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ABSTRACT

Glass structures are determined by not only composition, pressure, and temperature but also by
the pressure and thermal histories in which the glass was submitted. In this thesis, a systematic
study of these variables was performed in undoped and cobalt-doped lead metasilicate (PbSiO3)
glasses and mainly probed by Raman spectroscopy. High pressure was applied in a Diamond Anvil
Cell (DAC), and the samples were studied ex-situ and in-situ. Ex-situ Raman investigation appoints
for an unusual increase in the non-bridging oxygens (NBO) population, at the expense of the
bridging oxygens (BO) population, leading to slight depolymerization of the densified metasilicate
structure. In-situ investigation of this glass under pressure suggests the densification mechanisms
occurring via the formation of an intermediary more polymerized state. Such modifications are
accompanied by a change in the lead environment with the formation of highly coordinated PbOn
polyhedra. High-temperature investigations were performed in isothermal and non-isothermal
runs, providing evidence that the phase evolution from the glass to the stable alamosite is
intermediated by two metastable crystalline phases, with a temperature-dependent crystallization
path. For the same composition submitted to extremal conditions, the controlling of these

structures may offer vast possibilities to tailor the glass-ceramic optical properties.

Keywords: Lead Metasilicate Glass; High-Pressure; Overall Crystallization; Raman

Spectroscopy; Photoluminescence.



RESUMO

Estruturas vitreas sdo determinadas ndo apenas pela composicdo, pressdo e temperatura, mas
também pelas histdrias térmicas e de pressdo em gue o vidro foi submetido. Nesta tese, um estudo
sistematico dessas variaveis foi realizado em vidros de metassilicato de chumbo (PbSiO3) nao
dopado e dopados com cobalto, e analisado principalmente por espectroscopia Raman. Altas
pressGes foram aplicadas utilizando uma célula diamante do tipo bigorna, e as amostras foram
estudadas ex-situ e in-situ. Os resultados de espectroscopia Raman ex-situ apontam para um
aumento incomum na populacdo de oxigénios ndo ponteantes (NBO), as custas da populacao de
oxigénios ponteantes (BO), levando a uma sutil despolimerizagdo da estrutura densificada do
metasilicato. A investigacdo in situ deste vidro sob pressédo sugere que 0s mecanismos de
densificacdo ocorrem através da formacdo de um estado intermediario mais polimerizado. Tais
modificacbes sdo acompanhadas por uma mudanca no ambiente do ion de chumbo, com a
formacéo de poliedros PbO, altamente coordenados. InvestigacOes a altas temperaturas foram
realizadas com aquecimentos isotérmicos e ndo isotérmicos, fornecendo evidéncias de que a
evolucdo estrutural do vidro para a alamosita é intermediada por duas fases cristalinas
metaestaveis, com rotas de cristalizacdo dependentes da temperatura. Para uma mesma
composi¢do quimica submetida a condiges extremas, o controle da formacéo dessas estruturas

pode oferecer amplas possibilidades de adequar as propriedades Opticas das vitroceramicas.

Palavras-chave: Vidro Metasilicato de Chumbo; Altas Pressdes; Cristalizacdo Total;

Espectroscopia Raman; Fotoluminescéncia.
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INTRODUCTION

Glass-ceramics are prospective materials obtained through the partial and controlled
crystallization of the glass. By interrupting the heat treatment in certain stages, different stable and
metastable crystalline phases can precipitate in varying crystallization degrees, resulting in glass-
ceramics with essentially the same composition but distinct properties [1, 2]. The pressure further
expands the degree of freedom, modifying the glassy and crystalline structures, which leads to a
final composite with a tailored combination of properties.

For the development of glass-ceramics, controlled nucleation is mandatory [1, 2], whereas
a vast number of glass compositions nucleate heterogeneously and randomly on the surface [3, 4],
requiring the addition of nucleant agents [5, 6]. To this end, the introduction of transition metal
ions in these glasses is two-fold. Firstly, these ions can aid in inducing favored nucleation sites.
Secondly, these dopants present electronic energy level distributions sensitive to the surrounding
environment, and hence optical properties that are tunable [7, 8].

Despite the current concern for eliminating lead from daily use materials, lead-bearing
glasses still find technological applications due primarily to their high density, high refractive
index, X- and y-ray attenuation [9]. Because silica is the archetypal glass and the system PbO-SiO-
forms glass over a wide range of compositions, unraveling the nuances of their structure under
extreme conditions may shed further light on the structural role of Pb and guide the choice of
ecological alternatives offering similar properties.

To this end, the lead metasilicate (PbSiOs3, abbreviated as PS) glass is an interesting model
system. Among the metasilicates, the PS shows an excellent glass-forming ability even at low
cooling rates, whereas other compositions such as alkali and alkaline earth metasilicates are
reluctant glass formers [10]. The PS glass also presents important fundamental and technological
properties well tabulated in the literature at room condition and/or in a wide range of temperatures:
crystal growth rates for the isochemical alamosite [10, 11]; diffusion coefficients of network
cations [10, 12-14]; mechanical properties [15-17]; optical properties [17-21]; structural relaxation
[22]; viscosity [10, 22-26]; etc.

Before the work of this thesis, as an undergraduate student, I took part in the synthesis and

characterization of a set of doped glasses presenting minor gradual variations to the PS
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composition with the insertion of transition metal ions comprising chromium, cobalt, and nickel.
The doped glasses were investigated at room conditions by multi-spectroscopic means leading to
a collaborative publication for chromium-doped PS glass [27]. Among the investigated dopants,
cobalt was the most optically appealing, presenting a red photoluminescent band, which inspired
the main subject of this thesis towards its ‘solo’ investigation, sponsored by FAPESP through a
direct doctorate scholarship.

This thesis globally addresses the “Correlation Between Structure and Optical Properties
of Lead Metasilicate Glass-Ceramic Under High Hydrostatic Pressures”, where the influence of
each variable: pressure, temperature, and composition was carefully investigated. In the case of
composite materials such as glass-ceramics, are of paramount importance the understanding of
their constituents: (i) the glass matrix; (ii) the precipitated crystal(s); (iii) the interaction between
these distinct phases. We explore the first two by Raman spectroscopy, a vibrational probe efficient
to accompany the modifications under extreme conditions, such as high pressure and high
temperature. Noteworthy, pressure and temperature studies are complementary: temperature
affects the population of different energy levels, enabling one to study concurrent processes
separated by an energy barrier, whereas the pressure may affect the equilibrium distance between
the atoms, hence affecting the configuration of the energy barrier [8].

Throughout the chapters, polymerization and depolymerization permeate the description
of the structural modifications driven under extreme conditions. According to the Merriam-
Webster dictionary, polymerization can be generally defined as “a chemical reaction in which two
or more molecules combine to form larger molecules that contain repeating structural units”. In
silicates, such a reaction occurs by the formation of Si-O bonds, when SiOs tetrahedra increase
their degree of connectivity within the network. In its turn, depolymerization is the reverse
structural mechanism.

The chapters have been ordered to constructively understand the cobalt-doped lead
metasilicate glass under extreme conditions. The outline is as follows: the first chapter delivers
theoretical fundamentals regarding the nature of glass matter and vibrational spectroscopy. In the
second chapter, we present the methodologies comprising the samples syntheses; Raman
instrumental description, quantitative spectral analysis; general scheme of conventional high-

pressure experiments performed in a diamond anvil cell (DAC), and the search for alternative
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pressure calibrants to replace ruby, as required for the characterization of the photoluminescent
signal of the doped glass upon compression.

In the course of this thesis, a great deal of effort was made to understand the pressure effects
on the structure of PS glass, which progressed through the collaborative effort between the Institute
Lumiére Matiére (ILM-France) and Grupo de Espectroscopia Optica e Espalhamento Raman
(GEOR-Brazil), culminating in an internship abroad sponsored by FAPESP. We have investigated
by vibrational spectroscopies two non-equivalent pressure conditions: after densification at room
temperature and different maximum pressures (Chapter 3) and during the compression and
decompression cycle at room temperature (Chapter 4), i.e., ex-situ and in-situ experiments,
respectively. Ex-situ measurements were performed after taking away the pressure, focusing on
the resulting irreversible effects when the glass is retrieved to room condition. On the other hand,
in-situ experiments were driven while the system was under pressure, then providing further
information about the pathways involved and the pressure mechanisms leading to the permanent
transformation. In this context, pressure variables were here distinguished into maximum pressure
(Pmax) and pressure (P), whether the study was performed ex-situ or in-situ, respectively.

In Chapter 5, non-isothermal and isothermal heating treatments were systematically
applied to understand the phase evolution during the overall crystallization of PS glass. Our in-situ
Raman investigation indicated temperature-dependent crystallization pathways, as published
therein [28]. Departing from the total crystallization as in Chapter 6, the stable alamosite and the
metastable hexagonal (H-PS) and low-temperature (L-PS) polymorphs were investigated under
extreme conditions to shed further light on the crystallization routes, phase transformations, and
stability in the isochemical PbSiOz system.

Finally, but importantly, the seventh chapter focuses on the cobalt-doped PS samples and
the effects of cobalt content with temperature or pressure. In small concentrations, the dopant is
expected not to modify expressively the glass structure and the crystallization dynamics. Such that,
the results obtained for the PS glass under extreme conditions are extended to the cobalt-doped

glasses, which presented the incremental photoluminescent signal in relation to the undoped glass.
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A. Goals

The goals of this thesis comprised

)
(1

()

(V)

V)

(V1)

Describing the pressure-induced effects on the structure of lead metasilicate glass;
Understanding the in-situ structural modifications of the glass upon compression and
the pressure mechanisms involved;

Studying the dynamics of crystallization, achieving comprehensive conditions to
stabilize the metastable and stable crystalline phases;

Describing the effect of the temperature and pressure on the precipitated crystalline
phases;

Verify the composition range for which the crystallization of the undoped glass extends
towards the cobalt-doped samples;

Mapping the vibrational and optical properties of the resulting glass ceramics as a

function of the precipitated crystalline phases.
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CHAPTER 1 - FUNDAMENTALS

1.1. Glass

The development of optical glass and optical science trails parallelly, exemplified by the
construction of the first telescopes and microscopes, which allowed respectively to expand the
knowledge of the universe in which we are inserted and the discovery of the cell and
microorganisms expanding the human knowledge towards either the ‘very big’ as the ‘very small’
scales [29]. Nowadays, glasses find a wide range of important applications in our everyday life
and prospects for technological development in the very close future, leading some experts to
denote the current period as the ‘Glass Age’ [30].

More fundamentally, since the seminal work of Zachariasen [31], the glass structure and
its overall comprehension have evolved over the years. In 2017, Zanotto et al. [32] published a
critical review of some of the most popular definitions in the literature and proposed an extended
glass definition such as: “nonequilibrium, noncrystalline condensed state of matter that exhibits a
glass transition. The structure of glasses is similar to that of their parent supercooled liquids

(SCL), and they spontaneously relax toward the SCL

state. Their ultimate fate is to solidify, i.e., crystallize .
As in the core of the definition, glasses are universally
characterized by their (i) glass transition; (ii)

thermodynamic instability, and (iii) non-crystalline

Volume

structure, fundamental concepts further discussed below.

|. Glass Transition

- -
The glass transition temperature (Tg) between the /

SCL and the glass state does not constitute a

Temperature T
thermodynamic phase transition [33]. In fact, it is a
Figure 1.1: Volume as a function of the
temperature for a glass-forming substance
showing liquid, supercooled liquid (SCL),
glass, and crystal states, with Tn= melting

translational and rotational movements of the structural  temperature and Ty= glass transition
temperature.

kinetic transition whose phenomenological description is

associated with the structural relaxation process, i.e.,

units, which introduces an internal time scale to the
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system. The glass transition can be interpreted in terms of the relation between this internal time
scale and the external observation time. While in liquids (T > Tm, m = melting) and in SCL (T¢ <
T < Tm) the average relaxation time is short, in glasses (T < Tg) this process happens in very long
times, compared to the observation time [32]. In its turn, the glass transition is the temperature
range (Figure 1.1) where the average time structural relaxation is comparable to the observation
time. It is worth mentioning that glass transition temperatures are not intrinsic to a given
composition, but depend significantly on the analyzed property, the experimental technique used,
and the cooling and pressure histories [34].

Il. Thermodynamic Instability

Glasses  are  thermodynamically
unstable, as a consequence, their properties
depend not only on the composition but also on
the thermal and pressure histories, as well as
on the observable time [33, 35]. This instability

manifests by spontaneous relaxation towards _ _ _ _
Figure 1.2: Mechanical analogy for the interpretation of

the SCL state (Figure 1.2a) and subsequent  thermodynamic stability differences between (a) glass; (b)
crystallization [32]. SCL, and (c) crystals. Adapted from Gutzow et al., 1995 [33].
From a mechanical analogy with a potential well [33], the SCL corresponds to a
thermodynamically metastable state, presenting as a higher local minimum (Figure 1.2b), stable
for small fluctuations, but unstable for high deviations from the initial position, while the crystal
represents a stable state, illustrated as the absolute minimum (Figure 1.2c). In this sense,
crystallization consists of the nucleation process, from which the energy barrier is transposed by
nucleation through small composition fluctuations, followed by the spontaneous growth process

occurring through limited diffusion from the surrounding.
Ill. Non-crystalline Structure

Glasses present non-crystalline structures, with the translational periodicity present in
crystal counterparts then absent, configuring a structure topologically disordered over long-range

orders (LRO), but with preserved short-range order (SRO), as displayed in Figure 1.3 [36].
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The first formulation to describe the glass
structure referred to as continuous random-
network (CRN) found support in the works
developed by Zachariasen [31] and Warren [37].
The CRN model pictures the silicate glass as a
continuously homogeneous structure, where the
cations are randomly distributed in the interstices
of a corner-sharing SiO4 tetrahedra network.

