatterers [GZ04]. With that, it
becomes a powerful tool to detect small changes of the scatterer’s arrange-
ment.

A minor change of the scatterer’s arrangement is modelled as shown in fig-
ure 3.9 (a) where the upper left “particle” is moved towards the right (compare
fig. 3.8 (a)). Its FFT is not shown as there is no difference visible easily by
eye. However, calculating the difference Δ of both Fourier transformed den-
sity distributions (FFT of fig. 3.9 (a) and of fig. 3.8 (a))

Δ = FFT[𝜌particle moved(𝒓)] − FFT[𝜌0(𝒓)] ,

reveals a repetitively alternating signal with strong contrast (values from −0.5
to 0.5, see fig. 3.9 (b)). It is homogeneously spread over the entire image area.
Moreover, the diffraction rings are not visible anymore as they cancel out
each other, which means that they are identical and the deviation is only
in the speckle pattern. Given that conclusion as well as the fact that the
model data is normalised, the strong signal of Δ emphasises the scientific
relevance of speckle analysis techniques in order to study arrangement changes
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Figure 3.9: (a) Almost the same arrangement as in fig. 3.8 (a), but the upper
left “particle” was moved towards the right. (b) Difference between the
FFT in fig. 3.8 (b) and the FFT of the 3.9 (a). Its upper right inset depicts
a magnification of the first 200 by 200 px.

of disordered systems: a small change in the arrangement leads to a vast
change in the speckle pattern.

3.5 Time correlation functions and structural
dynamics

In the previous section it is pointed out how the arrangement of disordered
scatterers can be represented by means of a coherent light throughout its
speckle pattern. So far, only light is shed on the static arrangement – a
snapshot, while the atomic arrangement of metallic glasses in real systems
is subjected to spontaneous rearrangements. This spontaneous structural
dynamics is accessible to be studied with the tools and concept introduced so
far. Within this section, the mathematical tools in order to describe structural
dynamics in metallic glasses are illustrated.

The correlation of a coherent X-ray beam can be quantified by first- and
second-order correlation functions of the 𝑬 field. In experimental studies a
relatively long acquisition time 𝑇 of currently used X-ray detectors compared
to the coherence time 𝜏0 of the X-ray photons, given through 𝜏0 = 𝜉l/𝑐, i.e.
𝑇 ≫ 𝜏0, allows to assume Poisson statistics [Gla63; Lou00]. From that, the

45



correlation functions can be written

𝑔(1)(𝒒, 𝑡) = ⟨𝑬∗(𝒒, 𝑡0)𝑬(𝒒, 𝑡0 + 𝑡)⟩𝑇
⟨|𝑬(𝒒, 𝑡0)|2⟩𝑇

𝑔(2)(𝒒, 𝑡) = ⟨𝐼(𝒒, 𝑡0)𝐼(𝒒, 𝑡0 + 𝑡)⟩𝑇
⟨𝐼(𝒒, 𝑡0)⟩2

𝑇
, (3.12)

while ∗ denotes the complex conjugate, ⟨⋯⟩𝑇 the temporal averaging over
the acquisition time and 𝒒 the momentum transfer. For a chaotic X-ray
source the Siegert relation holds, completely determining 𝑔(2)(𝑡) throughout
𝑔(2)(𝑡) = 1 + |𝑔(1)(𝑡)|2 [Sie43; Kir+96; Len01].

As introduced in the previous sections, temporal changes of the spatial ar-
rangement of scatterers in disordered systems can be studied by means of
coherent scattering. A measurement of the intensity fluctuations of the X-ray
speckle pattern can reveal the underlying dynamics of the scatterers (atoms)
of the sample [Sut+91]. Experimentally accessed fluctuations can be quanti-
fied using the normalised intensity correlation function 𝑔(2)(𝒒, 𝑡) from equa-
tion (3.12) and related to the normalised intermediate scattering function
𝑓(𝒒, 𝑡) [GMR08; Leh12; MFR15]:

𝑔(2)(𝒒, 𝑡) = 1 + 𝑐(𝒒)|𝑓(𝒒, 𝑡)|2 . (3.13)

Therein 𝑐(𝒒) denotes the 𝑞-dependent contrast and 𝑓(𝒒, 𝑡) = 𝐹(𝒒,𝑡)/𝑆(𝒒,0).
The ISF represents the temporal and spacial evolution of the density cor-
relations of the sample and is the representation of the dynamic structure
factor 𝑆(𝒒, 𝜔) in reciprocal-space and real-time variables as introduced in sec-
tion 3.3.
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Figure 3.10: Wide-angle XPCS setup at ID10 EH2, ESRF

3.6 Experimental realisation of XPCS

First XPCS studies have been conducted by Dierker et al. and by Thurn-
Albrecht et al. on suspensions of colloidal gold and platinum in viscous liq-
uid glycerol, respectively, to study diffusion upon Brownian motion [Die+95;
Thu+96], while first XPCS experiments on metals have been carried out
by Leitner et al. [Lei+09]. Alike the two latter, the data of this thesis,
determined by XPCS, are collected at beamline ID10 EH2 of the ESRF,
Grenoble. A line up of the experimental environment is addressed in this
section.

3.6.1 XPCS setup at ID10 (ESRF)

Figure 3.10 shows the front area of experimental hutch (EH) 2 of beam-
line ID10 at the ESRF, Grenoble, prepared for a typical XPCS experiment.
XPCS experiments are usually performed at a photon energy of 8.1 keV
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(=̂ 0.153 067 nm wavelength) being the energy at which the highest coherent
X-ray flux can be provided at the given geographical section of the beamline
with respect to the storage ring. After the beam is prepared by optical instru-
ments in the corresponding optics hutches (OHs), the beam arrives through
a front-end into EH2, marked by the label “x-ray beam” in figure 3.10. From
there, the beam passes through a box of attenuators, where its intensity can
be reduced if necessary, and further local optical instruments. Before the
final beam defining slits, a point detector is installed to continuously mon-
itor the beam intensity. Right after the slits, the sample is positioned on
a four-circle diffractometer located approximately 61 m downstream from the
X-ray undulator source. The sample is mounted in transmission geometry in a
home-made furnace, which also acts as the sample chamber and is specifically
customised regarding the needs of the beamline and the XPCS experiment.
The furnace is capable of providing a particular gas atmosphere (or high vac-
uum) and the temperature can be regulated between ambient temperature
and 1000 °C. In particular, it furnace can provide very high temperature sta-
bility Δ𝑇 < ±0.05 K. At a distance of 0.5 m to 2.0 m downstream of the
sample, a charge-coupled device (CCD) X-ray detector is positioned. It is
chosen in order to match the detector’s pixel size with the speckle size. A
flight tube between the sample and the detector suppresses scattering of the
deflected beam and air. Within this thesis at ID10 EH2 of the ESRF, Ikon-M
cameras by Andor with a resolution of 1024 px × 1024 px and a pixel size of
13 µm, employing a back-illuminated deep-depleted deep-cooled CCD sensor,
are used. Further technical details on the beamline and XPCS realisation are
given by Grübel and Zontone [GZ04].

3.6.2 Atomic dynamics through wide-angle XPCS

By positioning the detector at the maximum of the FSDP, rearrangements
in the special regime of neighbouring scatterers (atoms) yield the main con-
tribution to the scattering signal, hence, local atomic dynamics is what this
geometry is sensitive to. Therefore, the detector (CCD) is put into wide-angle
geometry given by the spatial location of the FSDP and the photon energy of
the X-ray beam (respectively wavelength). With that, equation (3.8) gives a
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Figure 3.11: Exemplary static structure factor of a Cu-Zr VD MG measured
at ID15 (ESRF), showing the coverage of momentum transfer of a typical
XPCS measurement at ID10 (ESRF). The purple box indicates the size of
the CCD detector’s sensitive area in reciprocal space. The blue line is just
a guide to the eye.

scattering angle in the proximity of 35° to 45° for MGs. Figure 3.11 exemplar-
ily depicts 𝑆(𝑞) for a Cu-Zr based MG. The purple coloured box indicates the
location and geometrical width of a CCD located at the centre of the FSDP.
From this graph, it is plausible that the captured signal from the CCD is
mostly flat across the entire chip of the camera.

3.6.3 Sample thickness

In order to preserve the coherent properties of the beam, it is important to
keep the inequality (3.6) fulfilled. For the given longitudinal coherence length
𝜉𝑙 ≈ 1 µm, a simple estimation of the coherence condition is depicted in fig-
ure 3.12. The horizontal, coloured line at 𝜉𝑙 = 1 µm illustrates the estimated
value for 𝜉𝑙 as published by the research facility9. The scattering angle de-
pendent PLD 𝛿𝑠(𝜃) is calculated for two sample thicknesses of 𝑙1 = 5 µm and
𝑙2 = 20 µm. While for both sample thicknesses the PLD lies close to the esti-
mated 𝜉𝑙, for 𝑙2 the resulting PLD exceeds the 𝜉l at typical scattering angles
of 𝜃 ≈ 40°, and hence, the limit of the coherence condition in equation (3.6).

9The coherence length 𝜉l is given in the description of the beamline at section “Polar-
ization and Coherence Properties” at the following link https://www.esrf.fr/home/
UsersAndScience/Experiments/CBS/ID10/ID10EH2/BeamlineDescription.html#
troikaIII (retrieved at 2023-03-30T19:21:21+02:00).
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Figure 3.12: Longitudinal coherence length and path length difference for
different sample thicknesses vs. scattering angle. Estimated longitudinal
coherence length 𝜉𝑙 ≈ 1 µm.

This certainly is a reason for the low signal-to-noise ratio (SNR) of the speckle
patterns in XPCS experiments. The acceptable 𝛿𝑠 hence, limits the maximum
possible sample thickness. In contrast, thicker samples have a higher scatter-
ing cross-section and thus, result in a larger scattering signal. From that
arises a trade-off which sets the range for an optimum sample thickness, de-
pending on the position 𝜃 at which the detector should be positioned, or in
other words, it depends on the position of the FSDP in the here described
XPCS setup.

3.7 Analysis of XPCS data

3.7.1 Preparation of raw data

XPCS data are captured under the aforementioned conditions. Single frames
of detector data are captured and a dark image, that is an averaged series of
100 images with no X-ray beam, is subtracted pixel-by-pixel from each frame
to account for dead pixels or broken areas of the detector. The resulting
𝑁 × 𝑁 pixel images are considered raw data. Typical photon densities are
in the order of 0.0001 photons px−1 s−1 and make commonly used pixel-by-
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pixel intensity correlation calculations over the entire detector for all frames
(usually one thousand or more) very inefficient. Chushkin et al. developed a
droplet algorithm which maps registered analogue-to-digital units (ADUs) to
numbers of impinging photons per pixel within the acquisition time [CCM12].
From that map of “photon events”, a one-dimensional list is generated regis-
tering the pixel number. In case of multiple photon events per pixel, such an
event entry is registered multiple times in that list. As the number density
of photons per pixel is very low, it is much faster to calculate the correlation
function from that list of photon events as from the entire pixel matrix with
mostly ADU values corresponding to zero photons.

3

2

1

0

photons1 2 3 4

Figure 3.13: Scheme of sequentially captured data frames with typical photon
density after applying droplet algorithm by Chushkin et al. [CCM12].

Figure 3.13 schematically illustrates four subsections of subsequent frames
of captured speckle intensities after applying the droplet algorithm. Most
pixels are coloured in dark blue, showing that no photon impinged within the
acquisition time. A few pixels show one registered photon, rarely two, and
once per frame three photons impinge at the same pixel within one frame
(indicated by the yellow colour). These speckle patterns relate directly to the
arrangement of the scatterers (atoms) according to the underlying physics as
described in sections 3.3 and 3.4.

3.7.2 Two-time correlation function

Calculating the correlation function, either pixel-by-pixel or using the event
correlator technique, reveals the temporal dynamics of the scatterers which
can be illustrated by an 𝑁 × 𝑁 matrix of colour-coded correlation function
𝑔(2)(𝒒, 𝑡) – the TTCF. An exemplary TTCF for a distinct value of 𝑞 is shown
in figure 3.14, whereby this illustration shows an asymmetric subsection of

51



Figure 3.14: Section of a TTCF calculated from XPCS data subjected to the
droplet algorithm and event correlation as introduced by Chushkin et al.,
while no Gaussian to blur the data is applied [CCM12].

the entire TTCF. Often, when TTCFs are shown, they are convoluted with
a Gaussian function in order to mitigate the noise. Within this chapter, this
function is not applied if not indicated differently.

All these analysis steps are conducted with software which is usually pro-
vided by the beamlines, as for instance the framework of waxpcs.py, a python

framework used at the ESRF, or alike for beamlines from other synchrotron
facilities.