According to the CRN model [31], the
structure of oxide glasses can configures as a three-
dimensional network of polyhedra interconnected by vertexes. Thus, due to interatomic
interactions, these structural entities present SRO, with well-defined coordination, atomic angles,
and distances. In turn, the long-range disorder is due to the various connecting angles from adjacent
polyhedra relative to the oxygen atoms that interconnect them, presenting homogenous and
topologically connected along the network [38]. In general, structural ordering in glass decreases
with increasing distance, configuring as organized for SRO (2 - 5 A), disorganized for LRO (> 20
A), whereas the medium range order (MRO) is mostly interpreted statistically [39]. Noteworthy,
the SRO comprises the polyhedral unity and its interconnection to the other adjacent structural
unities [40].

Still from the CRN model [31], a given cation can be distinguished into ‘network former’

or ‘network modifier’, whether it forms a polyhedron network or not, respectively. For a pure

QO Ql QZ Q3 Q4

Simple Harmonie Oscillator S

former glass, every polyhedron has its corners
ideally connected to another (so-called Q* in the
notation described below), while for multi-
component oxide glasses, the progressive
insertion of modifier cations leads to network
depolymerization. Due to this fact, oxygens are

labeled ‘bridging oxygens’ or ‘non-bridging

Figure 1.3: Hypothetical compound A;Os with (a)
crystalline and (b) glassy two-dimensional structure.
Retrieved from Zachariasen, 1932 [31].

k,w

oxygens’, taking into account if they make the

connection between two network former

polyhedra or not. In this sense, the connectivity

Figure 1.4: The Q" units picture the SiO, tetrahedra
connectivity within the glass network, where n ranges from
0 to 4 bridging oxygens per tetrahedron. Their vibrational
dynamics are analogous to the simple harmonic oscillator
with different spring constant.
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in silicate glasses can be interpreted statistically in terms of the Q" (‘quaternary’) population
species, where n varies from 0 to 4 and is the number of bridging oxygens connected to a given
SiO4 tetrahedron [39], as illustrated in Figure 1.4.

Despite the easiness of explaining some important structural concepts of glass, the alleged
homogeneity stated in the core of the CRN model came into the debate. In 1985, the investigation
of soda silicates by X-ray absorption spectroscopy performed by Greaves [41] revealed the
heterogeneous distribution of modified cations within the glass network. Such an observation gave
rise to the Modified Random Network (MRN) model, later extended to other glass compositions
[42]. The MRN model is based on the complementary presence of cation-rich domains percolating
the silicate main lattice.

In the context of the MRN model, it is further introduced the free oxygen (0%~), which
refers to O not bonded to Si but to the modifier cation (i.e., M-O-M), potentially connecting the
sub-lattice. The equilibrium between the oxygen species occurs through the depolymerization
reaction [43, 44]:

BO + 0%~ & 2NBO (1.1)
Where BO is the bridging oxygen and NBO is the non-bridging oxygen, respectively bonding two
Si to each other (i.e., Si-O-Si), or one Si to a modifier cation (i.e., Si-O-M). We highlight the 02~
at the same side as the BO in Eqg. (1.1), such that an increase in NBO implies a decrease in both,
BO and 0%~. The 02~ is considered the most reactive among the oxygen species, important for

understanding thermodynamic and kinetic reactions of natural silicates [43-46].
A. Lead Metasilicate Glass Structure

The PbO-SiO> glass system displays a wide range of compositions, reaching nominally up
to 96 mol.% PbO [47]. Because of their exceptionally good glass-forming ability, these glasses
have been the focus of a great number of structural studies at ambient pressure comprising: nuclear
magnetic resonance (NMR) [48-58]; X-ray and/or neutron diffraction [54, 57, 59-65]; X-ray
absorption spectroscopy (XAS) [52, 66, 67]; X-ray photoelectron spectroscopy (XPS) [43, 68-70]
Raman spectroscopy [23, 55, 71-77]; infrared spectroscopy [55, 72-74, 78, 79]; and molecular
dynamics (MD) simulations [67, 77, 80-82]. Many of these studies attempted to describe the role
played by lead atoms in the glass network, whether as modifiers or intermediate cations.
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Nevertheless, there is no consensus in the literature on the precise composition where this
transition in the role of lead occurs.

Previous reviews addressing the SRO in lead silicate glass can be found therein [83-86].
At ambient conditions, the PS glass presents well-defined tetrahedral silicon sites organized mostly
as Q? entities, i.e., interconnected with the other two silicon tetrahedra [23, 51, 53, 55, 77]. As a
straight consequence, these glasses present a depolymerized structure, indicated by their high
proportion of NBO to BO. A modest fraction of O% is reported for the metasilicate composition,
evaluated at around 2% as probed by 1O NMR [56]. Focusing on the ordering around lead, despite
the lack of consensus in the literature about the structural role played by these cations, most of the
structural studies performed in the last two decades converged on PbOz and PbO4 [51, 52, 54, 57,
64, 66, 67].

1.2. Raman Spectroscopy
I. Selection Rule

In this work, pressure and temperature effects on the glass structure were investigated by
inelastic vibrational spectroscopy that relies on the interaction of light with the matter by inelastic
scattering, probing the vibrational energy of the molecules. In this way, the structural
modifications under extreme conditions are indirectly accessed by the related modifications in
their dynamical character.

By the classical approach, when monochromatic radiation is focused on a material medium,
the interaction of the electromagnetic field occurs with the electronic cloud of atoms, which
consequently deforms. The electric field vector of radiation can be described as varying with time
in such a way that:

E(t) = Eg cos(w,t) (1.2)
Where Ej is the amplitude and o is the angular frequency of the incident light, usually a laser
beam. When light is irradiated on the matter, an electric dipole moment is induced:

P(t) = a(t).E(t) = a(t).Ey cos(w,t) (1.3)
Here a is the electronic polarizability tensor. Proceeding with an expansion of a as a Taylor series

around the equilibrium position:

a(t) = ap + (Z—Z)q q®) + .. (1.4)
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With g normal coordinate of atomic vibration that indicates nuclear displacement. If the vibration
atoms vibrate with a frequency om, it can be assumed based on the harmonic model of a solid:

q(t) = qo cos(wnt) (1.5)
So that,

P(t) = a(t).Eycos(w,t) = ag Eg cos(w,t) + (Z—Z) qo Eo cos(w,t) cos(ont) (1.6)
do

Which can be rewritten as:

P(t) = ag Ep cos(w,t) +% (Z—Z) qo Eo [cos[(w, — op)t] + cos[(w, + o,)t]] (1.7)
do

The first term on the right in Eq. (1.7) represents the scattering in which the frequency of
scattered radiation is the same as that of incident radiation (Rayleigh). In turn, the second term
represents Raman scattering, with scattered light and energy frequency lower (v, — @,,, Stokes)
or higher than the incident (w, + @,,, Anti-Stokes). The difference in frequency of the inelastically
scattered to the incident photons is associated with the frequency of vibration of the network,
providing, therefore information about the vibrational spectrum of the investigated material.

While Rayleigh scattering is always present, inelastic scattering is observed only if the

following condition is satisfied:

(Z—Z)qo % 0 (1.8)

This way a selection rule for Raman scattering to occur is that a variation of polarizability
with nuclear displacement must be non-zero, i.e., the polarizability has to be modulated by atomic
vibration. A quantum description of the vibrations in terms of phonons is presented in Appendix
A, extending the formalism toward the non-crystalline matter.

Raman spectroscopy arises from the inelastic scattering of light by the ‘optical’ phonons
probing the shift of frequencies in the range of THz, but is conventionally presented in
wavenumber in unities of cm™:

1 1

Ao = 107 (% E) (1.9)

Where Aw is the Raman shift expressed in wavenumber, 4, is the incident excitation light
wavelength and A4,,, is the scattered light wavelength, both in nm. Raman spectra are fingerprint
signatures of the material at a given phase, being sensitive to the nature of the bonds and the group
symmetries [87].
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Il. Lead Silicate Glasses

In this section, we summarize the main attributions regarding the Raman spectrum of PS
glass, whereas those of the isochemical crystals are addressed in Chapter 6. Generally, vibrational
spectra of lead silicate glasses were historically analyzed by gradually varying the lead
concentration and observing the resulting spectral changes to the vitreous silica [23, 71, 72].

_tow IRNITUETTR  Hon

Intensity (a.u.)

1 1 [] L 1 L
400 600 800 1000 1200

Wavenumber (cm™)

[]
200

Figure 1.5: Raman spectrum of lead metasilicate glass at room conditions. The dashed lines evidence the border
of the low, intermediate, and high wavenumber spectral regions.

PS glass spectrum (Figure 1.5) exhibits, at the low-wavenumber region, an intense peak
referred to as the Boson peak (40 cm™), which is observed in all amorphous silicate materials, and
whose nature is still a matter of discussion [88-90]; and two peaks (centered at 93 cm™ and 137
cm™), both assigned to Pb-O vibration [23, 71, 72, 76]. The plateau observed between 460 and 550
cm ™t is attributed to delocalized vibrations with mixed O-Si-O bond stretching and characteristic
bond bending [55]. In its turn, the asymmetrical high-wavenumber envelope (800-1200 cm™) is
due to the symmetric stretching of the Si-O bonds composing the different Q" units [23, 77].
Noteworthy, prior to any curve-fit procedure, the degree of polymerization described in terms of
the Q" distribution finds an easy analogy in the vibrational dynamics of simple harmonic
oscillators, correlating directly the modulus of the spring constant with the characteristic frequency

of vibrations (Figure 1.4). In other words, less polymerized Q" units vibrate at characteristically
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lower frequencies, whereas more polymerized Q" units vibrate at higher frequencies. A more

detailed discussion regarding the low- and high-wavenumber regions is addressed as follows.

A. Low-wavenumber region

A.1l. Boson Peak

In the very low-wavenumber region of the Raman spectra, an intense asymmetrical broad
peak is universally observed in glasses, consisting of an excess of vibrational density of states in
contrast to the Debye prediction for crystals [91]. The so-called Boson peak (BP) has its physical
origin controversial in the literature, a summary concerning the most relevant theoretical
approaches can be found elsewhere [92].

We will focus here on the elastic heterogeneities approach, which finds strong theoretical
and experimental evidences, explaining subjects such as the glass transition and the glass
relaxation. According to this model proposed by Duval et al. [90], glasses display non-continuous
structures configuring a collection of non-crystalline nanometric domains with distinct elastic
constants. From this approach, the BP arises from the motion of these cohesive domains separated
by softer interdomain zones [93].

Some studies in the literature address the relationship between the BP and intermediate
length scales within the glass structure [91, 94]. Once this peak can be fitted as a Lognormal
function [95], it indicates that the size distribution of these ‘clusters” would also be Lognormal
[96, 97], displaying a collection of domains with varying sizes such as a mosaic structure.
Experimental means to probe the BP comprises inelastic neutron and Raman scattering
spectroscopies.

As firstly perceived by Malinovsky et al. [91], the peak shape of the BP is universal for
glasses showing different compositions. Meanwhile, peak parameters such as the position of the
maximum and relative intensity of the peak are reported to modify with: the glass composition
[98-100], temperature treatment [101, 102], and applied pressure [101, 103]. On various oxide
glasses, the BP is more sensitive to pressure than to temperature [101]. Noteworthy, compression
is reported to shift the BP maximum towards higher wavenumbers and to decrease the peak
intensity [104-107].
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A.2. Peaks at 93 cm™ and 135 cm’?

Raman spectra of lead glasses with distinct compositions [100, 108-111] and lead oxides
[72] present bands at comparable wavenumbers, being therefore characteristic of the lead presence.
Due to the large atomic mass of lead atoms, the frequencies of the Pb-O vibrations occur at the
low region of the vibrational spectra.

By increasing the lead concentration, Hagiwara et al. [71] observed an intensification of
the band at 135 cm™, attributed initially to the vibration of the Pb?* ion. Afterward, this band was
identified as being analogous to those found on the PS crystalline phases [72-74] and lead oxides
[72], indicating the existence of Pb-O covalent bonding. Zahra et al. [112] ascribed both of the
low-wavenumber Pb-O peaks to the PbO. pyramids, specifying the peak at 135 cm™ as due to
symmetric stretching vibrations of these polyhedra. Such assignment agrees with partial reports

conducted on these glasses [73, 76, 78].
B. High-wavenumber Region

At the high-wavenumber region, the Raman spectrum of PS glass presents an asymmetrical
envelope assigned to the symmetric stretching of Si-O bonds associated with the different Q"
species. In pristine lead metasilicate glasses, the Q" distribution has been studied by NMR [51, 53,
55], Raman spectroscopy [23, 77], and MD simulations [77, 80]. From the reported studies, the
structure of PS glass contains mostly Q? tetrahedra, although the difference on the absolute values

(Table 1.1). We discuss below the quantifications performed by curve fit of the Raman spectra.