As this time-resolved correlation function is subjected to a high value of noise,
it is usually time-averaged over one entire TTCF or over portions of it. The
resulting normalised intensity auto-correlation function (3.12) is usually anal-
ysed through best fits of the empirical Kohlrausch-Williams-Watts (KWW)
function to quantify the dynamics [Koh54; WW70; Moy+76]

𝑓(𝑡) = 𝐴 + 𝑐(𝑞) exp [−2 ( 𝑡
𝜏
)

𝛽
] . (3.14)

The baseline parameter 𝐴 should be unity according to equation (3.13) and
is often varied to satisfy systematic deviations. 𝑐(𝑞) can be directly related
to the 𝑞-dependent contrast of the aforementioned equation, and additionally
depends on machine parameters such as the degree of partial coherence. 𝜏
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denotes the relaxation time, and 𝛽 is the KWW shape parameter, which
shapes the exponential decay either stretched or compressed. The physical
interpretation of 𝛽 is highly under debate [Mad+10; Rut+13a; GBS15; CB17;
Bou+17; Liu+17; Wu+18; Hec+18; Rut+20].

3.7.3 Two interpretations of the TTCF

According to its calculation, the two-dimensional TTCF can be evaluated
in different directions. First of all, it is important to recapitulate how it
is calculated. It can be read like an 𝑁 × 𝑁 matrix, wherein each element
TTCF𝑖,𝑗 (𝑖, 𝑗 ∈ 𝑁) equals the value of an intensity-intensity correlation func-
tion 𝑔(2)(𝑖, 𝑗) of the captured frames 𝑖 and 𝑗. From that arises, that the
evolution of the observation time, also called experimental time 𝑡exp, evolves
along with the main diagonal, because later captured frames are correlated
with themselves towards the upper right corner along the white arrow titled
“observation time” in panel 3.15a. Because of this symmetry of that oper-
ation, a TTCF is symmetric with the main diagonal being the symmetry
axis.
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Figure 3.15: (a) Calculation scheme of a TTCF. Lighter blue squares (frames
of 𝑖 = 𝑗) indicate auto-correlations. White-framed squares show two possi-
ble interpretations of a TTCF – along the CCS-axis and along the ACS-axis,
respectively. (b) Gaussian filtered (𝜎 = 1.0) TTCF of 140 frames. White
boxes indicate cuts along the two different coordinate systems.

The following interpretations refer to the lower right triangular half of the
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TTCF. At the first glance, it may be evident to evaluate the TTCF along
with horizontal lines. The conventional coordinate system (CCS) represents
the dynamics with respect to the initial arrangement of that line (𝑖, 𝑗 = 𝑖).
For later (upper) horizontals, 𝑖 is iterated, and the dynamics is calculated
with respect to its own initial configuration, e.g. (𝑖 + 1, 𝑗 = 𝑖 + 1) for the
second horizontal. So far, this coordinate system behaves as expected and
probably as intended. However, as glasses are subjected to history depen-
dence, a sample’s age needs to be considered. This consideration only works
well in the CCS if a single horizontal line is regarded. When multiple horizon-
tal lines of the TTCF are averaged, the dynamics of the sample at different
ages (sample times) are mixed. This complicates an analysis of possible tran-
sitions a glass may undergo during aging and could hide imprints of new
findings. Because TTCFs are very noisy (see fig. 3.14), rigorous averaging is
generally necessary for a quantitative analysis of the dynamics captured by
XPCS.

An alternative coordinate system (ACS) is proposed to overcome that defi-
ciency [Bik17]. Therein, the one-time correlation function is calculated or-
thogonally to the main diagonal as sketched in panel 3.15a. In this direction,
𝑔(2)(𝑡), even when averaged over multiple lines, evolves with respect to the
constant sample age. The advantages of the interpretation within the ACS
are applied within an extended TTCF data processing framework introduced
and discussed in chapter 5. However, ACS breaks causality by mixing terms
before and after an individually calculated 𝑔(2)(𝑡). If that is indeed an issue
needs to be investigated, as it averages out when averaging comprehensively.
Panel 3.15b shows both coordinate systems on exemplary Gaussian-filtered
TTCF data of a metallic glass.

3.8 Discussion

XPCS clearly became an important technique to study glasses. In particular,
the spatial regime of neighbouring atoms, which is probed when the value
of 𝑞 is set to the FSDP, enables to investigate a regime that is hardly ac-
cessible throughout different techniques. However, the drawback of XPCS
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is the necessity of a coherent flux that can only be provided by the most
powerful X-ray source in the world. Such facilities are heavily sought after
because they have limited capacity and only allow a limited number of ex-
periments at the same time. Furthermore, the experimental setup is rather
complex and prone to technical failure which can be rarely compensated for.
Moreover, new features like intermittent dynamics have to be evaluated very
carefully. They can have manifold origins, and many must be considered
artefacts. In particular, abruptly appearing (and spontaneously vanishing)
incidents, such as temperature instabilities of the sample environment, beam
instabilities, environmental influences such as vibrations or shaking, and slip-
ping of the sample due to insufficient clamping, may cause peculiar patterns
in the TTCF that may be interpreted as “events” of intermittent dynamics.
However, if all those influences can be excluded, which is claimed by several
publications, such abrupt changes can be founded on underlying physics and
contribute to a better understanding of the studied systems [Eve+15; RPE17;
Das+19]. Confirmative findings have been made within this thesis and are
described and discussed in chapter 5.

As previously mentioned, the physical interpretation of the shape parame-
ter 𝛽 is under high debate. Different techniques, which apply the KWW fit
function as well, do not see 𝛽 > 1 and give explanations for varying results
within 0 < 𝛽 < 1 based on averaging homogeneous and heterogeneous dy-
namics [Ric93]. Since for a long time 𝛽 > 1 has only been reported on from
XPCS or DLS experiments, it seemed to be characteristic for these meth-
ods [Mad+10; Rut+12; GR16; Liu+17; Lüt+18; Hec+18; Ami+21]. How-
ever, compressed exponential relaxation dynamics could also be reproduced
by experimental investigations on colloids [Gok+16] and in simulations [BP01;
CB17; Bou+17; Wu+18]. The direction of analysis, CCS or ACS, has only
little effect on the absolute value of 𝛽 [Bik17]. Furthermore, 𝛽 > 1 is of-
ten suggested with the presence of dynamics heterogeneities or intermittent
dynamics [Bou+17; Hec+18].
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3.9 Outlook

XPCS is a very demanding technique in terms of beam stability and co-
herent flux. With continuously progressing upgrade programs of existing
X-ray sources, synchrotrons and X-ray free electron lasers (X-FELs), acces-
sible temporal scales extend towards faster time scales, reaching sub-second
to sub-microsecond for fourth generation synchrotrons, and even far below
nano-seconds for X-FEL sources. These temporal regimes allow to study
glasses and supercooled liquids (SCLs) not only at higher temperatures but
also to investigate processes which manifest on those timescales and are not
accessible at the moment while keeping the atomic length scale within the
ensemble.

Moreover, the investigation of intermediate-range order could not just be-
come accessible thanks to new generation X-ray sources. Indeed, they may
enlighten new perspectives in the study of cooperative phenomenons by ac-
cessing higher-order correlation functions.
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Chapter 4

Anti-Aging in Cu55Zr45 ultrastable metallic
glasses
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4.1 Introduction

USGs show extraordinary thermodynamic and kinetic stability, so that they
form a new and promising family of glasses. Their stability is a direct con-
sequence of the fabrication process. Initially discovered in 2007 by Swallen
et al. [Swa+07], USGs have constantly gained interest in the scientific com-
munity. In particular, USGs usually exhibit a significant increase of glass
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transition temperature (𝑇g), a decrease of fictive temperature (𝑇f) by sev-
eral tens of Kelvin, as well as an increase of density with respect to standard
quenched glasses [Swa+07; Kea+07; Swa+08; SEP13]. Besides, organic USGs
show a decreased enthalpy, which seems not to be the case for their metallic
counterpart [YLS13; Xue+16]. With respect to conventional glasses, USGs
are considered to be in a lower state within the framework of the PEL1 [Sti95;
DS01; RAA15]. That low-energetic state is reached due to enhanced atomic
mobility during the fabrication process [SP11; PS13] and is in general not
accessible on practical timescales via classical methods such as long time an-
nealing [Kea+08; Swa+08; SP11; Ber+17]. Microscopic studies on ultrastable
organic glasses indicate the absence of physical aging [Leo+10], but no direct
information on the underlying microscopic processes has been reported so far.
With all those properties, USGs are an important building block for many
applications such as pharmaceuticals or technical purposes – profiting from
longer preservation of the amorphous state and its mechanical and chemical
stability [HP00; Wan12].

Ultrastable metallic glasses are the representative of USGs incorporat-
ing metallic components, while the earlier introduced properties apply to
UMGs as well, directing spotlight on them [YLS13; Wan+16; Luo+18].

In this chapter, the study of microscopic mechanisms governing structural
relaxations in free-standing films of ultrastable metallic CuZr glasses is ad-
dressed by investigating their collective atomic motion. For this purpose
XPCS is used to explore the evolution of density fluctuations at the length
scale of inter-atomic distances on time scales up to 104 s, initially used on
metallic glasses by Ruta et al. [Rut+12].

A subset of the results within this chapter is published in publication [Lüt+18].

1For more details see section 2.2.2.
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4.2 Sample fabrication and preparation

The studied samples are composed of CuZr. They are vapour deposited by
magnetron sputtering onto a temperature controlled polished NaCl crystal.
In that way, a thin film which easily separates from the substrate can be fab-
ricated, forming a free standing film of ca. 20 mm × 30 mm. Typically a film
thickness of approximately 5 µm is chosen, as with that thickness the highest
contrast throughout XPCS can be achieved, being a compromise between ab-
sorption and scattering contrast2. Compositional analysis by EDX reveals a
homogeneous composition of approximately 55 ∶ 45 %atom (Cu : Zr); details
are reported in section 2.5.3).

In order to produce a so called “ultrastable” metallic glass, two deposition pa-
rameters turn out to be crucial [Lüt+18; YLS13; DLS20].

• The substrate temperature 𝑇
sub

while depositing needs to be kept slightly
below the glass transition temperature 𝑇g.

• The deposition rate needs to be around or below 1.8 nm s−1.

To identify the ideal substrate temperature (𝑇sub), several samples are
produced within a range of 𝑇sub = 0.8 − 0.9 𝑇g at a deposition rate of
1.76(1) nm s−1. Then the structural relaxation time 𝜏 – a characteristic pa-
rameter of kinetic stability – is determined for each sample throughout XPCS
experiments.

In total, a set of four samples is chosen to be compared: Three samples with
𝑇sub in the former given temperature range where ultrastable characteristics
are expected and one sample with the substrate indirectly cooled to low tem-
perature (𝑇sub ≈ 120 K) by a constant flow of liquid nitrogen.

XPCS is carried out at a sample temperature of 476 K, which corresponds to
0.71 𝑇g. During this XPCS measurement the sample is kept under medium
vacuum (𝒪(𝑝) = 1 mbar). The resulting relaxation times are determined as
described in section 3.7 and plotted versus substrate temperature in figure 4.1
for all samples. It is visible, that the highest stability is achieved by the sample
produced at 𝑇sub = 0.80 𝑇g (=̂ 533 K) while the sample deposited at 0.89 𝑇g

2Further details on XPCS contrast may be found in section 3.3.
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Figure 4.1: Relaxation times 𝜏 of vapour deposited CuZr samples, depending
on the substrate temperature 𝑇sub during deposition. Each sample is an as
produced sample, hence, it has no thermal history prior the measurement
of the relaxation dynamics through XPCS. The red area at temperatures
higher than 𝑇sub/𝑇g = 1 determines the supercooled liquid regime.

(=̂ 593 K) also shows a relatively high relaxation time in comparison to the
sample deposited at low substrate temperature (all purple symbols). Similar
results have been published for Zr65Cu27.5Al7.5 [YLS13]. In the following,
this chapter mainly concentrates on sample Cu50Zr50-VD_015, which names
the one fabricated at 𝑇sub = 0.89 Tg. Knowing that the stability of sample
Cu50Zr50-VD_014 (fabricated at 𝑇sub = 0.80 Tg) is even higher, all effects
described in this chapter should be at least as pronounced as for sample
VD_0153.

Notice the grey symbol in figure 4.1, which reveals an underwhelming low
relaxation time. This sample represents our very first vapour deposited CuZr
MG, when the substrate temperature was not yet sufficiently stable during the
deposition process but instead consequently drifted up to around +10 K with
regards to the initial 𝑇sub during the entire sputtering process. As a result, this
sample shows a relaxation time almost within in the same order of magnitude

3Note that the given sample names denote their nominal composition. The composition
determined is given in sec. 2.5.3. To prevent confusion, from here on, the compositional
prefix of the sample name will be omitted in case the sample can be uniquely identified.
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as the sample deposited at low 𝑇sub. This outcome points out the importance
of temperature stability during the deposition process when fabricating an
ultrastable metallic glass. However, under all conditions and for all named
samples, no signature of crystallisation was found.

Figure 4.2: Scheme of the anneal-
ing procedure.

As shown in figure 2.3, ultrastable glasses
are supposed to be located low in the po-
tential energy landscape (PEL). In order
to study the effect of that low energetic
state and the corresponding characteristics
of thermodynamic and kinetic stability, var-
ious vapour deposited samples are treated
with different annealing protocols after depo-
sition.

A simple annealing procedure is applied prior
to the XPCS measurement in order to study its effect on structural dynam-
ics. Therefore samples are annealed under high vacuum (turbo pumped after
flushing the chamber with N5 Ar gas, equipped with an “Alphagaz – puri-
fier O2-free” to remove residual oxygen). After heating up the samples with
a ramp rate of 7 K min−1 (=̂ 0.117 K s−1) from room temperature (rt; ap-
prox. 0.45 𝑇g) up to the designated annealing temperature 𝑇𝑎, samples are
kept there constantly for 1 min and finally cooled down to room tempera-
ture at the same temperature rate. Figure 4.2 depicts a sketch of such an
annealing protocol with 𝑇a just below or above 𝑇g, respectively, while the
identifiers of the resulting samples are show in table 4.1, as they will be used
as follows.

4.3 Experimental environment

Objective of this section is the environment of the sample during XPCS ex-
periments as well as the samples’ preparation.
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4.3.1 XPCS at ESRF beamline ID10

XPCS experiments have been performed at the ESRF in Grenoble, France, at
beamline ID10 EH2 in the years 2015 to 2017. At that time, the beamline was
designed in particular to achieve a (partially) coherent high flux beam of up to
4 × 1010 photons/(s 100 mA) at a photon energy of 8.1 keV, while the beam is
collimated to 10 µm × 7 µm (horizontal × vertical). All samples are measured
in transmission in wide angle geometry at a wave vector |𝒒| ≈ 27 nm−1. This
particular value of 𝑞 corresponds to the maximum of the static structure profile
𝐼max(𝒒), the FSDP, which itself manifests the average interparticle ordering
and may be interpreted as an average inter-particle distance within an amor-
phous sample. The geometry at which the XPCS experiment is performed,
determines that the structural dynamics captured represents local dynamics
– hence, the dynamics of neighbouring configurations.

4.3.2 Sample environment: a versatile homemade furnace

As a versatile sample environment a homemade furnace is used, suitable for
multiple requirements. The furnace is built by the “Sample Environment”
division4 and allows to precisely heat and cool the sample under high vacuum
as well as under controlled gas atmosphere. Especially the temperature stabil-
ity lower than ± 0.05 K is critical for XPCS studies on metallic glasses when

4A workshop of the ESRF which is specialised on construction and maintenance of individ-
ually tailored sample environment solutions, fulfilling the special needs of X-ray research
at the ESRF.

identifier sample type annealing temperature
FQap fast quenched none
FQT−

g
fast quenched 0.97 𝑇g

UMGap vapour deposited none
UMGT−

g
vapour deposited 0.97 𝑇g

UMGT+
g

vapour deposited 1.03 𝑇g

Table 4.1: Overview of the studied types of samples, their sample name
and their treatment before the XPCS measurement. “ap” referrs to an
unprocessed sample, as-prepared.
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performing measurements at isothermal conditions. Therefore, the heating
element is continuously controlled by a PID control loop. The furnace is con-
trollable in a temperature range from ambient temperature up to 1000 °C 5.
Besides providing the samples environment, the furnace itself serves as the
sample holder as well. It can be used up to a scattering angle of 50° in trans-
mission geometry and provides clamping for samples with dimensions between
several hundred micrometers and 5 mm while a sample thickness down to 5 µm
is manageable to be securely fixated.

Figure 4.3: Photograph of the used furnace in beamline ID10 EH2 of ESRF,
placed on the goniometer. The furnace and its accessories are highlighted.
The X-ray beam inclines from the back of the photograph.

Figure 4.3 shows the furnace used at XPCS experiments at beamline ID10
EH2 of the ESRF. It is placed on a x-y-z-stage on the goniometer. The furnace
in the center of the photograph is highlighted, whereas the X-ray beam inclines
from the background of the image through the small black rectangle in the
upper center of the photograph. The diffracted part of the beam is deflected
and enters a beam tube on the right hand side of the photograph with the
detector at its other end. The sample inside the furnace is connected to a
diaphragm vacuum pump, yielding a pressure down to 2 mbar, whereas the
X-ray beam enters and exits through films of Kapton (polyimide) windows.
The actual elements of the furnace itself and its clamping mechanism is not
shown in the photograph, however, technical drawing of the two used furnaces
are attached in appendix A.2.

5Below approximately 80 °C, temperature control responsiveness and stability reduces and
may not perform as required.
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Figure 4.4: Schematic temperature protocol applied along the XPCS mea-
surement. The schemed temperature cycle is applied several cycles.

4.3.3 Measurement protocol: temperature cycling

Data are collected by performing temperature cycles in the glassy state as
depicted in figure 4.4. All samples are heated up to the initial high tem-
perature 𝑇h,0 = 476 K (=̂ 0.71 𝑇g). After an initial isothermal XPCS mea-
surement, the temperature is decreased by 20 K to an intermediate (mid-
point) value 𝑇m,0 = 456 K (=̂ 0.68 𝑇g) and after that lowered to 𝑇l,0 = 436 K
(=̂ 0.65 𝑇g) before being increased to 𝑇h,1 ≡ 𝑇h,0. This cycle is repeated
several times while the index number 𝑖 in 𝑇h,𝑖 corresponds to the iteration
of the cycling. Temperature changes are performed with a heating/cooling
rate of 0.117 K s−1 (=̂ 7 K min−1) while each isotherm is kept for ca. 3 × 103 s.
Apart from the XPCS measurement itself, some alignment check procedure
and a rough structural analysis check (𝐼(𝒒)) is performed at the beginning
of each isotherm in order to confirm steady and consistent conditions at all
isotherms.

That scheme of temperature cycling is applied to all samples mentioned ear-
lier, the unannealed ones as well as the annealed ones.

4.4 Full local order decorrelation

Throughout XPCS measurements ultrastable Cu55Zr45 shows full decorrela-
tion at temperatures deep in the glassy state, within a range of 0.65 to 0.71 𝑇g,
surveyed at a scatting angle corresponding to the first maximum of the static
structure factor (𝑆(𝒒)), the FSDP.
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Figure 4.5: TTCF and time averaged intensity correlation function
⟨𝑔(2)(𝑡)⟩𝑡exp

of as-prepared UMG sample VD_015a09, measured at 476 K.
The TTCF is plotted using a Gaussian filter applied as stated in this para-
graph.

Figure 4.5a shows the Gaussian filtered6 TTCF of UMGap measured at 𝑇 =
476 K. This representation depicts the evolution of the local structural dy-
namics of an as-prepared UMG sample made of Cu55Zr45 over a time span of
3 × 103 s. While the experimental time 𝑡exp evolves along the main diagonal,
the width of the bright (yellowish) area along the main diagonal is directly
proportional to the local structural relaxation time7.

To gain quantitative information on the relaxation process, the TTCF is time
averaged along the 𝑡exp-axis. The resulting second order correlation function
⟨𝑔(2)(𝑡)⟩𝑡exp

is depicted in figure 4.5b. Starting from a plateau, the correlation
function decays with a characteristic time 𝜏, which is called the relaxation
time, and determined by fitting a KWW function to the correlation data.
Note the semi-logarithmic scaling.

Both representations of the structural dynamics clearly show a decay of the
correlation function to almost unity, hence, a full decorrelation of the intensity
correlation within the time span of the shown isothermal measurement can
be attributed. By fitting the exponential KWW function [Koh63; WW70]

6Using scipy.ndimage.gaussian_filter with 𝜎 = 1.5 [Vir+20]. All TTCF in this chapter
are plotted with this Gaussian filter settings if not explicitely stated differently.

7Please find a detailed introduction to XPCS data processing in chpt. 3.7.
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(a) TTCFs at 456 K and 436 K.
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Figure 4.6: TTCF and 𝑔(2)(𝑡) of VD_015a09 as prepared UMG sample, mea-
sured at 476 K, 456 K and 436 K. Both TTCFs are scaled equally.

to the 𝑡exp-averaged data, an average relaxation time ̄𝜏 = 205(4) s is found
at temperature step 𝑇h,0 (the iteration index 𝑖 = 0 means that the sample
has no thermal history, in particular it is heated up the very first time after
its preparation). This value of ̄𝜏 is a striking low value (very fast relaxation)
as the glass transition temperature is commonly defined at a viscosity of
𝜂 = 1012 Pa s, corresponding to a relaxation time of 100 s [Ang95]. Although
the relaxation times gathered here through XPCS are close to that value
of 100 s, they are – temperature-wise – measured deep in the glassy state.
That surprisingly fast collective motion is likely to be a direct consequence of
the probed atomic length scale; hence, it may not be representative for the
macroscopic picture [Rut+13b; Rut+14; Eve+15; Wan+15; Hec+18]. The
observed decorrelation here is associated with rearrangements on a spatial
scale of sub-nanometres, precisely 2𝜋/𝑞, while common viewpoints of relaxation
dynamics usually regard the entire macroscopic sample. By explicitly picking
the value of 𝒒 such that it corresponds to the maximum of the 𝑆(𝒒), only local
dynamics contribute to the above discussed finding.

The shown full decorrelation of the relaxation dynamics can also be ob-
served at lower temperatures; figure 4.6a shows the TTCFs of as-prepared
UMGap, isothermally measured at temperatures 𝑇exp equal to 456 K and 436 K
(corresponding to 0.68 Tg and 0.65 Tg, respectively), while figure 4.6b shows
the intensity auto-correlation function ⟨𝑔(2)(𝑡)⟩𝑡exp

, averaged over the entire
isothermal measurement of each of the three experimental temperatures. At
decreased experimental temperatures, the structural dynamics is shifted to-
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Figure 4.7: Intensity autocorrelation function of UMGap (open circles),
UMG𝑇 −

g
, and UMG𝑇 +

g
(open and closed diamonds, respectively) showing

anti-aging behaviour upon annealing. The depicted 𝑔(2)(𝑡) functions rep-
resent iteration step 𝑇h,1, hence, they are measured at high temperature
(=̂ 476 K) after the first re-heating to 𝑇h within the temperature protocol
outlined in fig. 4.4. The solid lines represent best fits of the KWW expres-
sion while the vertical dashed lines indicate the structural relaxation time
of the best fit.

wards higher relaxation times, hence, slower relaxation, as can be understood
intuitively. A quantitative analysis reveals a slowing down of the relaxation
time by more than one order of magnitude upon cooling from 𝑇h,0 to 𝑇l,0

which incorporates a temperature shift of 40 K only.

4.5 Anti-Aging in ultrastable Cu55Zr45

In order to investigate the extend of ultrastability of the here studied UMGs,
two different relaxation conditions are applied. As outlined in section 4.2,
fresh samples with no thermal history are annealed just below or above the
glass transition temperature (1 min at (1 ± 0.03) 𝑇g, respectively). After-
wards, the previously described XPCS measurement protocol is used in order
to study the relaxation behaviour (see fig. 4.4).

Figure 4.7 depicts the resulting intensity auto-correlation functions of three
samples; UMGap, UMG𝑇 −

g
and UMG𝑇 +

g
. For an enhanced visibility of the
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arrow points out the usual aging behaviour of FQ. For visual guidance, each
𝑔(2)(𝑡) is normalised by its contrast 𝑐, extracted throughout best fits of the
KWW expression. Solid lines represent best fits of the KWW expression.

herein described behaviour, the XPCS measurement at 𝑇exp = 𝑇h,1, hence,
the isothermal at highest temperature, is shown at the second temperature
cycle 𝑇•,1. However, this behaviour sustains all other isotherms during the
applied temperature protocol as well8. Within these results it is clearly visi-
ble that annealing the UMG sample at 0.97 Tg leads to lower relaxation times
(faster dynamics) in comparison to an as-prepared sample, which is remark-
able for two reasons:
On one hand, this behaviour is a clear signature of ultrastability at the
probed length scale. As usually annealing leads to a more relaxed state of the
glass [Kov64; Xue+16; Kea+07; RDD03; Wan+15], that does not apply to
UMG, confirming its enhanced stability characteristics due to the preparation
method, which is obviously destroyed upon annealing.