Table 1.1: Q" distributions and average, <Q"> in PS glass according to different studies. Adapted from Sampaio et

al., 2018 [77].
Reference Method Q° Q! Q? Q3 Q* <Q">
Cormier et al. [80] MD 2 19 42 30 7 2.2
Fayon et al. [51] NMR 0 13 51 30 6 2.3
Schneider et al. [53] NMR 0 21 47 26 6 2.2
Takaishi et al. [54] NMR 0 19 51 25 5 2.2
Feller et al. [55] NMR 6 25 38 25 6 2.0
Kacem et al. [23] Raman 2 24 59 12 3 1.9
Sampaio et al. [77] MD and Raman 3 25 39 28 5 2.1

Kacem et al. [23] proposed the curve fit model for the high-wavenumber Raman spectra
of the PbO-SiO; glass system by progressively varying the composition from pure silica up to 70
mol.% PbO. These authors have assumed seven Gaussian functions due to the Q°, Q*, Q?, Q%, Q*,

and Q" and Tas species. This model distinguishes the contribution of Q* into two different species,
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Q*and Q*'. Concerning the attributions, Q* corresponds to the large angle (or large fold rings)
and Q*" to small angle (or small fold rings) entities, the contribution of the former is dismissed for
glasses with more than 30 mol.% PbO. In its turn, T2s was assigned to the vibrational mode inside
the silica tetrahedron, corresponding to two oxygens approaching the central Si atom and two
oxygens moving away. For improving the spectral fit quality of glasses from 20 to 50 mol.% PbO,
these authors introduce a Tz, band for which the area contribution is excluded in the Q"
normalization. In the case of the PS glass, Kacem’s curve fit model delivers a high proportion of
Q? to Q2 species when contrasted to the other structural studies (Table 1.1).

By corroborating Raman spectroscopy and molecular dynamics results, Sampaio et al. [77]
proposed a model to curve fit the high-wavenumber Raman envelope of PS glass into six Gaussian
functions assigned to the vibrations of Q°, Q, Q2, Q3, Q*, and Q* species. In particular, this model
introduces the two distinct Q® species, Q* and Q¥ then associated with a bimodal distribution
displayed by the Pb-Si pair correlation function, presenting longer or shorter bridging distances
between the NBO and the lead cations. By means of this extra specie of Q3 Sampaio’s curve fit
model provides a good agreement with the Q% and Q* proportions determined by NMR at room
temperature (Table 1.1), and with the Q" distribution derived from molecular dynamics simulations

at high temperatures comprising the glass, SCL, and melt states.
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CHAPTER 2 — EXPERIMENTAL METHODS

2.1. Samples Syntheses
I. PS Glass Sample

PbSiOz (PS) glass was prepared by standard splat quench method in a 100 g batch made
from ground SiO (Vitrovita, Brazil) and Pb3O4 (Sigma-Aldrich, USA), further annealed close to
the glass transition temperature (Tq) and slowly cooled to release residual stresses. The estimation
of Ty~ 682 K was performed by differential scanning calorimetry (DSC) in a Netzsch 404
equipment at a heating rate of 10 K/min from room temperature to 1073 K, using Pt—Rh crucibles
as reference (LaMaV, Brazil). Figure 2.1 illustrates the DSC curve for the PS glass marking the
respective Tg and Tm temperatures, which are in good agreement with the literature [77, 113-118].

More details regarding the crystallization temperatures (T¢) are provided in Chapter 5.
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Figure 2.1.: DSC curve for the PS glass at a 10 K/min heating rate. Data kindly provided by Msc. Ricardo
Lancelotti.

The chemical composition was evaluated by electron probe microanalysis (EPMA) on a
JEOL JXA8230 5-WDS using a 15 nA current and 15 kV voltage on a 1 um spot size at ten
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different points. The sample had a homogeneous composition, averaging 49.7 mol.% SiO> and

50.3 mol.% PbO, with the estimated uncertainty to the first decimal place.
Il. Cobalt-Doped PS Glass Samples

A set of cobalt-doped glasses in batches of 5 g each were prepared in partial substitution
to the lead (CoxPb1.xSiO3). In addition to the aforementioned reagents, CoO (Sigma-Aldrich, USA)
was used. Under the same experimental conditions, T4°5¢ was found to decrease with the cobalt
content down to 677 K for the highest doping concentration (not shown). The stoichiometries were
evaluated similarly to the undoped PS glass, for which the average compositions and the related
nomenclature herein applied are listed in Table 2.1. Trace contamination comprised metals such

as Cr, Cu, Ni, and Fe, which together accounted for the remaining 0.2 mol.%.

Table 2.1: Chemical compositions of the Co-doped PS glass samples.

Nomenclature CoO (mol.%) PbO (mol.%) SiO2 (mol.%)
PSCo00.2 0.2 49.8 49.8
PSC00.5 0.5 50.2 49.1
PSCol.1 11 48.8 49.8
PSCol.5 15 48.7 49.6
PSCo2.1 2.1 48.7 49.1
PSCo02.6 2.6 48.5 48.7

2.2. Raman Spectroscopy
I. Instrumental Description

Raman spectrometer setup comprises mainly a laser beam as a light source; a diffraction
grating as a wavelength selector; a Charge Coupled Device radiation detector, and a computer
where the signal is processed and read [87]. In a micro-Raman spectrometer, the monochromatic
excitation light is focused on a probed sample through a microscope objective, the backscattered
light is collected and filtered by a prechromator and interference filters to cut the Rayleigh
scattering. The remaining light is diffracted by a diffraction grating and then collected on a Charge
Coupled Device detector, this last cooled by the Peltier effect. In this thesis, measurements were
obtained through the micro-Raman spectrometers LabRAM Aramis (ILM-France) or a LabRAM
HR (ILM-France and GEOR-Brazil), equipments from Horiba Jobin Yvon.

LabRAM Aramis spectrometer is equipped with an edge filter, enabling the Stokes
measurement from around 100 cm™2. In the case of the LabRAM HR, a super-notch filter enables
the Stokes measurements from ~10 cm™. The excitation light wavelengths used in this thesis
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comprised 433 nm (blue), 532 nm (green), and 633 nm (red) laser sources. Diffraction gratings
applied were 600, 1800, or 2400 slits/mm, based on the spectral resolution required.

Extreme condition Raman measurements were conducted independently under high
pressure and high temperature, then achieved through different stages. Pressures up to 23 GPa
were attained in a diamond anvil cell (DAC), addressed in detail in section 2.3. Temperature
measurements up to 1000 K were performed in a Linkan TS1500 micro furnace. More details
regarding the specific spectral acquisition conditions and the applied protocols are available in
each chapter.

Il. Spectral Analysis

Quantitative spectral analysis of the high-wavenumber spectral region (‘Q" envelope’) was
alternatively performed by the determination of the one-parameter barycenter or the multiple
functions curve fit. The discussion below focuses on the glass spectra, even though the barycenter

was also used to track the overall crystallization process (Chapter 5).
A. Barycenter

The barycenter (y, ) was determined by integrating the Raman spectrum from 790 to 1200

cm?, the spectral region that corresponds to the vibrations of the different Q" units, and
subsequently estimating the wavenumber that separates the normalized integrated function and
therefore the Q" envelope into two parts of equal area, as schematically showed in Figure 2.1. This
one-parameter is the geometric mean, which reflects the simultaneous evolution of the line shape
and offset of the peak maximum. Similar analysis procedures has been applied in Raman
spectroscopic studies of other glass compositions in order to characterize the evolution of distinct
vibrational bands with pressure or temperature [119-121].

Noteworthy, due to the inherent integration process, the absolute barycenter value depends
on the grating and excitation wavelength used during the spectral acquisition, a fact that correlates
to the spectral resolution and the consequent number of points available for performing this

mathematical operation.
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Figure 2.2: Schematic of the barycenter
determination. (a) The raw Raman spectrum
in the range from 790 to 1200 cm(b) is
integrated and (c) area normalized. The
barycenter is the geometric mean, which
separates the envelope into two parts of
equal area.
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B. Q" Curve fit

Data were fit using the software Fityk (version 0.9.8) by applying the Nelder-Mead
Simplex fitting algorithm. Raw data was baseline corrected with a cubic function fit by selecting
the flat spectral region that precedes and follows the Q" envelope range. Besides improving the
overall fitting quality, such a baseline correction was reported to not affect the Q" distribution of
the PS glass [77].

In glasses, the curve fit of spectral broadbands without well-defined peaks such as the Q"
envelope is a model-dependent procedure, since the empirical analysis requires making
assumptions. The Q" evaluation is obtained by curve fitting a series of functions to model the
distinct Q" vibrational modes, where the number of fitted peaks and their shape might be physically
justifiable. The final quantification of a given Q" depends on the spectral relative intensity; peak
width; peak position; and the area ratio of the individual function to the total set of functions.
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Noteworthy, the number of fitted peaks in many glass systems is higher than the actual number of
Q" species [40].

Raman spectra of silicate glasses are classically curve-fit with Gaussian functions [122,
123]. Mysen et al.[124] assumed symmetric distribution and Gaussian line shapes. Preserving the
assumption of function symmetry, Efimov et al. [123] argued on the physical use of Lorentzian
functions and their linear combination, since their widths are associated with the phonon lifetime.
In support of the Gaussian function applied in their studies, Rossano and Mysen [125] attributed
such a line shape to the distribution of environments in the glass leading to a Gaussian distribution
of Lorentzian functions. The mathematical character of the applied components has recovered the
attention of the glass society recently, as approached in the investigations on alkali and alkaline
earth silicates [126-128].

2.3. High-Pressure Experiments

For performing high-pressure experiments, an investigated sample is immersed in a
pressure transmitting medium (PTM), which ideally distributes the exerted pressure
homogeneously through space. At a given point, the stress is described by a tensor such as:

Oxx Oxy Oxz
G =|%yx Oyy Oyz

Ozx Ozy Ozz

2.1)

Where o;; is the stress component oriented on the surface i directed upon j. The diagonal
components represent the normal stress, while the off-diagonal elements represent the shear stress
[129].

The hydrostatic condition sought vastly for these experiments means simultaneously that
there is no shear stress contribution and that the normal components show the same magnitude. In
other words, the stress is directed toward the sample surface and is spatially the same. One can
simply define the mean pressure P as the average of the three normal stress components:

P =3 [0y + Oyy + 0] (2.2)
Where the sum in the square brackets is the trace of the stress tensor, with o, = 0, = 0.
The hydrostatic mean pressure is a thermodynamic parameter, and the results obtained under such
conditions are intrinsic material properties that can be compared with simulations [130].
Figure 2.2 illustrates different high-pressure apparatuses evidencing the compromise

between the sample volumes and the maximum attained pressures. Once pressure is defined by the
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force perpendicularly applied to the surface per unit area, the smaller the surface of application

and the sample sizes, the higher the achieved pressures.
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Figure 2.3.: Different high-pressure apparatuses evidencing its sample size requirements and maximal
pressures. Illustration kindly provided by Dr. Alfonso San Miguel.

Optical experiments performed in Diamond Anvil Cell (DAC) rely on the diamond
hardness and fair transparency to light in the visible spectral range, which enables in-situ
characterizations in an extensive pressure range. The disadvantage comes from the sample size
(~1.10° mm®) which makes it impracticable to determine macroscopic properties (e.g., density,

refractive index, mechanical properties, etc.).

I. DAC Apparatus

A comprehensive review addressing DAC apparatuses is presented therein [131].
Conventional preparation of DACs involves initially indenting and drilling a metal gasket that will
remain between the diamonds. Above one of the diamond faces, the gasket chamber is then loaded
with (i) the probed sample; (ii) a PTM; and (iii) a pressure calibration sensor, as displayed in Figure

2.3. The other diamond closes hermetically the system.
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Figure 2.4.: Schematic of the DAC apparatus. Illustration kindly provided by MSc. Valentin Laurent.

As aforementioned described, PTM is the medium responsible for distributing the uniaxial
force exerted by the diamonds through the volume, ideally in hydrostatic conditions. The
comparison between the hydrostaticity of 11 different PTMs is presented therein [130]. A selected
PTM may influence the experiment in two different ways. Firstly, the effect of its nonzero shear
stress beyond its hydrostatic limit can anticipate glass densification [132]. Secondly, any eventual
parasitic media signal can coincide with that of the probed sample. In the case of the widespread
4:1 methanol-ethanol alcohol solution, it presents characteristic Raman modes centered at room
conditions on 882 and 1032 cm, further discussed in the next section. These parasitic bands
preclude an in-situ characterization of the high-wavenumber region of PS glass but can be applied
in ex-situ measurements in the same spectral range since these alcohols evaporate when the DAC
apparatus is opened.