Furthermore, the decreased relaxation time of UMGs upon annealing man-
ifests the opposite behaviour as usually observed in (metallic) glasses: An-

8See also figure 4.8 showing measurements at 𝑇exp = 𝑇h,0 or a summary of all relaxation
times in figure 4.16, extracted from the captured intensity correlation functions at all
high temperatures 𝑇h,𝑖. The effect also sustains lower experimental temperatures 𝑇m,𝑖
and 𝑇l,𝑖.
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nealing does not lead to a more relaxed state with higher relaxation times but
contrarily leads to faster relaxations. This is why the name “anti-aging” is
attributed to this behaviour [Lüt+18]. The statement can be made clearer by
directing the attention on figure 4.8. The figure shows similar 𝑔(2)(𝑡) data as
figure 4.7 (in this case at the initial isotherm 𝑇h,0 of the applied temperature
protocol). Additionally to the UMG data, data of FQ samples are included
in the figure; full triangles depict the as-produced FQ sample (FQap) whereas
open squares depict the FQ sample annealed at 𝑇a = 0.97 Tg (FQ𝑇 −

g
). While

UMG shows its peculiar anti-aging behaviour, the FQ sample shows its usual
and well known aging behaviour [Lun+05; Wan12; LGB15; Ma+18; Gal+18],
resulting in decelerated relaxation dynamics, hence, higher relaxation times.
The usual aging behaviour is illustrated throughout a dark gray arrow in fig-
ure 4.8, emphasising a shift of the relaxation dynamics towards longer time
scales. To be able to compare the data, they are normalised by their con-
trast 𝑐.

The absolute values of the determined relaxation times 𝜏 are also remarkable.
The below-𝑇g annealed FQ glass (FQap) shows similar, yet slightly faster av-
eraged relaxation dynamics than UMGap. However, this could be understood
as follows. While, in complement to the here presented findings, macro-
scopic studies of UMGs show well decelerated relaxation dynamics compared
to their fast quenched counterparts [LGB15; Rie+19], this deviation from the
outcomes of macroscopic studies can be understood in terms of the unique
capability of XPCS to probe local relaxation dynamics and with that under-
lines the importance and the prospect of that XPCS method to augment the
understanding of glass dynamics.

The unique anti-aging behaviour of UMGs can be better understood within
the framework of the potential energy landscape. Figure 4.9 reports the relax-
ation times 𝜏 measured at 𝑇h,0 for the differently annealed UMG samples (open
diamonds), together with the FQ samples (filled triangles). For convention-
ally produced FQ MGs, the known effect of aging can be confirmed [Kea+07;
SEP13; PS13; Kea+08; Daw+09]: annealing leads to an increase of the relax-
ation time. Within the PEL framework, that trend can be understood such
that FQ MGs are known to be located in a high energy basin. Thus, they
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Figure 4.9: Effect of the pre-annealing 𝑇a on 𝜏 for conventional CuZr MG
(filled triangles) and UMG (open diamonds), measured at 𝑇h,0 (=̂ 476 K).
The data at 298 K correspond to as-prepared samples. The vertical line
depicts 𝑇g of the conventional MG. The effect of anti-aging of the UMG
sample is indicated by the dependence on 𝑇a, which evolves inverse to
conventional aging. Dashed lines are a guide to the eye. The two insets
depict a scheme in which the data are interpreted in terms of the potential
energy landscape. Error bars are within the symbol size.

have a large capacity to relax down to a lower basin, for instance by anneal-
ing. Throughout the thermal energy introduced they overcome the barrier of
their basin and change configuration to a different one, corresponding to a
different basin located lower in the PEL. This thermally induced aging pro-
cess is depicted in the sketch on the top right of figure 4.9 entitled “Aging”.
As stated earlier in this section, the behaviour of UMG is rather the opposite.
UMGs are supposed to be trapped in a very low basin within the PEL al-
ready by their fabrication process [Yu+13; PS13; Ber+17], hence, they should
show high relaxation times already upon fabrication, accordingly. Here can
be demonstrated that upon annealing close to 𝑇g

9, the relaxation times de-

9The reference 𝑇g is the glass transition temperature of the as-produced fast quenched
sample FQap and with that it is in especially not the glass transition temperature of

72



Figure 4.10: Schematic temperature protocol for the study of isothermal
aging throughout XPCS analysis. The relaxation dynamics is captured at
three different temperatures – high, midpoint and low – while the XPCS
measurements are performed along with each isotherm. Several iterations
𝑖 of the outlined three temperature steps 𝑇•,𝑖 are performed consecutively
as highlighted by the colored background.

crease, and with anomaly, they behave contrarily to conventionally produced
MGs. From that inverted behaviour we conclude that the thermal energy
introduced into the system boosts it to a basin located higher in the PEL,
leading to the unique anti-aging effect as illustrated in the sketch at the top
left of figure 4.9 entitled “Anti-Aging”. “Anti-Aging” is not equal to “rejuve-
nation” since the UMG never saw a “juvenile” high energy state due to the
preparation conditions. Hence, it might be convincing to claim microscopic
proof that the initial configuration of UMG corresponds to a state deep in
the PEL.

As will be shown in the following sections, this behaviour sustains throughout
the applied measurement protocol of various temperatures and multiple tem-
perature cycles (see fig. 4.4), which means that the enhanced stability and
therewith the anti-aging properties are somehow preserved throughout the
thermal treatment by the temperature protocol.

the UMG sample. The later one has a higher 𝑇g. However, for simplicity reasons, the
reference 𝑇g is the one of the FQ sample.
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4.6 Indication of isothermal aging in ultrastable
Cu55Zr45

While the previous section sheds light on ultrastability and on the influence of
thermal treatment on UMG, this section puts its focus on spontaneous relax-
ation processes of UMG during isothermal conditions.

A measurement protocol as depicted in figure 4.10 is used for an XPCS
study of isothermal relaxation behaviour of UMG and FQ CuZr samples.
In a recurring manner XPCS measurements in a 𝑇-window of 476 K to 456 K
(=̂ 0.71 Tg to 0.65 Tg) are conducted, starting from high temperature. Each
isotherm is held for ca. 50 min while 𝑇-stability of ± 0.04 K maximum devi-
ation from set point (and ± 0.01 K average deviation) is maintained. After
each isotherm, 𝑇 is lowered towards the next isotherm with a cooling rate
of 7 K min−1 (≈̂ 0.12 K s−1), while after the third isotherm 𝑇 is raised to the
value of the initial 𝑇h, applying the same 𝑇-rate as for cooling. With that
the 𝑇-cycle starts over again. The entire 𝑇-cycle is applied two to five times,
depending on the studied sample.
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Figure 4.11: TTCF of UMGap
at initial midpoint temperature
𝑇m,0.

The resulting TTCFs for UMGap are depicted
in figure 4.12 where the evolution of the inten-
sity correlation is plotted over 3×103 s for each
high-temperature isotherm 𝑇h,𝑖 only. During
the first two temperature cycles, a broadening
of the brighter (yellowish) area along with the
main diagonal can be identified, presenting a
spontaneous increase of the average relaxation
time at constant temperature – this behaviour
may be classified isothermal aging as it oc-
curs under isothermal conditions. With fur-
ther 𝑇-cycling that kind of spontaneous aging
vanishes, transitioning to stationary dynamics
(no further broadening). At lower temperatures, 𝑇m,𝑖 and 𝑇l,𝑖, no isothermal
aging can be identified. However, at the first isotherm at mid temperature
𝑇m,0 a slight onset of intermittent aging can be seen towards the end of the
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Figure 4.12: TTCF of UMGap sample VD_015a09 at high temperature
isotherms throughout the first four iterations of 𝑇-cycling. Scaling is iden-
tical for all figures.

(a) UMG𝑇−
g

(b) UMG𝑇+
g

Figure 4.13: TTCF of UMG𝑇 −
g

and UMG𝑇 +
g

samples VD_015a10 and
VD_015a11 within each first 𝑇-cycle and the following high temperature
measurement of the second iteration, respectively. Scaling is identical for
all figures.

measurement at around 2300 s (see fig. 4.11). In chapter 5, XPCS measure-
ments with much more pronounced intermittent aging events are shown, dis-
playing peculiar “butterfly” behaviour.

The situation is different for UMG𝑇 −
g

and UMG𝑇 +
g

which are annealed be-
low or above 𝑇g, respectively. Both panels of figure 4.13 show the evolution
of relaxation dynamics during the initial 𝑇-cycle 𝑇•,0 and the consecutive
high 𝑇 isotherm 𝑇h,1, respectively. During all measurements, exclusively sta-
tionary dynamics is observed; it is, in particular, the absence of isothermal
aging right from the beginning of 𝑇-cycling, that is found. The slight in-
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Figure 4.14: TTCF of FQap sample FQ_001t at high temperature isotherms
throughout the first four iterations of 𝑇-cycling. Scaling is identical for all
figures.

crease of the relaxation time under isothermal conditions, present in UMGap,
can likely be understood as the presence of some residual stresses in the
as-prepared material. That is why it is not observed in annealed UMG sam-
ples.

Similar to UMGap, FQap shows spontaneous aging throughout a broadening
of the area of high correlation along with the main diagonal at the initial tem-
perature step 𝑇h,0 under isothermal conditions, depicted in figure 4.14. How-
ever, that behaviour already vanishes with iteration 𝑖 = 1 of the 𝑇-cycling,
although the sample shows an onset of accelerated dynamics just from the
beginning of the measurement at 𝑇h,1 as the main diagonals width shrinks
within the first 750 s and becomes stationary afterwards. During the fourth
high-𝑇 isotherms the as-prepared FQ sample shows an event of intermittent
aging at 𝑇h,3. This kind of “event” is also described in different materials and
likely to appear in later iterations of 𝑇-cycling or other manners of tempera-
ture treatment [Eve+15; RPE17].

4.7 History dependent dynamics and augmented
aging

The term “history dependent dynamics” can be understood such that the
structural relaxation time 𝜏 changes after applying a certain temperature
protocol just as sketched in figure 4.4, where the sample is reheated to an
initial temperature value after being exposed to different temperatures. In
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Figure 4.15: Intensity autocorrelation function 𝑔(2)(𝑡) of UMG𝑇 +
g

(sample
VD_015a11) at all temperatures of the first two 𝑇-cycles displaying no his-
tory dependence or augmented aging at all.

the described protocol, history dependent dynamics reveal upon reheating
from 𝑇l,0 to 𝑇h,1 (while 𝑇h,1 ≡ 𝑇h,0). If in such a situation the relaxation time
𝜏(𝑇h,1) is higher than 𝜏(𝑇h,0), aging based on the samples’ thermal history
has occurred.

In the herewith presented data, thanks to XPCS, it is possible to distinguish
between different types of history dependent dynamics. As stated in the
previous section 4.6, aging can occur under constant temperature conditions
called isothermal aging. However, if the rate of isothermal aging of 𝑇h,𝑖 is
not sufficient to extrapolate to an (increased) value of 𝜏 after reheating to a
temperature 𝑇h,𝑖+1, the record of the temperature protocol itself is likely to
have influenced the relaxation dynamics. For this extrapolation the duration
of an entire 𝑇-cycle (𝑇h,0 → …→ …→ 𝑇h,1) is regarded. In other words, if the
amount of an isothermal aging rate is insufficient to extrapolate from a 𝜏(𝑇h,i)
to an subsequent 𝜏(𝑇h,i+1) along with the time between both XPCS measure-
ments, the history of the temperature protocol itself affects the relaxation
dynamics. This behaviour will from here on be called augmented aging, and
denotes a memory effect [YL03; BCL00; BCL02; SB19].
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Figure 4.16: Evolution of the structural relaxation time 𝜏 of UMGap (open
circles), pre-annealed UMGs (open and closed diamonds, respectively), and
conventionally produced MG (triangles) as a function of high-temperature
iterations 𝑇h,𝑖 applying the temperature protocol as outlined in fig. 4.4.
Dashed lines are a guide to the eye. Error bars are within the symbol size.

Both samples, UMGap as well as UMG𝑇 −
g

, show augmented aging as an ex-
trapolation of the isothermal aging rate along with the time between the first
two 𝑇-cycles is not sufficient to match 𝜏 at the beginning of isotherm 𝑇h,1.
However, this effect does not occur in UMG𝑇 +

g
as can be seen in the repre-

sentation of 𝑔(2)(𝑡) in figure 4.15. The figure shows the intensity correlation
function over time in semi-logarithmic scaling of two full iterations through-
out the 𝑇 protocol at all applied temperatures. Under all conditions we find
full decorrelation of 𝑔(2)(𝑡) just as in the other UMG samples. Interestingly
at all temperatures, the correlation functions superpose each other. Hence,
within six XPCS measurements over more than six hours of time, no his-
tory dependent aging at all can be seen – neither isothermal nor augmented
aging. From that it may be concluded that all relaxation dynamics is fully
reversible in UMG𝑇 +

g
. With that, no further iterations of 𝑇-cycling are cap-

tured.

The evolution of a structural relaxation time over all iterations for all UMG
and the as-prepared FQ samples are merged in figure 4.16, regarded at one
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temperature value (𝑇h,𝑖). The evolution of 𝜏 is similar at lower temperatures
𝑇m,𝑖 and 𝑇l,𝑖, however not shown here. One finds that the relaxation time of
UMGap is the highest at all iterations (violet open circles, slowest process),
hence, UMGap is the utmost stable sample studied at all iterations. After two
or three iterations a metastable state seems to be reached for UMGap from
which the relaxation time at 𝑇h does not evolve any further. The annealed
UMG and the FQ samples behave in the same manner, just the number of
iterations to reach that metastable state varies. In particular, history depen-
dent or temperature assisted driven aging seems not to let any sample reach
the relatively high relaxation times of UMGap at any iteration as all samples
seem to converge towards their own metastable plateau. This highlights the
outstanding stability of as-prepared ultrastable metallic glass at the probed
length scale of local dynamics and is a clear signature of an improved stability
obtained by the preparation throughout physical vapour deposition with low
deposition rate and 𝑇sub near to 𝑇g. The effect of anti-aging becomes appar-
ent when comparing the relaxation times of all UMG samples at a certain
iteration 𝑖: the decrease of the relaxation time from UMGap to UMG𝑇 −

g
and

UMG𝑇 +
g

consecutively signals the effect of anti-aging.

4.8 KWW shape parameter

In section 3.7 the temporal intensity correlation function 𝑔(2)(𝒒, 𝑡) and the
KWW function are introduced. In this section attention is drawn on the so
called KWW exponent or shape parameter 𝛽, one of the fit parameters of the
KWW function, which may provide information on the nature of the collective
particle motion in the glass.

Figure 4.17 superposes all 𝑔(2)(𝑡) functions of the XPCS measurements of the
previously described UMGap, UMG𝑇 −

g
, UMG𝑇 +

g
and FQap samples at all cap-

tured isotherms. In order to compare the shape of the decays, the data are
normalised on the time axis by the relaxation time 𝜏 which is obtained by
fitting a KWW function to each dataset. The inset (b) shows the evolution
of the shape parameter 𝛽, a parameter of the KWW fit function extracted
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Figure 4.17: (a) Superposition of all 𝑔(2)(𝑡) functions of UMG and FQ sam-
ples, with the time axis normalised by the relaxation time 𝜏. (b) Inset
of the extracted shape parameter throughout fitting a KWW function to
𝑔(2)(𝑡) over all iterations of 𝑇-cycling. Error bars are visible when larger
that the symbol size.

from full averaging over each entire TTCF. Despite the observed ultrasta-
bility of UMGap, 𝛽 remains constant at all probed temperatures and for all
samples. Furthermore, in all cases the curves decay in a highly compressed
manner 𝛽 = 2.0(2), similarly to what is reported for other metallic and non-
metallic glassy systems [Eve+15; Rut+13a; Bou+17; Gok+16; Hec+18]. This
is astonishing as compressed correlation functions are often associated with
internal stresses [BP01; CB17] and ultrastability is usually related to low val-
ues of residual stress. In the here described data, 𝛽 is not only very large but
completely unaffected by annealing, sample preparation and sample treat-
ment. This means that elastic frustrations – responsible for stress dominated
dynamics – are not involved in the process leading to ultrastability, and the
stresses related to a high shape parameter are likely intrinsic to the out-of-
equilibrium nature of a glassy state in metallic systems, also supported by
recent findings of Hechler et al. [Hec+18].
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4.9 Discussion and Outlook

By comparing the relaxation times of UMGs and FQs investigated by macro-
scopic studies with studies by XPCS, it can be concluded that the qualitative
results support each other [DLS20], even though compositions are slightly
different (UMG: Cu55Zr45, FQ: Cu51Zr49; details in sec. 2.5.3). However, the
quantitative results from the here shown XPCS data are remarkable in a way,
such this UMGs samples show lower absolute relaxation times as expected,
although the ultrastable character can be confirmed by this technique. Appar-
ently relaxation dynamics of MGs quantitatively differs between the macro-
scopic and local level, due to the highly different length scales probed. From
that finding, one may conclude that the insight which XPCS gives into the
relaxation dynamics of metallic glasses has an enormous value and hence, im-
portance in order to gain understanding of underlying phenomena. To date,
the findings XPCS can unveil are not covered by any other technique. Higher
coherent flux resulting from recently planed or performed upgrade programs
of some of the currently most powerful synchrotrons, together with the deploy-
ment of the state-of-the-art detectors will enable an extension of the probed
time scale towards shorter times already in the 2020s [And+15; Aga+19].
These will permit to investigate relaxation dynamics at higher temperatures
in the glassy regime, closer to 𝑇g, whereas experiments of the here presented
studies are limited to approximately 0.75 𝑇g (≈̂ 500 K; in the herein studied
material class). Also new methods like a “four-point” correlation function
𝜒(4) (or 𝐺(4)) analysis unveiling the cross correlation function of local dynam-
ics, already established in studies of colloids and granular material [DMB05;
Key+07; Dur+09], should become applicable to metallic systems with the
new generation of X-ray sources.

From the determined values of 𝜏 for a freshly prepared UMG sample (UMGap)
it can be concluded that the low energy state upon the particular fabrication
process of a UMG may not be undercut by usual paths of relaxation processes
such as annealing or aging on practical time scales. Experimental studies by
Wang et al. indeed show that it takes decades to reach such a low energy
state by means of conventional aging [Zha+22].
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Besides, the findings in this chapter demonstrate the presence of two different
regimes of dynamics: an aging regime and a stationary regime (see fig. 4.16).
The dependence of the relaxation time 𝜏 on the iterations of an applied tem-
perature protocol may be associated with the implications of temperature
cycling on aging, and is well known as the Debye-Grüneisen effect [LSS07;
Kah+09; SB19]. After a few iterations through the 𝑇-cycling UMGap, UMG𝑇 −

g

and FQap are trapped in a metastable state where the dynamics is rather lo-
calised before eventually, the dynamics becomes stationary [FIE15]. Earlier
XPCS studies on conventional MGs such as [RPE17; Rut+13a] already re-
ported the existence of such two regimes, while recent studies by Gallino et
al. report on stationary dynamics interconnected by abrupt aging processes.
Therein the aging regime is linked to density changes whereas the stationary
regime is associated with an increase of the correlation length of the medium
range ordering [Gal+18].

Lowest relaxation times and the absence of any indications of memory effects
of the UMG sample annealed above 𝑇g (UMG𝑇 +

g
) suggest a metastable state.

Upon entering equilibrium (during annealing) a glass’ history is erased and
the sample now shows memory effects. The captured dynamics denotes a
state of a high energy meta-basin in the PEL as no relaxation towards a
lower energy state is observed. Kahl et al. draw similar conclusions from
their study on changes of the shear modulus in bulk Pd40.5Ni40.6P18.9 MG
upon multiple temperature cycling below and slightly above 𝑇g [Kah+09;
SB19]. Yet, it is important to emphasise that the stationary regime, where
𝜏 is independent on further 𝑇 cycling, does not correspond to an equilibrium
state.

The occurrence of augmented aging in UMG𝑇 −
g

might be based on events of in-
termittent aging. As events of intermittent aging are also observed to happen
within short periods of time, they are likely to be missed. Especially dur-
ing temperature change or within the first minutes of an isotherm (typically
around 5 min to 10 min), when beamline and sample alignment are routinely
checked, no XPCS measurement can be performed. Further manifestations of
intermittent aging are reported and discussed in chapter 5.
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Chapter 5

Statistical analysis of structural dynamics
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5.1 Introduction

Avalanche-like dynamics is receiving growing attention in the glass and
disordered systems community. It has demonstrated to be an important
concept to describe the behaviour of plasticity in solid materials [SDM01;
DBU09; KLP10; SJ21]. Moreover, avalanche dynamics is known to oc-
cur in many different systems, including Barkhausen noise in magnetic ma-
terials [CM91; Zap+98], martensitic phase transitions [Viv+94; San+11],
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sand [SJ21], snow [FLG04], solar flares[LH91], stock market [Gab+03] or in
earthquakes [GR54; Bar+13]. Despite their complexity of effects and the
differences between those systems, they commonly share a power-law dis-
tribution of avalanche size 𝑃(𝑠) ∝ 𝑠−𝜅, with 𝜅 being the critical exponent.
The emergence of a power-law distribution expresses the lack of a character-
istic length scale and indicates the system to exhibit self-organised critical-
ity [BTW87].

In this chapter, indications of avalanche-like dynamics are studied in relax-
ation dynamics data of non-directionally excited MGs. Therefore, XPCS
experiments are conducted, from which data of the temporal evolution of the
structural relaxation time 𝜏 is analysed by statistical means. In this way, an
investigation of the occurrence of length, respectively time, scale invariant
characteristics can be achieved.

5.2 New analysis approach

Goal The identification of avalanche-like dynamics is tricky as the finger-
print of avalanche-like dynamics is embedded within the zoo of all differently
behaving rearrangement dynamics. For this reason, statistical methods are
used in order to identify the presence of avalanche-like dynamics which man-
ifests through power-law distributed statistics.

The following sections outline the computational workflow developed within
this thesis, in order to mine time-resolved relaxation time data 𝜏(𝑡exp), which
builds the data basis for the aforementioned statistical analysis of the relax-
ation time 𝜏.

5.2.1 Capture XPCS data

According to the procedure described in section 3.6, a series of speckle patterns
is recorded. The individual images carry information on the microscopical
particle arrangement, while the whole speckle pattern “movie” holds infor-
mation on the dynamics of the studied sample. Consecutively, the series of
speckle patterns is subject of intense numerical analysis.
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5.2.2 Calculate TTCF

Secondly, the well established numerical calculation of a two-time correlation
function is performed with the previously captured XPCS data. Details of
the entire process are described in section 3.7. The well established and
automated numerical analysis ends here. For deeper numerical analysis it
is necessary to inspect the TTCF image visually, identify regions of interest
(ROIs) and subsequently calculate 𝑔(2)(𝑡) for each explicit ROI or compare
different ROIs within one TTCF.

5.2.3 Apply rolling-window KWW fit

For quantitative analysis of a TTCF, a rolling-window sequential analysis
method is developed within this thesis. This method aims to quantify the
evolution of the relaxation time along with the experimental time with high
resolution. Figure 5.1 shows the result as a white contour, drawn over the
original TTCF, where the KWW-fit function decays by 1/𝑒2. A rolling window
along the ACS direction allows fine tuning of the required extend of arith-
metical averaging, which is necessary to deal with noisy data. In most cases,
when TTCFs are shown, a Gaussian filter is applied to smooth that noise.
Figure 5.2 shows a section of a raw TTCF (a) and one with a Gaussian fil-
ter applied (b) for comparison. While applying the KWW-fit function (see
eq. 3.14), some parameters such as baseline parameter 𝐴, contrast 𝑐, KWW-
exponent 𝛽 or relaxation time 𝜏 may be fixed to deal with a low signal-to-noise
ratio. As a result, the evolution of the four parameters along with the ex-
perimental time 𝑡exp, in the following simply 𝑡, is obtained. In particular
𝜏(𝑡) is of great interest as it depicts quantitative information on temporal
changes of the relaxation dynamics, allowing to quantify relaxation or aging
processes.

5.2.4 Identify events of interest

Avalanches events may be indicated through an abrupt drop of the relaxation
time 𝜏, originated through stick-slip behaviour of microscopical rearrange-
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Figure 5.1: Exemplary section of a TTCF of a VD MG measured at 576 K.
White contour (discontinuous) represents the results for relaxation time 𝜏
from sequential best fit of the KWW function. The inset on the upper left
shows a magnification of the marked area in order to improve visibility of
the fine structure of the white contour.

ments. Figure 5.4 schematically shows the identification of relaxation time
drops Δ𝜏 in fictional data. Blue crosses indicate the 𝑡-evolution of relax-
ation times 𝜏, determined by means of sequential best fits of the KWW
function to a rolling window in ACS direction along a TTCF. Black hori-
zontal lines mark local minima and maxima of 𝜏 and green vertical arrows
show the amount of relaxation time change Δ𝜏 due to a drop of relaxation
time.

5.2.5 Calculate probability statistics of relaxation time drops
𝑃(|Δ𝜏|)

Finally a statistical analysis of the drops of relaxation time Δ𝜏 is performed. A
certain representation of the histogram gives insight to the underlying statis-
tics. Therefore the histogram is plotted in a log − log-graph while the bin-
ning is logarithmic as well to keep the bins equidistant on the abscissae.
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To prevent overrepresentation of data at small 𝑡 (large bins), the probability
𝑃(|Δ𝜏|) is rescaled by the bin width 𝑤𝐵𝐼𝑁𝑖

. To identify power-law behaviour,
finally, a linear regression is performed on the histogram data or on sections
of it [CSN09].