In its turn, a pressure calibration sensor allows the determination of the accurate pressure
in the DAC. Historically, the photoluminescence (PL) of ruby has been the classical pressure-
calibrating sensor applied in these sorts of experiments, due to its intense signal and remarkably
high pressure coefficient. In experiments where its application is not feasible, further alternatives
have been sought over the years, relying mainly on PL properties of different materials [133, 134].
We have pursued the selection of new candidates to study in-situ the cobalt-doped PS glass, whose
PL lies about the same spectral position as these alternatives (~700 nm). The loading of the DAC
with these alternative pressure calibrants was applied solely in Chapter 7, but because of the
interesting insights into the main constituents of DAC, it is discussed in detail below.
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2.4. Pressure Calibrant Candidates

In this section, we discuss the classical ruby calibrant method, and some alternatives
already present in a conventional DAC apparatus setup: the diamond and the PTM alcohol
solution. We have further considered silicon, routinely available in Raman laboratories as the

standard to calibrate the Raman wavenumbers at room conditions.
I. Ruby Luminescence Method

Since the early seventies, the PL property of ruby (Al.0s:Cr®*) enables an accurate and
powerful tool to calibrate the pressure in DAC apparatuses. Initially, the shift of the R lines in ruby
(Figure 2.5) were constrained to X-ray diffraction data of salt and metal standards. Forman,
Piermarini, and co-workers [135] were the first to report the linear shift of the R lines for pressures
up to 2.2 GPa. In a succeeding work using NaCl as the standard, these authors showed that the Ry

linearity held up to 19.5 GPa, presenting an angular coefficient estimated as 7.53 cm™/ GPa [136].

— Patmo
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Figure 2.5.: Ruby luminescence spectra at atmospheric pressure (Patmo) and under high-pressure (P>Patmo)
evidencing the R; and R lines.

As the pressure reached in DACs gradually increased, further works reexamined the shift
of the Ry ruby line in a wider pressure range. Over the years, the works of Mao and co-workers
were particularly relevant [137, 138]. In their first contribution, Mao et al. [137] extended the ruby
scale calibration to 100 GPa, then determined by comparison with metal standards (Cu, Mo, Pd,

and Ag), both immersed in a 4:1 methanol-ethanol as the PTM, obtaining:

40



p= g[(%)B - 1] (GPa) 2.3)

Where A is the measured peak wavelength of the ruby Ri line, Ao = 694.24 nm is the zero-pressure
value at 298 K, and A = 1904 and B =5 are the obtained fitting parameters. From this calibration,
a deviation from the linearity is negligible below 20 GPa, whereas a linear extrapolation would
overestimate the pressure values under higher pressures [131]. A few years later, Mao et al. [138]
repeated their ruby calibration in an argon media up to 80 GPa, using copper and silver standards,
and determined for the Eq. (2.3) fit parameters of A = 1904 GPa and B = 7.665. For many years,
this last calibration in quasi-hydrostatic conditions was the ruby pressure standard.

One of the most recent works was published by Chijioke et al. [139] considering pressures
up to 150 GPa. These authors provided a detailed list of ruby pressure scales, analyzing their
predecessors critically. For their calibration, they fitted two sets in the literature [140, 141], and
their data, which was obtained in quasi-hydrostatic conditions applying hydrogen and helium, and
constrained to metal standards requiring minor thermal corrections. Their fit parameters for the
Eq.(2.3), were A = 1876 and B = 10.71 [139]. In 2020, an internationally accepted ruby gauge up
to 150 GPa was established [142], accounting on the non-linear evolution of the Ry ruby line

according to:

P = 1870 (%) [1+5.63 (%)] (GPa) (2.4)

Il. Diamond

Hanfland et al. [143] were the pioneers to propose the use of the first-order Raman mode
of diamond (v, =1333 cm™) as a pressure calibrant for experiments running in DACs. In loading

with water as the PTM, these authors observed at the center of the diamond culet a linear shift up
to 30 GPa with Z—; = 2.33+£0.01 cm™t.GPa™1. Because of their relatively low pressure coefficient
to previous Raman studies performed to 2.5 GPa [144, 145], they repeated their calibration up to
40 GPa, then applying xenon as the PTM. They updated the diamond pressure coefficient to 3_1: =

2.90 £0.05 cm™1. GPa~! [146]

A comparable pressure coefficient was contemporary reported by Boppart et al. [147], who
carried their calibration up to 30 GPa by placing diamond samples into the DAC in loadings with
av

hydrogen, argon, and xenon. These authors reported a pressure coefficient of T
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2.87 £0.10 cm™1.GPa™?, arguing that diamond plates do not show wavenumber dependence with
the probed position in contrast to the diamond composing the DAC. Tardieu et al. [148] went one
step further, analyzing at simultaneous high P—T conditions up to 15 GPa and 673 K, the shift of
the first-order Raman mode of diamond samples immersed in a 4:1 methanol-ethanol PTM. These

authors found decoupled effects of pressure and temperature on the phonon evolution, reporting a

. - . . ad
relatively low pressure coefficient in contrast to their  predecessors (a—;=

2.64+0.10 cm~L. GPa™! )

Foreseeing the diamond as the calibrant sensor under pressures where the Ri ruby
calibration no longer applies, recent studies extended the pressure gauge obtaining non-linear

pressure coefficients of the diamond first-order Raman mode in this range [149-155].

I1l. Methanol-Ethanol Solution

A. Literature Review

Either methanol or ethanol alcohols crystallize at low pressures [156], whereas the 4:1
mixture of these alcohols is reported to vitrify at 10.5+0.5 GPa, presenting hydrostaticity up to this
pressure and quasi-hydrostaticity above [130]. Previous studies reported in the literature have
described the pressure evolution of this alcohol solution in the pressure range up to 6 GPa [157,
158], despite its potential to be applied as a PTM and pressure calibrant at higher pressure ranges.

Lemos et al. [157] observed the pressure evolution of the first-order Raman modes centered
at room conditions on 882 cm™, 1032 cm™, and 1454 cm™. These peaks are respectively attributed

to the stretching modes of C-C in methanol; C-O in ethanol and asymmetric bending of CHz in

methanol. A linear evolution was reported for the peaks initially at 882 cm? (3_1::

43 cm™1 /GPa) and 1454 cm (Z—; =55cm™! /GPa), whereas the peak at 1032 cm™ was fitted

as a quadratic function. Singh et al. [158] reexamined the pressure evolution of this alcohol
solution focusing on the spectral range between 1400 and 1600 cm™. For the Raman mode initially

centered on 1454 cm™, these authors reported a pressure coefficient lower than their predecessor

(5 =44%07cm™ /GPa).
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B. Experiment

For extending the pressure range for the 4.1 methanol-ethanol calibration, we charged the
DAC with multiple ruby chips and the aforementioned alcohol mixture. The ruby luminescence
method enabled the pressure determination in-situ, then calibrated by Mao and Bell adjust [138].

Figure 2.6 displays the in-situ Raman spectra obtained up to 19+1 GPa.

P (in GPa)
19+1

T — e
A_,.—\____Ni'_l___
s 14.4+0.5

e 12.9:0.5

o TN 10.7+0.5

o~ NN 0.6:0.1

A~ TN 8.3+0.1

— SN 7.20.1

B e N 6.1+0.1
o~ T 5.0+0.1
o~ T 4.0:0.1
A~ SN 2.1+0.1

1.0£0.1
e e . Patmo

L L 1 L 1 L 1 L L
800 850 900 950 1000 1050 1100 1150 1200

Intensity (a.u.)

Wavenumber (cm™)

Figure 2.6: In-situ Raman spectra of the 4:1 methanol ethanol solution as a function of the pressure (P).

The spectra were baseline corrected and curve fit into four Gaussian functions (Figure 2.7a
and Figure 2.7b), which among Gaussian, Lorentzian, and Pseudo-Voight functions provided the
best fit over the full pressure range. At room conditions, the vibrational modes in the high-
wavenumber region are centered on 883, 1032, 1095, and 1158 cm™ and respectively attributed to
the C-C stretching in ethanol; C-O stretching in methanol, and to two CH3 rocking modes, from
the contribution of both, methanol and ethanol [156]. For calibration purposes, we focused the
analyses on the center position evolution of the two more intense peaks (Figure 2.5¢). The red and
green lines show the Lemos et al. [157] fit, which presents a good agreement with our experimental
data up to 6 GPa.

These two more intense peaks were fitted by:
v=883+4.5P —0.07 P? (cm™) (2.5)
Due to the C-C stretching peak in ethanol and:
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y=1032 + 3.6 P — 0.04 P2 (cm™ ) (2.6)

Due to the C-O stretching peak in methanol, with the pressure expressed in GPa.
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Figure 2.7: Raman spectra and Gaussian curve fit of the 4:1 methanol ethanol at (a) atmospheric pressure
(Patmo) and (b) 1941 GPa; (c) center position evolution for the C-O and C-C stretching modes as a function of
the pressure (P). The dashed line indicates the hydrostatic limit of the alcohol solution.

IV. Silicon

Besides the well-established ruby luminescence method [136], Piermarini et al. worked on
the pressure calibration by other luminescent means [133] and semiconductors such as silicon and
GaP [159]. Disposing silicon monocrystals in a DAC, along with ruby chips and a 4-1 methanol-
ethanol solution as the PTM, they observed in-situ the pressure evolution of the first-order Raman
modes of Si up to 12.5 GPa, which shifted without change in the spectral line shape following
[159]:

v=>519.5+52P —0.07 P? (cm™1) 2.7
Where P is the pressure expressed in GPa, and the uncertainties are in the last decimal place.

At 12.5 GPa, these authors described a permanent first-order phase irreversible transition
into a highly opaque phase, evidenced by an evident decrease in the Raman intensity. Two decades
later, the same investigation was repeated by Mernagh et al. [160], who found reproducible results

within the uncertainties but the phase transition at around 14 GPa.

V. Pressure Coefficient Comparison

According to Barnett et al. [133], some relevant criteria for a pressure sensor candidate

comprise: the position of the peak in contrast to the probed sample spectrum; low or high
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continuum background; spectral intensity; pressure coefficient; temperature coefficient; spectral
linewidth, etc.

Among these criteria, we will focus primarily on the pressure coefficient at room
temperature, which plays an important role in the pressure calibration sensibility. Figure 2.8
illustrates the pressure coefficient for ruby, diamond, silicon, and the two more intense peaks in
4:1 methanol-ethanol solution as a function of the pressure up to 19 GPa. In this pressure range,
we can treat as linear either the ruby [136] and diamond [146] shift, whereas the other coefficients
were derived from Eq. (2.5) to (2.7). Notably, we observe that ruby presents the highest pressure
coefficient, whereas the efficiency of the other candidates for pressure calibrants depends on the
pressure range:

A. Up to 12.5 ~14 GPa: silicon presents as the best alternative among the candidates, displaying

not only the highest pressure-coefficient but also a single and intense first-order Raman peak
whose shape remains about the same up to the pressure-induced phase transition.

B. Above 12.5 ~ 14 GPa: the resulting silicon high-pressure phase does not present any Raman-

active vibration, whereas diamond presents the highest pressure coefficients among the candidates,
being a suitable choice as a pressure calibrant in this range.

9 -

8 -

7r == -+ Ruby

F Diamond

6F 4:1 methanol-ethanol
% 4:1 methanol-ethanol
= 5 —_— S
©

4

3L

2 -

1 N 1 N 1 N 1 N 1 N 1 1 1 1 1

2 4 6 8 10 12 14 16 18
Pressure, P (GPa)

Figure 2.8: Pressure coefficient for ruby, diamond, the two more intense peaks in 4:1 methanol-ethanol solution,
and silicon as a function of the pressure (P).
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CHAPTER 3 — EX-SITU MEASUREMENTS: THE DENSIFIED GLASS STRUCTURE

3.1. Introduction

The effect of high pressure on the glasses manifests in enhancing their density, refractive
index, and mechanic properties. Microscopically, may modify the SRO and MRO in the glass
structure, evidencing changes to coordination number; cation-oxygen bond lengths and angles;
network polymerization; and ring statistics

To the best of our knowledge, previous to the works related to this thesis, the only high-
pressure study of the PbO-SiO> glass was conducted by Yoshimoto et al. [161] focusing on the
mechanical properties. They indicated an increase in the hardness and Young’s modulus driven by
the hot-densification of PbO-SiO> glasses with compositions ranging from 33 to 67 mol.% PbO.
According to these authors, pressure treatment under 6 GPa and 0.75*Tq resulted in network
depolymerization, as probed by infrared spectroscopy. Densification rates decreased
monotonically with PbO content, whereas Young’s modulus and hardness were reported to display
a minimum at the metasilicate composition at a 2.6% densification ratio. Despite the great picture
of the general pressure effect as a function of the glass composition, this study underexplored the
variable pressure at a given glass composition.