5.3 Method implementation

In order to understand the implementation of the workflow outlined in sec-
tion 5.2, it is essential to identify the current standard of data processing.
Time resolved XPCS data are usually analysed by means of a multi-tau
software correlator, implemented within waxpcs.py, which is provided by
ESRF’s beamline ID101,2. That code makes use of a multi-tau droplet al-
gorithm [CCM12] and creates a visual as well as a machine readable TTCF
file as its output, comprising all correlations of all captured speckle patterns
with each other. Quantitative analysis can be either made by averaging over
the entire TTCF, which voids the advantage of the TTCF itself, or by cal-
culating smaller TTCFs based on sub-ranges of the entire set of captured
speckle patterns. Although it adds quantitative temporal resolution along
the experimental time axis 𝑡 of the TTCF, the second method carries disad-
vantages based on averaging along the CCS direction. These disadvantages
are discussed in detail in section 3.7.

Why averaging is necessary in the first place can be understood from fig-
ure 5.2. The figure shows two panels of the same TTCFs section of the same
data. The upper panel a) shows the illustration of the actual data of the
TTCF. Each pixel carries the value of the intensity correlation function 𝑔(2)(𝑡)
encoded through its colour, while bright (yellowish) colour represents a high
and dark (blueish) colour a low value of 𝑔(2)(𝑡). Obviously, the distribution
looks very noisy as no continuous gradient orthogonal to the main diagonal

1Details according to the scientific environment of beamline ID10 at the ESRF can be found
under the following address https://www.esrf.fr/UsersAndScience/Experiments/
CBS/ID10 (retrieved at 2023-03-15T12:11:05+01:00).

2A description of beamline ID10 at the ESRF, in especially on data acquisition and
data processing can be found under the following address https://www.esrf.fr/
home/UsersAndScience/Experiments/CBS/ID10/ID10EH2/BeamlineDescription.html
(retrieved at 2023-03-15T12:12:33+01:00).
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Figure 5.2: Two panels of the same section of the first 170 × 72 frames, taken
from the same dataset as depicted in fig. 5.1. Top panel (a) shows the ac-
tually calculated correlation function (as a 2-dim matrix) while the bottom
panel (b) shows the typical illustration with a Gaussian filter (𝜎 = 1.5)
applied to the actual correlation function from panel (a).

can be found. For that reason, an analysis of the evolution of the highly
correlated area along the main diagonal can not be performed readily – the
areas contour line cannot be sketched easily. To facilitate the understanding
of the predominant relaxation behaviour, all illustrated TTCFs are usually
shown Gaussian filtered, typically with 𝜎 ∈ [1, 1.5]. This is done by applying
the gaussian_filter function to the TTCF data, provided by the python li-
brary scipy [Vir+20], before displaying them. Hence, averaging over multiple
frames along the experimental time axis is necessary. However, the default
software for data processing were not capable of averaging the TTCF data in
a way that an evolution of the structural relaxation along the experimental
time axis was possible at the time of data acquisition.

To overcome that limitation, a new data processing method was developed,
called trcfit.py3. This software allows to define how many frames (of the

3The term “trc” stands for “time resolved correlation” and is used equivalent to the term
TTCF.
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TTCF) should be arithmetically averaged, the according averaging parameter
is referred to as TTCF-avg. That averaging is applied along with the ACS axis
in order to keep the corresponding reference time, to which the averaging
should be performed. Slices of parallels to the main diagonal of the TTCF
are selected and sequentially gathered orthogonally to the main diagonal. As
a result, the average correlation function of each consecutive slice represents
the evolution of ⟨𝑔(2)(𝑡)⟩𝑡 with respect to one distinct reference frame frame𝑛

at time 𝑡𝑖. In the next step, the rolling-window method increments 𝑛, so
that the average correlation functions ⟨𝑔(2)(𝑡)⟩𝑡 are calculated with respect to
frame𝑛+1. With that, the window itself shifts by an increment of one pixel
(or frame) along the main diagonal.

Figure 5.3: Sub-region of the TTCF shown in fig. 5.2 a) of the first 30 ×
20 frames. Magenta coloured squares indicate a set of values of 𝑔(2)(𝑡),
taken into account for averaging, according to analyse the data along the
ACS-axis. Magenta coloured lines indicate, just as the squares, the relevant
set of 𝑔(2)(𝑡) values and are used to ease up the illustration. White arrows
show the directions in with experimental 𝑡exp and waiting 𝑡𝑤 time evolve.

Figure 5.3 exemplary illustrates the described method, averaging over seven
frames (TTCF-avg = 7) around the frame with 𝑛 = 10. Magenta coloured
squares along one diagonal surround all pixels (or frames) taken into account
for each increment of waiting time 𝑡𝑤. One set of squares along the main di-
agonal (or parallels) illustrates the values of 𝑔(2)(𝑡𝑖) used for mean calculation
of frame 𝑛 = 10, corresponding to a certain time 𝑡𝑖 along the experimental
time axis 𝑡exp. Sets of squares, parallel to the main diagonal, mark the val-
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ues of 𝑔(2)(𝑡) belonging to later waiting times 𝑡𝑤, accountable for averaging
for 𝑛 = 10. Magenta coloured lines symbolise the continuation of averag-
ing until the last frame available, which belongs to the averaging window, is
reached. These lines are only used to ease up the illustration. The union of
pixels, marked either by magenta coloured squares or lines, build the data
set of the rolling window, which was introduced earlier. That window moves
along the 𝑡exp-axis by increments of one pixel throughout the entire data set
of the TTCF and builds the data basis for extended time resolved relaxation
dynamics analysis.

Figure 5.4: Scheme of the evolution of relaxation time 𝜏 with observation
time on fictional data. Blue crosses symbolise 𝜏 data points. Pale blue
horizontal lines mark local extrema. Green arrows symbolise the events
of interest: here, relaxation time drops Δ𝜏 from a local maximum to the
consecutive local minimum.

This data set of ⟨𝑔(2)(𝑡)⟩𝑡 can be seen as its own averaged TTCF and is used
for the following quantitative analysis. Therefore the KWW function 3.14 is
fitted, sequentially, to each pixel row orthogonal to the main diagonal, hence
along the ACS-axis. While doing that, depending on the earlier defined TTCF-

avg value, it may be necessary to keep fit parameters of the KWW function
fixed – in particular for small TTCF-avg values. This is possible by including
the python library lmfit, which allows to keep parameters of the defined fit
function fixed or limit them to a given range of values [New+22]. In many
cases, changes of the base line parameter 𝐴 or the contrast 𝑐 of equation 3.14
are not expected within one TTCF. Hence, these parameters can be kept
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Figure 5.5: Evolution of 𝜏 along with frames of a small section of a TTCF.
Gray vertical lines indicate the positions frameextremal, corresponding to
times 𝑡extremal, between which the algorithm of trcfit.py identifies a drop
Δ𝜏 in the sequential KWW fitted TTCF data.

fixed while their values can be obtained from conventional KWW-fitting of
⟨𝑔(2)(𝑡)⟩ data, based on the average of the entire TTCF. These parameters
are taken as input parameters for sequential KWW-fitting using the routine
of trcfit.py. As an outcome, a data set of the evolution of the structural
relaxation time vs experimental time 𝜏(𝑡) is obtained.

In order to perform a statistical analysis of that relaxation time evolution, it
is necessary to define the parameters of interest. In the case of avalanche-like
dynamics, the change of relaxation time Δ𝜏 during dynamics acceleration,
given by a local maximum and its consecutive local minimum within the 𝜏(𝑡)
data, is analysed. Figure 5.4 illustrates the definition of “relaxation time
drops” Δ𝜏 in a schematic plot of fictional data. Blue crosses symbolise val-
ues of the relaxation time 𝜏, obtained from sequential KWW fitting. Black
horizontal lines identify all local minima and maxima, and green down facing
arrows mark the quantity of interest for statistical analysis – here only drops
of relaxation time Δ𝜏 are analysed. For cross-checking purposes and to give
the reader an idea of how that assembles with real data, figure 5.5 shows the
evolution of 𝜏(𝑡) (here as a function of frames) with vertical grey lines indi-
cating all points in time (frames) at which a local extremal point is detected.
Between a maximum and its consecutive minimum, Δ𝜏 is calculated and the
data are stored for statistical analysis.

The data on drops of relaxation times Δ𝜏 are analysed by means of the python

library numpy [Har+20]. A power-law easily uncovers in a double-logarithmic
representation of the data. It is important to additionally apply logarithmic
binning for equidistant arrangement of the histogram data along the abscissae.
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However, this type of binning stronger assesses values of lower Δ𝜏, unequally
enforcing the impact of small drops. To establish equal weight of the data and
to effectively omit overrepresentation of data for small Δ𝜏, probability values
are rescaled by the width of their actual bin 𝑤bin𝑖

, accomplishing a histogram
of 1

𝑤bin𝑖
𝑃(|Δ𝜏|). Linear regression then allows to fit a power-law exponent 𝜅 to

the probability distribution of the analysed parameter. To identify possible
changes of the slope, indicating a cross-over in the underlying physics, or
pointing out a cutoff at a certain size limit of the studied parameter, linear
regression helps to characterise the avalanche dynamics.

5.4 Results

The analysis of avalanche dynamics, based on XPCS data, is developed within
this thesis. The numerical approach and its methodical implementation are
described in the previous sections of this chapter. This chapter demonstrates
its feasibility and therewith results on the statistical analysis of avalanche dy-
namics in an ultrastable metallic glass (UMG) with an effective composition of
Cu55Zr45. Details on the compositional analysis can be found in chapter 2.5.3.
After preparation and storage for 296 d at ambient temperature the sample
was annealed at 𝑇a = 536 K, which corresponds to approximately 0.80 Tg. A
heating and cooling rate of 0.116 K s−1 was applied during annealing, and the
sample was held at constant temperature for 1 min at 𝑇a. In the following,
this sample will simply be referred to as UMGa.

XPCS experiments have been carried out at in Grenoble, France, at
the ESRF’s beamline ID10 EH2. That beamline is designed in par-
ticular to achieve a (partially) coherent high flux beam of up to 4 ×
1010 photons/(s 100 mA) at a photon energy of 8.1 keV (=̂ 0.153 067 nm),
while the beam is collimated to 10 µm × 7 µm (horizontal × vertical). Sam-
ples are measured in transmission in wide angle geometry at a wave vector
|𝒒| ≈ 27 nm−1. This particular value of 𝑞 corresponds to the maximum of
the static structure profile 𝐼max(𝒒), which itself manifests the average inter-
particle ordering and may be interpreted as an average inter-particle dis-
tance within an amorphous sample. The geometry, at which the XPCS ex-
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periment is performed, determines that the structural dynamics captured
represents local dynamics – hence the dynamics of neighbouring configura-
tions.

Figure 5.6: Schematic temperature protocol. Each coloured box refers to a
measurement at constant temperature. Upper boxes indicate higher tem-
peratures while lower boxes indicate lower temperatures, respectively.

A temperature protocol as schematically depicted in figure 5.6 was applied,
where the temperature of the sample was cycled four times through a tem-
perature loop of 476 K (light red boxes) – 456 K (green boxes) – 436 K (blue
boxes). Each temperature step until step 13-1 was held for 2900 s before the
next temperature was set, while each step from 13-1 onwards was held for
14 700 s. The last step 14 was held for 7300 s. Temperature rates of 0.05 K s−1

have been applied during temperature changes. After the fourth cycle com-
pleted, temperature was increased to the initial value of 476 K. Multiple sets
of XPCS data were captured at that temperature. All different temperature
steps are named with an increasing index, while multiple sets at one tempera-
ture are indicated by an appended digit (e.g. 13-1, for the first data set at the
thirteenth temperature step, being 𝑇exp = 476 K). A fourteenth temperature
set was collected at higher temperature as before with 𝑇exp = 496 K (dark red
box).

5.4.1 Statistics of typical relaxation dynamics

Figure 5.7 shows the TTCF of sample Cu55Zr45 at protocol step 13-3. The
white contour line is the result of sequential KWW-fitting with the trcfit.py

code, and confines the highly correlated area along the main diagonal. The
noisy character of TTCF data pointed out earlier is handled with rolling-
window averaging over 200 frames (TTCF-avg). The quantitative analysis of
this contour is subject of this chapter.
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Figure 5.7: TTCF of UMGa, captured by XPCS. The white contour displays
the determined relaxation time 𝜏 from sequential KWW-fitting using the
trcfit.py code with TTCF-avg = 200. A Gaussian filter (𝜎 = 1.5) is
applied to the actual correlation function.