We present here our analysis addressing the structure of the densified lead silicate glass as
recently published in our article entitled “High-Pressure Plastic Deformation of Lead Metasilicate
Glass Accessed by Raman Spectroscopy: Insights into the Q" distribution” [162]. In this study, a
set of glasses submitted to different maximum pressures (Pmax) in a DAC was probed ex-situ by
Raman spectroscopy. Such an investigation enabled to determine the elastic deformation limit and
permanent structural modifications regarding the Q" distribution. In this chapter, we advance one
step further by inspecting the mathematical character of the components applied to curve fit the
Si-0 stretching region of the Raman spectra. Albeit the broadband shape, we notice a low degree
of Gaussian-Lorentzian (G-L) mixing to Q* and essentially the same Q" evolution trend as reported
in Ref. [162].

3.2. Experimental Procedures

Stainless steel gaskets were indented and drilled, resulting in chambers with a ~50 pum

height and 200 um diameter. In each run, a Chervin-type DAC was loaded with PS samples, ruby
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chips as a pressure sensor, and a 4:1 methanol-ethanol mixture as the PTM. The Ri ruby
fluorescence line of Cr®* excited with a 633 nm laser enabled the pressure determination in-situ
[138]. The pressure was incremented up to a maximum pressure (Pmax) in a compression-
decompression cycle. Eight distinct PS glass pieces were compressed to the following Pmax: 4.1
GPa; 5.7 GPa; 9.9 GPa; 12.6 GPa; 14.3 GPa; 15.5 GPa; 20 GPa and 23 GPa. The pressure
uncertainties inside the DAC were estimated to be £0.1 GPa within the hydrostatic pressure region,
+0.5 GPa up to 16 GPa, and +1 GPa above 16 GPa. Raman spectra were acquired at room
conditions after the pressure treatment.

Raman measurements were taken using a LabRAM Aramis micro-Raman spectrometer
(ILM, France) from Horiba Jobin Yvon with a 473 nm laser wavelength as an excitation source.
The Raman spectra were collected ex-situ for each of the densified PS glass samples using the
2400 slits/mm grating between 600 and 1300 cm™. Each spectrum is an average of five
measurements of 300 seconds of accumulation time. Quantitative analyses were carried out
considering the high-wavenumber region of the Raman spectra, performed independently by the
barycenter determination or the Q" curve fit. In the second section, the Q" analysis was performed
with Gaussian functions by systematically adjusting or holding constant the peak centers and
width, as presented therein [162]. In the third section, G-L mixing was allowed and the function

parameters were let to vary.

3.3. Results and Discussions

Figure 3.1 shows the high-wavenumber region of the Raman spectra of densified PS
glasses. This spectral region is assigned to the symmetric Si-O stretching vibrations [77]. The
spectra show a broad envelope, which shifts to lower wavenumbers with increasing Pmax. Similar
results using infrared spectroscopy were reported on 2.6% densified PS glasses released from 6
GPa and ~500 K [161].

The discussion is divided into four sections: In the first, the modifications on the high-
wavenumber envelope are described by the on-parameter barycenter (y, ), providing an estimation
of the elastic and saturation limits. The second part describes the curve fit modeling of the Q"
species with multiple Gaussian functions, systematically adjusting or holding constant the peak
centers and widths from Sampaio’s model [77]. In the third section, the curve fit procedure is

repeated relaxing the Gaussian assumption by testing Pseudo-Voigt functions and hence allowing
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the G-L character to vary. Finally, we present the structural modifications manifesting by network
depolymerization, with an increase in the NBO proportion, as derived by the ensemble of curve fit

procedures.
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Figure 3.1: High-wavenumber Raman spectra of permanently densified PS samples. The dashed line marks the
barycenter at atmospheric pressure. Adapted from Pena et al.,2021 [162].

I. Barycenter evolution: Elastic and Plastic Limits
Initially, we analyze the evolution of the high-wavenumber Raman envelope by
determining their barycenter (Xb)- This one-parameter unveils three important trends for the

densified PS samples:
Q) For uncompressed PS glass: y, remains invariant for the sample recovered up to ~4

GPa;
(i)  Above 4 GPa: the compression induces a progressive decrease in y,

(iif)  Around 20 GPa: the shift in y, stops.

In the range of Pmax between 4 and 20 GPa, the y, shifts toward lower wavenumbers along

with a subtle change in the envelope shape is an indication of depolymerization as the more

polymerized Q" species would shift y, to the higher wavenumbers [23, 77]. Such a proposition

will be verified in the next sections.
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Figure 3.2: Barycenter of the high-wavenumber Raman region as a function of the maximum pressure (Pmax).
An exponential decay function (red line) fits the experimental points (black circles), while a horizontal line
marks the uncompressed value. Adapted from Pena et al.,2021 [162].

We define two pressure limits hereinafter referred to as elastic and saturation limits.
According to the sensibility of the applied probe, the elastic limit corresponds to the maximum
pressure below which the system can recover its initial state once returned to ambient conditions.
Above the elastic limit, irreversible structural modifications and permanent densification occur up
to Pmax where higher compression loadings at room conditions do not induce further permanent

structural changes on the densified glass, marking then the saturation limit. The y, behavior

indicates that the elastic limit of the lead metasilicate glass is about 4 GPa, whereas the saturation
limit is around 20 GPa (Figure 3.2). Brillouin spectroscopy corroborates these limits as reported
therein [163]. We highlight the potential of spectroscopic means in determining the elastic limit
either by exploring pressure-sensitive properties and/or by SRO and MRO structural description.

The elastic limit of PS glass is low when compared to vitreous silica and other silicate
glasses. Regarding vitreous silica, its elastic limit is estimated at around ~9 GPa, at room
temperature and under hydrostatic conditions [164-170]. Above 9 GPa, the retrieved glass shows
permanent densification [165], with a densification rate that varies gradually with Pmax, reaching
up to 21% at 25 GPa, where it saturates [164-166, 168-170]. In soda-lime silicate glass, containing
SiO2 (72 mol.%), Na2O (15 mol.%), and CaO (8 mol.%), the elastic limit lies around 7 GPa as
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above this pressure, an increase of Q? at the expense of Q® tetrahedra has been observed [171].
Li>Si2Os glass also presents a comparable elastic limit, once drastic changes in the radial
distribution function were observed for samples cold densified at 7.7 GPa [172]. Besides, pressure-
induced modification of the Q" distribution was also inferred from XPS measurements [173].
Under hydrostatic pressure, a glass composed of SiO2 (80 wt.%), CaO (6 wt.%), MgO (5 wt.%),
and Na2O (5 wt.%) shows irreversible compaction beyond 8 GPa [174]. In a nominal
MgsAl2SizO12 glass, the elastic limit was determined to be 6 GPa. Above this pressure, the Al
coordination number increases, whereas the presence of highly coordinated Si species is negligible
[175].

The compaction mechanism of vitreous silica involves a narrowing of the inter-tetrahedral
angle in the elastic regime [166, 167, 170], in such a way that the SRO remains preserved, without
significant changes in the Si-O distances and tetrahedral O-Si-O angles [167]. Meanwhile, as the
pressure increases into the plastic regime, the coordination is reported to gradually change, from
VSi to VSi, and then to V'Si [167, 170, 176-179]. The densified vitreous silica recovers its SRO
original features ('"VSi coordination, tetrahedral O-Si-O angle distribution [167]), but presents
modification in MRO, with a decrease in the Si-O-Si angle distribution [180], which brings the Si-
Si nearest neighbors closer to each other by decreasing the void space. In multicomponent silicate
glasses, the permanent structural modifications due to high pressure affect the SRO by partially
irreversible VSi and V'Si (and related modifier cation) coordination, affecting the M-O bond
distance and inter-polyhedral angles, further modifying the Q" distribution population [120, 171,
175, 181-185].

In contrast to vitreous silica, the PS glass exhibits a more compact and depolymerized
structure. Kohara et al. [64] estimated that the total volume occupied by the voids in vitreous silica
is 31.9%, while in PS glasses it amounts to 11.3%. In fact, Yoshimoto et al. [161] observed a
decrease in the densification rate with the increasing PbO content at fixed compression conditions
(6 GPa and 0.75*Tg). The authors argued that this behavior is linked to the difficulty in
accommodating large Pb?* ions into the atomic scale voids within the silica glass network. This
argument is consistent with the decrease in the inter-tetrahedral (Si-O-Si) angle playing a role in
the densification mechanism, and the progressive decrease in the elastic limit at higher lead
contents, as observed from vitreous silica to PS glass. To our knowledge, PS glass shows the lowest

probed elastic limit in the literature, likely due to its dense packing and low void space.
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The PS glass densification mechanisms are investigated in detail in Chapter 4. We
anticipate that its correlation to the pressure-induced mechanisms occurring in vitreous silica is
not straightforward. Noteworthy, vitreous silica presents ideally a completely polymerized, Q*
structure, whereas the PS structure contains mostly Q? tetrahedra, with a great number of NBOs.
Further complexity comes from the addition of lead cations, which in this composition is indicated
to already present a sub-network, such that some lead cations act as modifiers while a small portion

might play the role of network formers.
Il. Q" Curve Fit: The Gaussian Line Shape

In this section, we apply the curve fit model developed by Sampaio et al. [77]. This model
was structurally consistent with molecular dynamics simulations and fits the high-wavenumber
Raman envelope using six Gaussian components corresponding to Q° Q?, Q? Q3 Q* and Q*
contributions (Figure 3.4a). Given the new developments addressing the Q" line shapes, the
assumption of Gaussian functions could be attributed either to the high lead content or to the
broader Si-O-Si angle distribution of this glass [77, 80]. For quantifying the Q" species as a
function of the Pmax, we further assumed no new peaks should be added as none are observed in
the spectra and that the relative cross-sections for the Raman scattering do not change for the
compressed samples. The cross-section is associated with the modulation magnitude of the
electronic polarizability, and hence the perceived intensity of vibration. These assumptions are
more easily enforced, whether the fundamental SiO4 tetrahedral geometry is preserved after
releasing the high-pressure [186]. Except for the Gaussian lineshape constraint, the ensemble of

assumptions also holds for the next section where the G-L mixing will be allowed.

Table 3.1: Center position and half width at half maximum (HWHM) parameters for the curve fit of the high-
wavenumber Raman spectra of PS glasses at room temperature. Adapted from Sampaio et al.,2018 [77].

Center Position (cm™) HWHM (cm™)
QO 847 26.0
Q! 897 36.5
Q? 955 39.0
Q3 1001 26.5
Q¥ 1043 39.5
Q! 1103 51.5

Gaussian parameters determined by Sampaio et al. [77] at room temperature are presented
in Table 3.1. For each of the analyses, this set is used as initial values, holding the center position
and half width at half maximum (HWHM) either as a constant or as a variable. Where left variable,
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the variation of the peak center was constrained to Av = +2 cm™, and the AHWHM was constrained
to +0.1 cm™. These parameters may affect the area under a given Gaussian component, directly as
the width may vary, or indirectly as the center position varies, once the spectral intensity is a
function of the wavenumber. For clarity, each fitting procedure is listed in Table 3.2, where, for
example, the ‘P1’ procedure uses constant parameters, whereas procedure ‘P4’ allowed both

parameters to vary.

Table 3.2: Distinct procedures applied for performing the Q" curve fit holding the center position and half width at
half maximum (FWHM) either as a constant or as a variable. Retrieved from Pena et al.,2021[162].

Center Position HWHM
P1 Constant Constant
P2 Variable Constant
P3 Constant Variable
P4 Variable Variable

Figure 3.3 illustrates the contribution of each of the altered Gaussian parameters over the
total Q" quantification. We observe unsatisfactory results for the procedure “P3”, where only the
width was let to vary to fit the pressure-induced data, which naturally presents some center-shift,
as pictures the barycenter position that displaces up to ~ 8 cm™. Comparing the outcomes of each
procedure, we note that the P2 procedure shows deviations in the estimation of Q*, whereas the P3
procedure underestimates the Q? population, and delivers worse agreement with the Q* and Q°
population. The P1 and P4 procedures display the same trends, where both the Q° and Q!
populations increase slightly, whereas Q* decreases modestly and Q? remains about the same still
configuring the dominant structural unit. More interestingly, as the Pmax increases, the Q* is
favored over the Q2 units. Due to their link with the Pb-Si pair correlation function, the P1 and P4
results suggest that pressure brings Pb closer to Si by converting part of the Q3 to Q*" units, while

Q3,, decreases.
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Figure 3.3: (a) Q" population curve fit of the uncompressed PS glass (Patmo) and the evolution of (b) Q°; (c) Q*;
(d) Q% (e) Q% and Q%’; (H Q°tot and (g) Q* as a function of the maximum pressure (Pmax) obtained using the four
distinct procedures (Table 2). The horizontal lines mark the population average for each Q"at Patmo. Uncertainty
in the Q" population evaluation is estimated as # 1% (not shown). Adapted from Pena et al., 2021 [162].

lll. Q" Curve Fit: The Gaussian-Lorentzian Line Shape

Since 2018, there are new developments in the literature concerning the curve fit of the Si-
O stretching region into multiple components, either applying Voigt [126] or Pseudo-Voigt
functions [127, 128]. These studies [126-128] consider the G-L mixing nature of Q" bands,
covering a large range of alkaline-earth glasses with different Li, Na, K, Rb, Cs, or K content.

According to Ref. [126], a factor influencing the Lorentzian character and the component function
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width could be the variation in the O-Si-O angles. Once the O-Si-O angle closure is an important
mechanism leading to the glass densification, we re-evaluated our entire data using two new fit
procedures, denoted below as P5 and P6.

In the wavenumber domain, the aforementioned mixing occurs mathematically in different
ways, represented in the Voigt function as a convolution (multiplication), whereas in Pseudo-Voigt
functions is due to a linear combination (sum) of these characters. We carried on analyses with the
latter function, as the linear combination leads to a more physical comprehension of the G-L
mixing of the functions, providing an easy criterion to extend Sampaio’s fit model [77], and
compare the set of parameters, as well as their outcomes. The Gaussian, Lorentzian, and Pseudo-

Voigt functions are in Fityk built-in function form respectively as:

_ 2
y(height, center, hwhm) = height.exp [—ln(Z) (x Center) ] (3.1)

hwhm

y(height, center, hwhm) = % (3.2

(x—center)
hwhm

_ 2
y(height, center, hwhm, shape) = height {(1 — shape).exp [— In(2) (x hﬁ:;fr) ] + (jff::ier)z} (3.3
hwhm

For Eq. (3.3), shape = 0 recovers the Gaussian and shape = 1 the Lorentzian characters. Any
value between these limits indicates a linear combination of these functions to the Pseudo-Voigt
profile. Note that the procedures performed previously with a Gaussian function given by Eq.(3.1)
are mathematically equivalent to allowing the center and the width to vary in Eqg. (3.3), holding
constant the shape = 0.

Proceeding with P5, we relax the Gaussian character assumption for the Q" (n=1-3")
components. Noteworthy, Q* is constrained as a Gaussian function even in these studies allowing
the G-L mixing [126-128]. In this turn, the center position, width, and function shape were allowed
to vary simultaneously. The constraints were settled as Av = + 2 cm™ for the center position, and
AHWHM = +2 cm? for the width; the initial shape was set as zero, with a A Shape in the [0,1]
interval. Different from the four procedures applied in the previous section, here the AHWHM
constraints to all the components were more relaxed because the Gaussian linewidths are
characteristically wider than those reported therein [126-128]. To the best of our knowledge, the

open-source Fityk software does not allow restrictions to the final parameter that is left to vary.
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Hence, we obtained small negative values to the shape of some Q" units, which definitively have

no physical meaning, as highlighted in the shaded forbidden region in Figure 3.4.
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Figure 3.4: Shape Factor to the Q" unities as a function of the maximum pressure (Pmax) obtained by the P5
procedure.

Since center position, HWHM, and shape parameters were altogether left to vary in the P5
procedure, and the outcome values for shape were not physically reasonable, we were forced to
consider further constraints. Among the Q"s, we observed that the Q> mode presents the most
evidence for G-L mixing, albeit to a low degree, in agreement with the conclusion outlined in
Ref.[126]: “The Lorentzian character of the silicate peaks decreases with a decrease in Q" with n
= 3> 2> ]”. However, it would not yet explain whether there is mixing to Q* nor why it would
not apply to the Q® species. We repeated the curve fit through the P6 procedure, assuming Q* as
the only component which could show mixing. This time, the other components were set as
Gaussian functions while Q" was set as a Pseudo-Voigt function with an initial shape of 0.2,
further considering Av = +2 cm® for the center position, AHWHM = +2 cm! for the width, and a
A shape in the [0,1] interval.

Figure 3.5 illustrates the estimated shape parameters and the Q" population, contrasting the
results obtained with P4 and P6 procedures. Noteworthy, even relaxing the Gaussian assumption

we observe essentially the same evolution trend detailed in the previous section, and a shape factor
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averaging 0.15. The G-L mixing is notably low and means that the full set of Q" components in
lead metasilicate glass is likely to be Gaussian, as constrained by Sampaio et al.[77]. Such
outcomes provide more confidence for the multicomponent treatment of densified PS glass, and
also for curve fitting the in-situ Raman data by the straight application of Sampaio’s fit model

based on Gaussian functions.
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Figure 3.5: (a) Shape Factor to the Q" unity obtained by the P6 procedure and (b) Q" unities as a function of the
maximum pressure (Pmax). The dots symbolize the P4(empty) and P6 (spherical) procedures.

IV. Pressure-Induced Structural Modifications

Some studies on alkaline [181, 183] and alkaline-earth [184, 185] silicates under high-

pressure show that the Q" change follows the disproportionation reaction:
2Qn N Qn+1 + Qn—l (34)

This equation predicts that the consumption of two given Q" tetrahedra produces one
immediately more polymerized (Q™) and the other less polymerized (Q"™?) tetrahedra. In the case
of PS glass, one may expect the disproportionation reaction 2Q? - Q2,, + Q*, however, the full
set of curve-fit procedures is unanimous in showing no appreciable variation in the Q% population.
It is important to note that we observe a trend, although subtle, in the depolymerization where Q*
and Q3,, are ultimately converted to produce Q* and Q° species. It follows that the simple forms
of Eq. (3.4) do not hold in describing the Q" population modifications on the densified PS glass.
BO and NBO contents were extrapolated based on the assumption that these are the only oxygen

species in the glass, the same procedure was explicitly adopted in Ref.[187], to the NaO-SiO- glass
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system investigated by 2°Si NMR spectroscopy. The NBO content can be determined from the Q"
population:

NBO = 4Q° + 3Q + 2Q% + Q},; (3.5)
And the BO content as well:

BO =~ (Q + 202 + 3Q3, + 4Q*) (3.6)
Where Q3,, is the sum of the two distinct Q% and Q3" units. This extrapolation gives a picture of
the silicate lattice, providing BO and NBO proportions between them. Evaluation of PS at room

conditions indicates a 2% O content in the uncompressed glass [56]. However, these species are
not directly accessible from Raman spectroscopy data [73].
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Figure 3.6: Bridging oxygen and non-bridging oxygen proportion as a function of the maximum pressure (Pmax).
The dots symbolize the extrapolation by the P1(full-colored), P4 (empty), and P6 (spherical) procedures. The
error bar due to the uncertainty propagation in the proportions is estimated as #2% (not shown). Adapted from
Pena et al., 2021 [162].

Figure 3.6 illustrates the NBO and BO proportions with Pmax calculated by the three
different curve fit procedures. We observe that the P6 procedure delivers a more polymerized
uncompressed structure in relation to the P1 and P4 procedures, which we attribute to its intrinsic
overestimation of the Q32,, over the less polymerized tetrahedra. As a function of Pmax, we observe
that an increase in the proportion of NBO occurs at the expense of BO (Figure 3.7), leading to

network depolymerization. In line with the depolymerization reaction stated in Eq. (1.1), such
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occurrence implies not only the existence of free oxygen (O?) within the uncompressed glass
structure but also their consumption in the permanently densified glasses. Perhaps the saturation
limit at 20 GPa is related to the complete consumption of O within the glass structure.

From their IR spectra for hot-densified lead silicate glass, Yoshimoto et al.[161] reported
modification of the Si-O stretching envelope, with a shift of the maximum towards lower
wavenumbers, indicating also a possible silicon network depolymerization and overall NBO
increase for the entire 33 to 67 mol.% PbO composition range. This last fact is contrary to the trend
found in pressure-induced silicate glass with other compositions (e.g. sodium and aluminum),

where the overall NBO population is generally reported to decrease [181, 188-190].

3.4. Summary and Conclusions

Ex-situ Raman measurements at room temperature were performed in a set of PS glass
samples subjected to different Pmax covering a range up to 23 GPa. Such a procedure enabled the
determination of the elastic and saturation limits at 4 GPa and 20 GPa, respectively. The former is
low when contrasted to other silicate compositions, evidencing the more compact structure of the
PS glass as found in the literature.

For the densified glass, the barycenter evolution of the high-wavenumber region, attributed
to Si-O stretching modes, displays a shift toward lower wavenumbers, which can be associated
with network depolymerization with increasing Pmax. This conclusion was refined with the
spectral curve fit, giving a good estimation of the structural modifications of the Q" population that
was essentially the same applying Sampaio’s fit model, either with Gaussian functions or allowing
a Gaussian-Lorentzian mixing. Noteworthy, due to the high lead content and broad Si-O-Si angle
distribution of PS glass, the assumption of Gaussian shapes is justifiable and can be constrained
for the full set of Q" components.

Regarding the structural modifications: Q° and Q! populations were found to increase
slightly, densification favored the Q*" over the Q3 with an overall decrease in Q3,,, while Q2
remained about the same. We observed a silicon network depolymerization as a pressure-induced
effect as shown by an increase in the NBO proportion. These results are in opposite trend to those
reported for other silicate compositions, implying not only the existence but also the consumption

of free oxygen (O%) within the PS glass structure after a compression-decompression cycle.
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CHAPTER 4 - IN-SITU MEASUREMENTS: PS GLASS STRUCTURE UNDER PRESSURE

4.1. Introduction

It is long known that the structure of densified glass is not equivalent to the structure of the
glass under pressure; the intrinsic distinctions have justified the in-situ investigation of various
glass compositions upon compression. In 1986, the first in-situ Raman study of glasses under
pressure was performed by Hemley et al. [191] for vitreous silica compressed at room temperature
up to ~30 GPa. Over the years, later investigations addressed silica [106, 192, 193], and other glass
compositions [120, 184, 194-196].

For the PS glass, qualitative modifications on the low-wavenumber region applying 4:1
methanol-ethanol alcohol as the PTM comprised a combinatory in-situ Raman and Brillouin
spectroscopic investigation of ours, ultimately reported in The Journal of Non-Crystalline Solids
as “Normal to abnormal behavior of PbSiOs glass: a vibrational spectroscopy investigation under
high-pressure” [163]. To the best of our knowledge, this was the only spectroscopic study
performed for the PS glass under pressure, suggesting continuous pressure-induced modifications
of the lead coordination as indicated by the changes in the low wavenumber region of the Raman
spectra (Figure 4.1). This spectral region comprises three peaks: the BP, and two peaks initially
centered at 95 cm™ and 135 cm't, both assigned to Pb-O vibration.

At high pressures, in-situ Raman spectra displayed an inversion relationship to the intensity
of the low-wavenumber peaks: decreasing the BP intensity and increasing the peak centered at 95
cmt, gradually suppressing the 135 cm™ peak [163]. The decrease of the BP intensity with pressure
was also observed in other glass compositions [101, 103-106]. In light of the elastic heterogeneities
model proposed by Duval et al.[90], this effect on the BP is due to the reduction of the average
nanodomain size [101] and softening of the interface regions between the correlation domains
[103], decreasing the elastic constraints and hence homogenizing the glass network. Because of
the PbOs attribution of the Pb-O peaks [112], the observed spectral modifications suggested a
progressive change in the Pb environment possibly extending from minor deformation within the
tetragonal pyramids (e.g. Pb-O bond lengths and internal angles) to the formation of highly
coordinated PbOn polyhedra [163].
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Figure 4.1:Low-wavenumber Raman spectra of PS glass recorded in-situ as a function of pressure (P) in a
complete (a) compression and (b) decompression cycle, applying 4:1 methanol-ethanol solution as the PTM.
Retrieved from Pena et al, 2022 [163].

The PTM applied in our published high-pressure studies of PS glass was the 4:1 methanol
alcohol mixture, which has already enabled [162, 163]: (i) elastic and saturation pressure limits;
(ii) a picture of the depolymerization in densified PbSiOz obtained in multiple loadings; (iii) and
preliminary in-situ structural multiscale behaviors. Nevertheless, this alcohol solution presents
bands at room pressure centered on 883, 1035, 1095, and 1158 cm™ (as shown in Chapter 2),
precluding an in-situ description of the high-wavenumber region of PS glass.

In order to describe the in-situ modifications in the Si-O stretching modes, and related
pressure mechanisms leading to the depolymerization observed in the densified glass, we have
combined efforts from spectroscopic and simulation means. We performed in-situ Raman
measurements of PS glass under pressure, using as the PTM either nitrogen or argon gases in two
independent runs, and correlated them to completed molecular dynamics simulations performed
by our collaborators Dr. Adalberto Picinin and Dr. José Pedro Rino. These simulations referred to
as ‘our’ as a way to distinguish them from those available in the literature [197-200], extended
towards high-pressure the same potential reported therein [77].

This chapter is the basis for a future publication to be submitted to The Journal of Non-
Crystalline Solids, in an attempt to describe the pressure modifications on the different range
orders of the PS glass structure.
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4.2. Experimental and Simulation Procedures
I. Experimental Procedures

In-situ Raman spectra of PS glass under high pressure were acquired at room temperature
in independent loadings applying nitrogen or argon gas as the PTM. These gases require cryogenic
conditions for their condensing and trapping into the DAC. The R: ruby luminescence line of Cr*
enabled the pressure determination calibrated by Mao and Bell adjust [138]. In each run,
vibrational spectra were recorded for a complete compression-decompression cycle up to the
maximum pressure displayed in Table 4.1. At each pressure point, we performed the pressure
increment, waiting at least 10 minutes for pressure stabilization before recording the Raman
spectrum. Raman measurements were taken using a LabRAM HR micro-Raman spectrometer
(ILM, France) from Horiba Jobin Yvon with a 532 nm laser wavelength as an excitation source.
Each spectrum is an average of seven measurements of at least 60 seconds accumulation time in a
range window. This way, Raman spectra acquisitions took from seven to twenty-one minutes at

each pressure step.