Figure 5.8 shows the extracted evolution of the relaxation time versus exper-
imental time 𝜏(𝑡). Vertically stacked panels depict the results of sequential
KWW-fitting of the same data with different values for TTCF-avg. While the
general evolution of the curves is identical, the uppermost panel clearly shows
a high amount of noise, which decreases with higher TTCF-avg on lower panels.
Although one may expect that also small changes and jumps of Δ𝜏 may dis-
appear due to the averaging, this is not the case, as the inset (e) in figure 5.8
proves. The magnification of the boxed area in the region around 𝑡 = 7000 s
shows, that in this flat-appearing area still lots of changes and jumps of 𝜏(𝑡)
can be identified and quantitatively analysed. In order to provide adequate
fitting, especially to fit to noisy data coming from smaller values of TTCF-avg,
baseline parameter 𝐴 and contrast 𝑐 of the fit function 3.14 are kept constant
and determined from a dataset averaged over the entire TTCF. These pa-
rameters are then used as fixed input parameters for the fitting model during
sequential KWW-fitting with trcfit.py. Here, 𝐴 = 1.0005 and 𝑐 = 0.03
were used. Strong variations with high values of 𝜏(𝑡) towards the end of each
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(a)

(b)

(c)

(d) (e)

Figure 5.8: Results of sequential KWW-fitting by trcfit.py with different
parameters for TTCF-avg: 4, 20, 100, and 200 frames. The inset in panel (e)
shows a magnification of the boxed area. For adequate fitting, baseline and
contrast parameters are kept fixed.
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Figure 5.9: Distribution of rescaled relaxation time drops for UMGa with
TTCF-avg = 200. The dashed-dotted line displays a linear regression of the
data with a slope of 𝜅 = −1.70(4).

panel’s curve are cut off after 3800 frames (approximately 13 680 s). They
form because of the geometry of a TTCF, which limits the available data
range towards the end of the time axis.

As the inset (e) in figure 5.8 already indicates, large and small drops of the
relaxation time Δ𝜏 are still comprised in the relaxation time evolution data,
even when a rather strong averaging over 200 frames is performed. Occur-
rence and distribution of |Δ𝜏| are evaluated by means of the python library
numpy, making use of the numpy.histogram function. Figure 5.9 shows the re-
sulting histogram. Depicted on logarithmic scale with logarithmic binning, a
power-law manifests as a linear correlation in the distribution. An index for
the slope of 𝜅 = −1.70(4) is identified, spanning more than two decades. How-
ever, the question arises, how does the choice of TTCF-avg alter the statistical
distribution and hence the histogram.

Figures 5.10 (a) and (b) show the identical distribution 𝑃(|Δ𝜏|) according to
the data depicted in figure 5.8, applying smaller values of TTCF-avg as com-
pared to figure 5.9, comparing different linear fitting regimes. Two regimes
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Figure 5.10: Distribution of rescaled relaxation time drops for UMGa.
Coloured, dashed-dotted lines display linear regressions of data of the cor-
responding colour. Only data points directly vertically above or below the
line are taken into account.

can be identified: a constant regime towards smaller |Δ𝜏|, and a regime to-
wards larger |Δ𝜏| with a decreasing probability 𝑃(|Δ𝜏|). Both graphs show
that small values of TTCF-avg result in a wide spanning regime of constant
slope. As a result, no common linear regime of negative slope with statistical
relevance can be identified for TTCF-avg = 4, as there is no linearly correlated
data spanning for at least one order of magnitude. Larger values of TTCF-avg

result in an earlier crossover from constant to decreasing slope regime, en-
larging the span of the regime where the distribution shows a linear form in
the log − log plot. That trend continues until, as seen already in figure 5.9
with TTCF-avg = 200, the constant regime at low |Δ𝜏| has totally vanished. In
table 5.1, the results from linear fits in the constant and the decreasing regime
are collected. Noticeably, the constant regime (fig. 5.10a) reveals slopes rather
close to zero. That is a strong imprint to the underlying physics and will be
discussed later in section 5.5. Values for 𝜅 in the decreasing regime (fig. 5.10b)
either have a very small data basis, and hence, are not representative for the
distribution, or show large uncertainty. Only, the value with TTCF-avg = 200
stands out of the results for 𝜅.
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TTCF-avg constant regime decreasing regime
fit results for 𝜅 fit results for 𝜅

4 0.0(1) −2.7(1)
20 0.1(1) −2.6(3)
100 0.1(3) −2.4(1)
200 – −1.70(4)

Table 5.1: Numerical fit results of slopes 𝜅 from linear fits to distribution
data, displayed in figures 5.9 and 5.10, and indicated by the corresponding
dashed-dotted lines.

5.4.2 Statistics of heterogeneous dynamics

Heterogeneous dynamics emerges at later points in experimental time for MGs
with relatively long thermal history or at later times during experiments on an
MG [Eve+15; Das+19]. The previously applied statistical analysis method is
used as well to quantify the statistics of the relaxation time evolution on XPCS
data with such heterogeneous dynamics or with dynamics which shows the
existence of certain “events”. The left column of figure 5.11 shows an overview
of different types of “events”, while the column on the right hand side shows
the corresponding distribution of relaxation time drops.

Panel 5.11a shows the first emergence of such a large, distinct deceleration of
relaxation dynamics, setting on at around 4000 s in the image of the TTCF;
the onset is marked by a white arrow in the TTCF image. After more than
an hour of time, at around 8000 s, the dynamics accelerates almost as quickly
as it decelerated in the first place. Note that the symmetry along the main
diagonal is created artificially by the typical rendering of a TTCF where the
upper left and lower right half of the matrix are mirrored along 𝑡𝑖 = 𝑡𝑗.
However, the symmetry along the experimental time axis 𝑡exp is non-artificial
and may carry information on the physical foundation of such heterogeneous
dynamics. The white contour represents best fits from sequential KWW-
fitting to the TTCF-avg = 200 averaged data. Note the difference between
that white contour and the protuberances of the Gaussian filtered (𝜎 = 1.5)
actual correlation function.

Panel 5.11b depicts the corresponding rescaled distribution 𝑃(|Δ𝜏|) with
TTCF-avg = 200. It shows a similar linear form as in the typical relaxation
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protocol step decreasing regime
fit results for 𝜅

13-1 −1.48(6)
13-4 −1.74(7)
13-5 −1.66(5)

Table 5.2: Numerical fit results of slopes 𝜅 from linear fits to distribution
data, displayed in figures 5.11, indicated by the corresponding dashed-
dotted lines.

dynamics data, spanning over more than two decades.

In contrast, the TTCF of panel 5.11c displays an intrinsically different het-
erogeneous dynamical “event”. It is displayed with the very same parameters
as the TTCFs before, but shows the emergence of discontinuous evolution of
the relaxation time 𝜏. The onset of the discontinuity is marked by a white
arrow in the TTCF image. At 𝑡𝑖 ≈ 3500 s, the evolution of the correlation
function is interrupted, which is shown throughout an entirely decorrelated
signal on the main diagonal at the initiation point of the “event”, and by the
rectangular artefact emerging from that point. Here the dynamics is faster
than the temporal resolution. However, the distribution of the relaxation time
drops, displayed on panel 5.11d, is not affected by this discontinuity. It shows
a similar linear form as in the typical relaxation dynamics data, spanning over
more than two decades.

A similarly appearing “event” is shown in the TTCF of panel 5.11e, though
details differ. A close look at the onset of the “event” marked by a white
arrow in the TTCF image reveals no discontinuity of the correlation function
∣𝑔(2)(𝑡)∣

𝑡𝑖=𝑡𝑗
. The relaxation dynamics rather accelerates strongly just before

it abruptly slows down immediately after. The “event” is also accompanied
by bright rectangular wings, just as in the TTCF of panel 5.11a, although
those are not rectangular but evolve rather curved. Yet, the distribution of
the relaxation time drops displayed on panel 5.11f are not distorted by the
appearance heterogeneous dynamics.

Table 5.2 summarises the slopes obtained by statistical analysis of the prece-
dently described TTCF data, along with the according temperature proto-
col.
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(a) TTCF of 13-1
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(c) TTCF of 13-4

100 101 102

| | (s)

10 2

10 1

100

101

102
P(

|
|)/

w b
in

i

TTCF-avg=200

(d) Distribution of 13-4

0 5000 10000
ti (s)

0

5000

10000

t j
(s

)

1.00

1.01

1.02

1.03

refill

(e) TTCF of 13-5

100 101 102

| | (s)

10 1

100

101

102

P(
|

|)/
w b

in
i

TTCF-avg=200

(f) Distribution of 13-5

Figure 5.11: TTCFs and relaxation time drop distribution graphs of UMGa.
Left column: TTCFs with TTCF-avg = 200. A Gaussian filter (𝜎 = 1.5) is
applied to the actual correlation function. The white contour displays the
determined relaxation time 𝜏 from sequential KWW-fitting. White unla-
belled arrows mark the onset of certain “events”. Right column: Rescaled
distribution of relaxation time drops. Coloured, dashed-dotted lines dis-
play linear regressions to the distribution data. Only data points directly
vertically above or below the line are taken into account for the regression.
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5.5 Discussion

Performing a statistical analysis of a fluctuating signal is a challenge of itself
and can only be touched in this PhD thesis. The data in the here presented
way do carry the observable of interest, but this observable – the imprints
of avalanche dynamics – needs to be explored first. As the correlation data,
obtained from XPCS experiments, are subjected to an enormously low signal-
to-noise ratio, a finely time-resolved evolution of the relaxation time is at least
as challengingly to achieve as it is of interest to gain understanding of relax-
ation dynamics in MGs. Therefore the evaluation here is meant to be a first
step forward and may carry the risk of including errors in the data processing.
From that, the first question deviates: which physical quantity classifies an
avalanche? In the here presented work, avalanches are understood as dynam-
ical events which are characterised through a deceleration of the relaxation
dynamics, subsequently followed by an acceleration of the dynamics (stick-slip
events on long time scales). The observed time scale results from the technical
capabilities of XPCS experiments during the time of data acquisition and is
limited to a few seconds on the short time scale. These dynamical events may
be attributed to thermally driven, randomly arranged atomic fluctuations,
which, at some point happen to appear in neighbouring configurations. This
phenomenon can be identified as a change of the relaxation time 𝜏 from a
local maximum to its following local minimum – here referred to as relaxation
time drop.

In this work, the parameter studied in order to investigate avalanche statistics
is the relaxation time drop |Δ𝜏|. It can be understood as the characteristic
quantity for the size of an avalanche because the relaxation time is directly
correlated to the spacial arrangement of the scatterers (atoms). Before an
avalanche is released, stresses build up – the system gets stuck. At a certain
point in time, the stress is released, causing the dynamics to accelerate. Hence,
a large change of relaxation time is based on spacial rearrangements of a large
amount of scatterers. Here, the time scale for these rearrangements is found
to range from seconds to minutes. Avalanche statistics characterised through
stress drops in numerical stress-strain experiments was recently investigated
by Lagogianni et al. as well as in numerical stress time series by earlier
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studies [Lag+18; Liu+16].

A critical point is the TTCF-averaging as sketched in figure 5.3. Averaging
is necessary as the KWW fit function is a monotonously decaying function,
while TTCF data usually fluctuates multiple times towards its initial (maxi-
mum) value of the correlation function along with the waiting time 𝑡𝑤. This
characteristics does not reflect the underlying physics of a decaying correla-
tion and hence, is based on noise. To be able to associate a certain relaxation
time 𝜏 to the relaxation behaviour, respecting the monotony of the KWW
function, averaging needs to be performed. However, this need to average
builds up a conflict with the fundamental motivation of this chapter, seeking
for avalanche statistics which manifests itself through fluctuations of the evo-
lution of the relaxation time 𝜏(𝑡). Yet, it was successfully demonstrated that
averaging efficiently suppresses fluctuations based on noise, while at the same
time preserving fluctuations based on the relaxation dynamics. There are two
arguments for this claim. First of all, figure 5.8, which shows the evolution of
relaxation time 𝜏(𝑡), confirms that with a larger averaging window (TTCF-avg),
fluctuations on the 𝜏(𝑡) signal decrease (from top to bottom panel). However,
small fluctuations, which are not visible in the depiction of the full curve,
but in the inset of the bottom panel (fig. 5.8 (e)), affirms that, even though
vast averaging is applied, fluctuations remain present and detectable. Second,
even stronger evidence lies in the distributions themselves. Figures 5.9 and
5.10 show an increase of the power-law characteristic regime with increasing
TTCF-avg parameter, which filters fluctuations based on noise. This argument
holds, especially when accurately examining the constant regime. Fitting a
linear function to the data of this region reveals a slope of zero. In a dis-
tribution plot, a slope of zero is also called uniform distribution and means
that all quantities are distributed evenly. This is exactly what characterises
white noise [Chi76]. With larger TTCF-avg values, the regime, in which white
noise characteristics predominates, shrinks towards smaller |Δ𝜏|. This can be
intuitively understood by first averaging out large noise based fluctuations, ef-
fectively shifting them towards smaller values. Finally, with TTCF-avg = 200,
the uniformly distributed regime vanishes, which denotes the value to be the
optimal averaging-window width for the studied system.
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The power-law exponents 𝜅, found within the here presented work, are all
in a range between −1.74(7) and −1.48(6). With that, they are close to
the value found by Krisponeit et al. in their first regime of so called “ran-
dom three-dimensional avalanches”, although they report a time-based quan-
tity which they attribute the avalanche statistics to, what they call “waiting
time” [Kri+14]. Besides, studies in MD simulations of Lagogianni et al.
report an exponent of −1.25 for the distribution of avalanche size, whereas
time-based (as they referred to as “duration”) avalanche statistics reports
exponents of −1.55. Both cases report slightly lower exponents compared
to the ones found in the here presented data. This might be based on the
fact that both publications studied avalanche dynamics upon tensile stresses,
whereas the here presented work examined non-directional excitations of the
dynamics.