Table 4.1: In-situ Raman Spectroscopy analysis for the PS glass performed with different PTM.

PTM Hydrostatic Limit [130] Maximum Pressure Recorded Interval
Nitrogen gas 10.0 GPa 21+1 GPa 800-1200 cm'?
Argon gas 10.0 GPa 20+1 GPa 5-1250 cm*!

The high-wavenumber region of the Raman spectra was alternatively analyzed by the
barycenter and the Q" curve fit. In the latter, the bands were fitted by Gaussian functions applying
Sampaio’s model [77]. Center position and HWHM there derived at room temperature, were
allowed to change iteratively at each pressure applying the same constraints as in procedure P4

(see page 51).
Il. MD Simulation Procedures

The algorithm of MD simulations consists of four main steps performed recurrently [201]:
(i) summing up all interatomic interactions for the atomic positions computing the system’s
potential energy; (ii) calculating the resultant force experienced by each atom via energy
differentiation; (iii) obtaining each atom’s acceleration from Newton’s law of motion; and (iv)
updating the atomic positions and velocities after a time step via numerical integration.

The simulated PS glass comprises a set of 15,000 particles (3000 Pb + 3000 Si + 9000 O

atoms), for which the effective interatomic potential and further technical details are described
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therein [77]. Our collaborators have kindly provided MD results for progressing the understanding
of the PS structure under pressure and extending the collaborative effort there published toward

high-pressure conditions.

4.3. Results and Discussions

The organization of this chapter is as follows: In the first section, we will describe the
evolution of the barycenter and general spectral modifications. In the second section, proceeding
with the spectral curve fit, we will derive the Q" evolution and contrast them to that obtained in
the simulations. Finally, the last section addresses some MD insights into the overall glass structure

under pressure.
l. Barycenter evolution

In-situ Raman measurements of the high-wavenumber spectral region were performed
through two independent runs, with the DAC loaded either with argon or nitrogen gas as the PTM.
Figure 4.2 illustrates the evolution of such spectral region for the argon gas loading, attributed to
symmetric Si-O stretching vibrations without any parasitic sign from the PTM. Similar spectral

evolution is obtained for the nitrogen loading.
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Figure 4.2: High-wavenumber Raman spectra of PS glass recorded in-situ as a function of pressure (P) in a
complete (a) compression and (b) decompression cycle, applying argon as the PTM.

Figure 4.3 presents the barycenter evolution in complete pressure cycles. We observe a
good agreement between the behavior obtained with nitrogen (empty dots) and argon (full-colored

dots). The barycenter displays expressive changes under pressure, presenting higher values for the
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compression than for the decompression path. The y, evolution upon compression suggests the

occurrence of important structural modifications, which cannot be fully attributed to anharmonic
effects. Then, the barycenter decreases monotonically upon decompression, reaching values lower
than the uncompressed glass once the pressure is released.

Ex-situ measurements guide some of the descriptions for the in-situ data, allowing us to
distinguish the pressure limit of ~ 4 GPa, which marks the transition from the elastic to the plastic

o1y

aP:5cm

regime. During the compression in the elastic regime, the envelope shifts linearly (
1 GPal), showing spectral features close to the uncompressed glass. Oppositely, in the plastic
regime, the envelope evolves with major changes in the line shape and minor band-shift, resulting
in a non-monotonic y, evolution that depends on the pressure range:

A. Up to 9.3 GPa: y, increases with pressure, as the high-wavenumber boundary moves toward

high wavenumbers, letting the envelope width slightly larger;

B. From 9.3 to 15 GPa: y, remains about the same, whereas the spectral lineshape evolves toward

a band symmetrization;

C. Above 15 GPa: y, increases again with pressure, as a result of a symmetric band that shifts

toward high wavenumbers with small or no modifications on the lineshape.
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Figure 4.3: Barycenter of the high-wavenumber region as a function of the pressure (P). The full-colored symbols
represent argon loading while the empty represent nitrogen gas. The dashed black line indicates the elastic limit.

Contrasting the ex-situ and in-situ displacements at 20 GPa, while in a densified glass the

barycenter shifts by —8 cm™ [162], the variation upon compression scales to +45 cm™. Given that
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the more polymerized Q" species correspond to the higher wavenumber modes [77, 162], these
opposite trends suggest the formation of an intermediate more-polymerized state under high-
pressure. In the decompression path, the envelope shifts toward the lower wavenumbers as the
pressure drops. These modifications suggest that the pressure-induced network depolymerization
reported in Chapter 3 takes place during the decompression, not necessarily by inverse

mechanisms of the compression.
Il. Curve fit: Raman and MD simulation

The correlation between the Raman experiment and MD simulation as a function of the
pressure is directly accessed through the Q" population, predicted independently by each method.
A curve fit of the high-wavenumber region was performed considering the compression path, for
which completed MD simulations developed by our collaborators can provide general structural
insights into the SRO and MRO structure. These results are here contrasted as a function of the
normalized pressure (P/P’), obtained by dividing the absolute pressures obtained in each method
(P) by their respective pressure elastic limit (P°), defined in the previous chapter (see page 48).
Vibrational means such as Raman and Brillouin spectroscopies estimate P’vig=4 GPa [162, 163].
Analogously, by analyzing the Q" distribution of simulated glass obtained after compression under
different maximum pressures (not shown), MD simulations presented P’mp=30 GPa.

Contrasting their results, as illustrated in Figure 4.4, Raman spectroscopy and MD
simulation appoint to a gradual polymerization upon compression in fair agreement with each other
and with the trend suggested by the barycenter in the previous section. Nonetheless, the curve
concavities and the absolute population between the experiment and simulation may differ. Despite
these distinctions, the uncompressed structure configured mostly as Q? tetrahedra evolves towards
that of Q® as the dominant tetrahedra at high pressure. More generally, the modifications comprise
a decrease in Q% Q?, and Q?, whereas the total Q® and Q* increase. For the experimental data, we
notice an overall underestimation of Q* by the curve fit under pressure, which we attribute to the
baseline compensation for removing the background signal due to the diamonds (vo =1333 cm™)
[120].
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Figure 4.4.: Q" evolution of PS glass upon compression obtained by combining Raman spectroscopy (spheres)
and MD simulations (squares). MD data was kindly provided by Dr. Adalberto Picinin.

Figure 4.5a illustrates the oxygen proportion extrapolated from the Q" population estimated
by the Raman curve fit and MD simulation indicating the conversion of NBO in BO upon
compression, which corroborates the silicate network polymerization. In the simulations, the
distinct oxygen populations were alternatively obtained limiting R, = 2.0 A, and inquiring about
the oxygen coordination, which ranged from zero to three silicon cations (Figure 4.5b). In its turn,
oxygen not connected to silicon is the so-called free oxygen (0?); the bonding to only one silicon
is NBO; whereas the bonding to two silicon cations is BO. Oxygen coordinated to three silicon
cations is called ‘tricluster’ and is inferred to account for charge balancing in other glass
compositions such as the aluminates [40, 202]. Strictly, the physical interpretation of these last
entities delivered by our simulations redundantly indicates a 3-fold clustering of silicon around the

oxygen atoms for coordination spheres of fixed radius centered on the oxygens.
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Figure 4.5.: (a) Proportion of bridging and non-bridging oxygen and (b) population of free oxygens and
triclusters as a function of the normalized pressure. MD data was kindly provided by Dr. Adalberto Picinin.

High-pressure MD simulations of depolymerized silicates available in the literature
indicate a progressive increase in BO at the expense of NBO, with a small but present triclusters
population in the structure [203-205]. Although the initial abundance of free-oxygens and
triclusters can correlate with the applied cooling rate of the simulations [206], our uncompressed
glass presents the concentration of the former agreeing with Y’O-NMR quantifications and the
latter absent [77]. As a function of pressure, our simulations picture a nearly constant free-oxygen
proportion, whereas triclusters are formed, ranging up to 2.4% of the total oxygens. The population
of the latter considers solely oxygen coordinated to three silicon cations, whereas the proportion
of triclusters heterogeneously coordinated to silicon and lead or solely lead is estimated to be
negligible. In the case of PS glass, the opposite variation trends between triclusters and NBOs
imply an overall charge compensation within the network [207], not exclusively linked to charge-
balancing the NBO, but probably performing the balance of highly coordinated lead environments

that form under pressure, as further addressed in the next section.
M. Further MD Structural Insights

Besides the Q" distribution and the NBO proportion, MD simulations may provide relevant
insights into the glass structure under pressure: pair correlation functions, bonding distances, bond
angles distribution, coordination numbers, etc.

The pair correlation functions, g(r), indicate high-pressure prompting a decrease in the
Pb-0O, Si-O, and Pb-Si interatomic distances within the PS glass structure (Fig.4.6). Noteworthy,
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the bimodal distribution displayed by the gp;,_s; (1) function gradually displays the short distance

as the more expressive under pressure. Given its link with the two distinct Q3 entities [77], this

MD result agrees with the significant increase in Q* upon compression, as obtained by the Raman

curve fit. Such a favoring is also observed on the densified glass, despite the decrease in the Q3,,

population once the pressure is released [162].
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Figure 4.6: (a) Pb-O; (b) Si-O; and (c) Pb-Si pair correlation functions g(r) and their respective coordination
c(r) as a function of the normalized pressure. Illustration kindly provided by Dr. Adalberto Picinin.

Bond lengths were modeled assuming a Lognormal distribution to fit the first peak in the

g(r) functions [77]. Si-O and Pb-O lengths reported in recent diffraction studies show a good

agreement with the bond distances of the uncompressed glass [84, 208], which are found to

decrease upon compression. This behavior follows the asserted decrease of cation-oxygen distance

acting as a pressure mechanism on depolymerized glasses [203, 209]. We highlight the magnitude

of the modifications involving the lead cations as five times higher than those taking place with

the silicon cations, as shown in the evolution of the first peak in their respective g(r) functions
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(Fig. 4.6 a and Fig. 4.6 b). In the case of Pb-O bonds, the decrease in the average distances is
attributed to the progressive formation of PbO, polyhedra. On the other hand, the subtle decrease
in the Si-O average distance with pressure cannot be explained by the same arguments. The non-
monotonic behavior of the Si-O distribution (Fig. 4.7¢) that first decreases and then increases with
pressure suggests the participation of two processes in the bonding decrease, which we attribute:
(i) initially, to the inter-tetrahedral angle closure (Si-O-Si) from 140° to 115° which no longer

changes above P/P' = 1.67; (ii) then, to the progressive network polymerization.
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Figure 4.7: (a) Pb-O and (b) Si-O average distances and (b) Si-O distance distribution as a function of the
normalized pressure. Exponential decay functions (red line) fit the average distances estimated by the simulations
(black circles).

The closure of the inter-tetrahedral angle by a ‘quasi-rigid’ approaching of the SiO4
tetrahedra corresponds to a decrease in the void space, leading to a homogenization of the Si-O
distance distribution. Quasi-rigid as in our simulations inter-tetrahedral angle and Si-O average
distance are both observed to decrease at the beginning of the compression, despite the inverse
correlation found in crystalline silicates [210, 211]. It is also derived from these crystals the longer
average distances to the Si-NBO (~1.62 A) than to the Si-BO (~1.58 A) bonds at room conditions
[40, 211]. In consistence with the network polymerization upon compression, the decrease in the
simulated average Si-O distances scales with these values. Such a length shortening without
change in the coordination number leads to a more covalent character of the silicon bonding to
oxygen [211].

MD simulations available in the literature indicate the presence of highly coordinated PbOn

polyhedra on high-density lead silicate glasses and melts [197-200]. In our simulations, the
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9rp—o (1) function presents non-zero values for distances immediately above the first peak (Fig.
4.6a). Hence, presenting a continuous distribution of allowed correlation distances between Pb and
O atoms, which adds a further degree of complexity in delimitating the R;. For Reye = 2.6 A, the
coordination sphere appoints to a continuous increase in the coordination number (CN) of oxygen
atoms around lead, which not necessarily imply the formation of PbOn polyhedra with n equal to
the CN provided by the sphere.

As illustrated in Figure 4.8a, the simulated glass structure is mostly composed of 4-fold
and 5-fold coordination at room conditions [77]. Upon compression, the number of oxygens
coordinated to lead probed by the coordination spheres gradually increases, first by an increase in
the 5-fold coordination, which presents a maximum at P/P’=0.33, and then to the substantial
increase in the 6-fold coordination. In the plastic pressure regime, where P/P’>1, the proportions
of 7-fold and 8-fold progressively become the most expressive with increasing pressure. In terms
of the corresponding average coordination number, it increases exponentially toward 7.5
(Fig.4.8b). Interestingly, in-situ high-pressure simulation performed on the PS melt (3200 K and

35 GPa) also reports the same behavior converging to a similar value [197].
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Figure 4.8: (a) Distribution of coordination numbers (CN) around the lead and (b) the corresponding average
coordination number, <CN> as a function of the normalized pressure. The first illustration was kindly provided
by Dr.David Sampaio.