Microscopically, the former studies indicate the release of mechanical stresses
by the formation of STZs, which cooperatively build a local shear band.
Shear bands are identified also by electron microscopy and atomic force mi-
croscopy [Maa+15; Maa+14]. On longer time scales as studied here, these
STZs get activated randomly in space and time to lower the overall potential
energy but without direct interaction as the power-law exponent of 𝜅 = −3/2

is indicating. Such a power-law exponent is well known from the famous
Richter-scale in earth quakes and from the basis of independently activated
processes [GR54].

Additionally, the interpretation of the earlier described “events” in the TTCFs,
particularly shown in the figures 5.11a, 5.11c, and 5.11e is complex. Such pat-
terns in the TTCF image can have several reasons, such as temperature fluc-
tuations, temporal X-ray beam or infrastructural instabilities such as shaking,
vibrations of the sample, the detector or the goniometer itself, thermal issues
of the detector, just to name some probable causes. For every event occurring,
all those external influences need to be excluded explicitly, as has been done
for the herein presented data. However, in some situations, the origin re-
mains unclear. The figures 5.11a and 5.11e show plausible events, which have
also been reported in studies of on long thermal cycling [Eve+15; RPE17;
Das+19], because all aforementioned causes could be excluded as a cause of

105



the events. Especially figure 5.11e even confirms that a change of the X-ray
beam’s intensity does not result in such events, as a refill of the electron beam
occurs at approximately 𝑡𝑖 = 12 000 s, not triggering a spurious pattern of the
correlation function, but instead simply an increase of the value of 𝑔(2)(𝑡). Ad-
ditionally, the refill also affects the position of the beam and the emittance,
which also does not give rise to the occurrence of an “event”. Discovering in-
termittent aging events in the here presented sample of an after preparation
annealed UMG (𝑇a = 0.80 𝑇g =̂ 536 K) agrees with the findings described in
chapter 4, where sample UMG𝑇 −

g
(𝑇a = 0.97 𝑇g =̂ 650 K) shows similar be-

haviour. In contrast, figure 5.11c depicts a full decorrelation of ∣𝑔(2)(𝑡)∣
𝑡𝑖=𝑡𝑗

,
resulting in a sharply drawn geometric “butterfly” pattern. Together with the
fact, that it does not show the emergence of “wings”, it should be treated as
an experimental artefact.

5.6 Outlook

The here presented statistical analysis of avalanche dynamics has proven ev-
idence to work with XPCS data on VD MG. As this method is easily appli-
cable to other already captured XPCS data, it would be of great interest to
apply this method to data of different systems to strengthen the knowledge
on avalanche dynamics. On the one hand, these studies could be performed
on different material systems in similar conditions, which are known to show
disparate behaviour based on the concept of fragility. On the other hand,
studies with set-ups in which uni-directional excitation such as the applica-
tion of tensile stress or in bending studies are performed, would open an entire
new class of experiments. Especially in such uni-directionally excited systems,
the experimental realisation of studies of plastic events in the so called elastic
regime could give new insights into the microscopic behaviour of relaxation
processes, as recently published on simulations by Lagogianni et al. and
works by Krisponeit et al. suggest [Lag+18; Kri+14].
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Chapter 6

General conclusions

The scope of this work is to study structural relaxation phenomena of metallic
glasses on microscopic length scales. Therefore two recently opened areas are
put together: X-ray photon correlation spectroscopy as a technique which
is capable of capturing collective atomic rearrangements on the microscopic
scale in disordered matter, and ultrastable metallic glasses establishing a novel
class of glasses with outstanding characteristics.

By means of vapour deposition UMG samples are produced proving their en-
hanced kinetic and thermodynamic stability throughout increased structural
relaxation times, compared to their conventionally produced counterparts.
The understanding of UMGs within the framework of the potential energy
landscape can be reinforced by the findings within this thesis. Although
UMGs are proven to be located in a deep state in the PEL, Cu55Zr45 UMG
shows entire structural rearrangements via full decay of the correlation func-
tion 𝑔(2)(𝒒, 𝑡) investigated by XPCS experiments deep in the glassy state at
temperatures of approximately 0.65 𝑇g to 0.71 𝑇g (436 K to 476 K). However, a
comparison with ultrastable MGs annealed at temperatures 𝑇a = (1 ± 0.03) 𝑇g

after their preparation underlines the ultrastable character of as-prepared
UMGs. Annealing a UMG confirms its low energetic state, giving rise to
unique Anti-Aging behaviour. Annealing at temperatures higher that the
substrate temperature at which it was produced (𝑇sub = 0.89 𝑇g) introduces
enough energy into the system to randomise the UMG’s stable configura-
tion, destroying its ultrastable character, and boosting the glass out of its
low energetic state on a pathway opposite to the one of genuine aging. More-
over, anti-aging is not equal to “rejuvenation” as a UMG sample has never
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seen a “juvenile” high energy state to which it could be restored. Cer-
tainly it can be concluded that the enhanced surface mobility during prepa-
ration of UMGs is a true shortcut to stability, compared to recent studies
of Zhao et al., which demonstrate the preparation of an ultrastable MG
throughout aging a common MG for almost two decades at ambient temper-
ature [Zha+22].

In macroscopic measurements the glass transition temperature is often defined
by the relaxation time being equal to 100 s (equivalent to 1012 Pa s) [Ang95].
From that perspective it seems contradictory when relaxation times of 𝜏 ≈
200 s (UMGap), and 𝜏 ≈ 120 s (UMG𝑇 −

g
, UMG𝑇 +

g
, FQap) and below are deter-

mined throughout XPCS at temperatures deep in the glassy state at 476 K
(approx. 0.71 𝑇g). However, two aspects invalidate this contradiction: First
of all, the aforementioned definition of 𝑇g is based on macroscopic studies
where the entire bulk sample contributes to the measurement, whereas XPCS
measurements are only sensitive to rearrangements of neighbouring scatterers
(atoms). Second, recent studies of Hechler et al. show that XPCS stud-
ies on a MG, one in the glassy state and one in the SCL state resulting
in relaxation times which differ by a factor of 15, although captured of the
same compositions at the very same temperature. Additionally, the KWW
shape parameter in the SCL is found at common values below unity, while the
glassy regime yields 𝛽 = 1.6 [Hec+18], similarly high as determined within
the here presented work. Hence, relatively low absolute values for the de-
termined relaxation times in XPCS experiments may be connected to the
uncommonly high values of 𝛽 compared to different techniques, as the both
affect the result of the value for 𝜏 from KWW modelling. Notwithstanding
these absolute values of 𝜏, relaxation times of UMG samples are relatively
high (slow relaxations) in comparison to annealed UMGs or any kind of FQ
MGs of similar elemental composition, underlining their kinetic stability. In
addition, upon 𝑇-cycling, all probed samples but UMG𝑇 +

g
show memory ef-

fects throughout history dependent aging. After some iterations, they reach
a plateau, a metastable state, while UMGap is found to be the utmost stable
sample, affirming its ultrastable character. Why the UMG sample annealed
above 𝑇g (UMG𝑇 +

g
) does not show any memory effect is based on heating

it into the equilibrium regime. With that a glass’ history is erased, while

110



this particular sample shows characteristics of a metastable state within a
high energy meta-basin in the PEL. Further investigation, in particular high
resolution XRD could give an insight if the sample shows indications of crys-
tallisation, although no onset of a Bragg peak has been noticed in the area of
the detector during XPCS measurements.

XPCS data carries an enormous variety of information, the challenge is to
tame the strongly fluctuating signal. However, during the second project of
this thesis, spotlight is put on the quantitative analysis of fluctuations along
with the temporal evolution of the relaxation time. The challenge in partic-
ular is to fit the monotonic decreasing KWW function to a very noisy signal,
which jumps multiple times form high to low value along with the 𝑡𝑤-axis.
The evolution of best fits of KWW parameters are subjected to further anal-
ysis, as they give rise to underlying principles of the relaxation dynamics
such as avalanche behaviour or to gain understanding of the peculiar role of
the shape parameter 𝛽. In any case, an averaging algorithm is essential to
manage the noise, while the data basis should be preserved as much as pos-
sible. A rolling-window averaging method holds these requirements and is
successfully applied, giving access to the evolution of the KWW parameters
𝜏(𝑡exp), 𝛽(𝑡exp), and 𝑐(𝑡exp) from fits to TTCFs. Depending on the SNR, one
or more parameters can be fitted while others need to be fixed to a value
representative for a full TTCF. With that method, a tool box (trcfit.py,
tau-statistics.py) is made available to perform statistical analyses of re-
laxation dynamics, if just the TTCF is sufficiently large and carries enough
contrast.

XPCS measurements of 𝑇-cycles at 𝑇a = 0.80 Tg (=̂ 536 K) annealed UMG
provides sufficient data basis, contrast, and variation of relaxation dynam-
ics in order to perform a statistical analysis of relaxation time fluctuations.
Within a long temperature protocol, this sample is rich in 𝜏-fluctuations,
small and large ones, and shows large “events” of stuck dynamics which ac-
celerates after a while, forming peculiar “butterfly patterns”. With that, this
non-directionally excited dynamics holds as a model system to investigate
avalanche-like behaviour. A critical question is the choice of the quantity
which describes an avalanche. Here, within the evolution of relaxation time
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𝜏(𝑡exp), the absolute height of each relaxation time drop |Δ𝜏| is subject of
the statistical analysis. However, the SNR of a TTCF is poor, due to the
very low scattered coherent signal, although data are collected at one of
the beamlines with highest available coherent flux in the world, suited for
XPCS experiments. From this arises the challenge to find a method which
suppresses the fluctuations based on technical noise while keeping the fluc-
tuations based on relaxation and avalanche dynamics of the studied system.
The applied method could identify the optimal averaging parameters for the
model system used. With that, avalanche dynamics with a critical power-law
exponents in a range from −1.74(7) to −1.48(6) could be identified, span-
ning a linear relation between the rescaled probability 1

𝑤bin𝑖
𝑃(|Δ𝜏|) and the

relaxation time drop height |Δ𝜏| over more that two orders of magnitude.
These first results may be related to the cooperative formation STZs, result-
ing in “random three-dimensional avalanches” as seen in stress-strain experi-
ments and simulations [Kri+14; Lag+18]. However, performing experiments
under uni-directional stress would be of great benefit to relate macroscopic
experiments and microscopic simulations with microscopic (XPCS) experi-
ments.

The origin of heterogeneous dynamics, intermittent aging “events”, or “but-
terfly” patterns remains unclear. However, it is crucial to eliminate influences
coming from the machine, external influences such as vibrations, tempera-
ture fluctuations, and other technical issues, as they can all be an origin of
geometric patterns and artefacts in the TTCF when analysing them. Thus,
such events as depicted in fig 5.11a appear to emerge towards the end of long
temperature cycles, which may be related to the total exposure time or the
deposited energy.
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Appendix A

Technical details of XPCS measurements
at ID10 EH2 (ESRF)

A.1 Temperatur cycle protocol
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Figure A.1: Temperature protocol graph including experimental steps at each
isothermal (check beam, 𝐼(𝒒), XPCS, 𝐼(𝒒)).

A.2 Furnaces

The following two pages show technical drawings of the two used furnaces in
order to perform XPCS experiments at ESRF’s beamline ID10 EH2.
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Appendix B

Temperature protocol for DSC
measurements

The temperature protocol for analysing the glass transition of a MG is the
following:

1. Switch on all devices and equilibrate the machine for 1 h

2. Equilibrate at 40 °C for 5 min

3. Heat up to 550 °C at 10 K min−1

4. Cool down at 50 K min−1

5. Equilibrate at 40 °C for 10 min

6. Heat up to 550 °C at 10 K min−1

7. Cool down to room temperature (no ramp)
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