Referring to the only in-situ spectroscopic study available in the literature [163], such a
progressive change in the environment around Pb correlates well with the linear increase of the

refractive index weighted longitudinal sound velocity observed by Brillouin spectroscopy and the
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reported modifications on the low-wavenumber Raman region. Given the high-sensibility of
Raman spectroscopy to the vibration of Pb-O bonds, we reasonably consider the formation of
highly coordinated PbOn polyhedra as a possible structural modification under high pressure, and
whose detailed description regarding n requires suitable characterization methods, e.g. X-ray

absorption or X-ray Raman Scattering spectroscopies.

4.4. Summary and Conclusions

In-situ Raman spectra were acquired in compression-decompression cycles applying
nitrogen or argon gases as the PTMs. Such a procedure enabled us to probe the evolution of the
high-wavenumber region and the related modifications of the symmetric Si-O stretching
vibrational modes. The one-parameter barycenter displays increasing values during the
compression and decreasing values in the decompression path, suggesting the resulting
depolymerization in densified PS glass is intermediated by a more-polymerized state under
pressure. We inferred that depolymerization occurs upon decompression, not necessarily through
reverse mechanisms from the compression path.

Upon compression, the combination of in-situ Raman and MD simulations extended the
corroborative effort to describe the structure of the PS glass towards high-pressure conditions,
enabling a multiscale picture of the structural modifications. The Raman curve-fit and simulations
agree on the increase of Q2 units, then becoming the predominant tetrahedra under high pressure.
In both techniques, the BO population increases at the expense of the NBO population. MD
simulations further suggest the decrease in the cation-oxygen average distances as an important
pressure mechanism, agreeing with studies conducted in other depolymerized glass compositions.
For Pb, such a decrease occurs accompanied by the gradual formation of highly coordinated PbO,
polyhedra. Regarding Si, the subtle variation seems to correlate with the conversion of Si-NBO
towards Si-BO and therefore, the increasing polymerization degree of the SiO4 tetrahedra.
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CHAPTER 5 — CRYSTALLIZATION IN PS GLASS: TOWARDS GLASS-CERAMICS

5.1. Introduction

The mastering and controlling of the glass crystallization upon heat treatment are
mandatory conditions to obtain glass-ceramics. At a given temperature, the overall crystallization
is a combination of the nucleation and the growth processes taking place in a glass matrix. Further
complexity is delivered by the possible formation of metastable phases before reaching the most
stable state, as enunciated by Ostwald’s rule of stages [212]. Contrastingly, as critically addressed
by Schmeltzer et al. [213], the classical theory of nucleation assumes implicitly the properties of
the macroscopic crystalline phase to be the same as the beginning stages of the crystal, which once
formed, grows without abrupt modification to the bulk and surface properties.

The nucleation consists of the crystalline nuclei formation, which may occur randomly
with equal probability in any volumetric site (so-called homogeneous nucleation), or spanning on
preferable volume or surface sites (heterogeneous nucleation) [214]. Noteworthy, the precipitation
of metastable phases followed by the appearance of the stable crystalline phase on top has a
heterogeneous character [215, 216]. Systems presenting heterogeneous surface nucleation are
dependent on the density of defects on the surface, presence of edges, tips, cracks, scratches,
foreign particles, etc., as addressed therein [3].

Lead metasilicate glass is a composition where the crystal nucleation is heterogeneous.
There is no evidence of internal, but only surface nucleation [4]. In its turn, the growth process is
controlled by surface crystal growth [10, 11], whose Kinetic rates are available from 673 K to 998
K, albeit the formation of different polymorphs in this temperature range. The crystalline phases
that precipitate in heat-treated PS glass consist of stable alamosite, and two metastable referred to
as hexagonal PbSiO3 (H-PS) and ‘low-temperature’ PbSiO3 (L-PS) [73, 74, 118].

The natural alamosite was first reported in 1909, from mineral samples originating from
Alamos, Mexico [217]. Geller et al. [115] noticed the optical properties of the crystal formed in
PS glass were very similar to the mineral alamosite, which was confirmed by X-ray diffraction
[218]. Ever since, these findings inserted the knowledge of the alamosite in the material science
field, enabling several distinct investigations of this crystal with respect to the parental glass [49,
50, 66, 73, 74]. Regarding the metastable phases, Billhardt et al. [116] were the first to describe
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the hexagonal phase, under the designation T-PbSiOgz, and Smart et al. [118] were the first to report
the L-PS phase. More details on each of these crystalline polymorphs are available in Chapter 6.
Focusing on the overall crystallization and phase transitions, Lippmaa et al. [219] investigated by
29Si NMR spectroscopy lead metasilicate glass submitted to different isothermal heat-treatments.
They observed distinctions in their ex-situ spectra when contrasting the samples crystallized at 823
K, 748 K, and 983 K, and indicated the overall crystallization in lead metasilicate glass, from
which alamosite emerges, as a very complex process.

In this chapter, we examine with in-situ Raman spectroscopy the overall crystallization in
PS glass, in order to characterize the phase evolution and demystify some of the alleged
complexity, further providing evidence for Ostwald's rule of stages in this system. The PS
crystallization was approached in non-isothermal and isothermal conditions, with the latter
resulting in a publication in The Journal of Non-Crystalline Solids entitled: “In-situ Raman
spectroscopy unveils metastable crystallization in lead metasilicate glass™ [28].

Noteworthy, this vibrational method is suitable for studying the crystallization kinetics of
glasses [220], once it is sensitive to small quantities of well-ordered clusters that appear locally at
relatively early crystallization stages as sharp peaks, against the broad glass bands that compose
the spectral background [221]. Another advantage of the applied technique lies in the availability
of the Raman spectra of the three crystalline phases at room temperature as reported by Furukawa
etal. [73, 74].

5.2. Experimental Procedures

In-situ measurements were taken using a Horiba-Jobin-Yvon HR800 Evolution micro-
Raman spectrometer (GEOR, Brazil). The laser wavelength of 532 or 633 nm was used as
excitation sources with a maximum laser power of 1 mW on the sample. Spectra were collected
using the 600 slits/mm grating between 10 and 1200 cm™. Despite the relatively low spectral
resolution for the 1800 slits/mm grating, this step was justified for the temporal resolution required
during the crystallization.

Very small polished samples (~ 1 mm3) were used to minimize temperature gradient
effects. Multiple non-isothermal and isothermal heating runs were performed, while we show here
two of the most significant for each. Figure 5.1 illustrates schematic temperature increment in the

conditions of (i) constant heating rate; and (ii) fast heating followed by stabilization at a given
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temperature. The former represents a non-isothermal condition. In the latter, it is assumed that the
heating process from room temperature until the target temperature has only a small influence on

the crystallization effects.
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Figure 5.1: Schematic temperature increment for the (a) non-isothermal and (b) isothermal heating runs applied
to study the overall crystallization of PS glass.

In the non-isothermal runs, the sample was heated from room temperature until 1093 K, at
a constant heating rate of 10 K/min or 5 K/min (Fig. 5.1a). Spectra were collected as a function of
the temperature, such that each spectrum is an average of three measurements of 10 s each,
performed while the temperature was continuously increasing. The temperature variation during
the measurement is therefore one-half of the applied heating rate. The labeled temperature sets the
temperature where the acquisition started. Spectra were taken every 50 K up to 673 K, and 25 K
thereafter. In the isothermal runs, the sample was heated from room temperature until the target
temperature, 823 K or 873 K, at a heating rate of 20 K/min step (Fig.5.1b). Spectra were then
collected in independent runs as a function of the time. Each spectrum is an average of six
measurements of 15 s each, taken every 2 minutes (until 30 min), five minutes (until 60 min), and

finally every ten minutes thereafter.

5.3. Results and Discussions

I. Non-Isothermal Crystallization
In the non-isothermal crystallization, the system is submitted to different temperatures, and
hence energy configurations as a function of time. Such an investigation relates strongly to thermal

studies where the temperature is incremented by a fixed rate, e.g., differential scanning calorimetry
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(DSC) and differential thermal analysis (DTA). For a heating rate of 8 K/min, the DTA curve
available in the literature displays no abrupt thermal change, characterizing a gradual
transformation towards alamosite [222]. For the standard heating rate of 10 K/min, the DSC curve
of PS glass gives rise to two exothermic peaks at 893 K and 983 K attributed to crystallization
[113]. We went for applying a constant heating rate (Fig.5.1a), whether 10 K/min or 5 K/min.

A one-parameter approach is obtained by the barycenter of the high-wavenumber Raman
region during the glass heating, analogous to the procedure performed in the previous chapters.
Because of the different behaviors of the barycenter with temperature, we distinguish three stages
in both non-isothermal runs (Fig. 5.2.a and Fig. 5.3.a). First, the barycenter decreases
monotonically, then abruptly increases, and so decreases to the position as the extrapolated line
connected to the pristine glass. These stages correspond respectively to the glass depolymerization,
crystallization onset, and melting, testifying to the potential of the barycenter in describing semi-
quantitatively the phase transformation as a function of the temperature.

In the glass and SCL states, we observe an initial shift toward the low-wavenumber region
as a function of temperature. For the 10 K/min rate, this variation is satisfactorily approximated
by a linear function (R? = 0.94), whose angular coefficient is —1.1072¢cm~1K~1. Anharmonic
studies performed on the alamosite crystal appoints to temperature coefficients one order of
magnitude lower [223]. Beyond the anharmonicity, these quantitative distinctions indicate that
structural modifications may take place. Indeed, the detailed description of the PS structure
performed by combining Raman spectroscopy and molecular dynamics simulations corroborate
depolymerization, as the NBO population increases with temperature. Crystallization onset
manifests by the increase of the barycenter value to those of the glass/SCL, due to the spectral line
shape that changes drastically.
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Figure 5.2: (a) Barycenter of the high-wavenumber Raman region and (b) selected Raman spectra as a function
of temperature during non-isothermal crystallization for a 10 K/min heating rate.

Following the 10 K/min heating of PS above ~848 K (Fig. 5.2b), we observe the overall
crystallization taking place as the spectra change towards the one of alamosite. At 873 K, crystal
peaks start to overlap the broad glass features, indicating the crystallization onset. Already at 923
K, the high-temperature spectrum of alamosite becomes evident [223]. In the range of 50 K (5
minutes), the crystallization modifications taking place in the glass cease. Then, alamosite spectra
modify gradually towards the melt, which was detected by Raman spectroscopy at 1073 K. For
the same heating rate, the DSC curve in Figure 2.1 (page 32) displays an inflection point at 682 K,
which at this rate delivers an estimation of Tq[34]; two exothermic peaks at 838 K and 883 K,
marked as Tc1 and Teo, respectively associated with the formation of the metastable and alamosite
crystalline phases [113]; and a narrow endothermic peak at 1039 K, corresponding to the melting
temperature [115-118]. Despite the distinctions between Raman and DSC absolute temperatures,
the detailed phase transformation is too fast to be probed at a 10 K/min temperature rate.

We proceeded with an analogous run at a 5 K/min heating, for which the evolution of the
barycenter (Fig. 5.3a) was similar to the observed previously where the evolution can be fit by
linear regression (R? = 0.96), presenting the same angular coefficient as the obtained previously
at a faster rate. Due to the relatively long time in between one spectrum and another, we were able

to collect micrographs along the crystallization process.
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Figure 5.3: (a) Barycenter of the high-wavenumber Raman region and (b) selected Raman spectra as a function
of temperature during non-isothermal crystallization for a 5 K/min heating rate.

25 um

25 um

25 um

Figure 5.4: Micrographs during the non-isothermal heating of PS glass at a 5K/min rate obtained at a fixed
position at (a) 773 K (100 min); (b) 823 K (110 min); (c) 848 K (115 min) and (d) 873 K (120 min).
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Focusing on the crystalline morphology, H-PS was reported to associate with a hexagonal-
like crystal shape, whereas L-PS relates to an ellipsoidal crystal habit [28]. The succession of
micrographs indicates the precipitation of L-PS at 773 K. As the temperature continuously
increases, no abrupt change occurred up to 823 K, where H-PS precipitates at a neighboring
location. The appearance of these metastable crystals at different sites suggests that there is no
interconversion between them. At 848 K, the hexagonal-like morphology is visually larger.
Already at 873 K, the crystal edges coalesce; the acquired spectrum then (Fig. 5.3b) shows
characteristic alamosite features, indicating the phase conversion towards the stable crystalline
phase, whose growth rate is maximum at this temperature.

As a matter of fact, Neiman et al. [11] performed the first study of alamosite kinetics in PS
glass for temperatures ranging from 773 K to 998 K. Cassar et al. [10] reinvestigated the crystal
growth rate on these glasses extending the low-bound temperature of the available experimental
dataset to 673 K. Despite the good agreement with Neiman's dataset in the temperature range
where they overlap (773 K - 823K), the crystalline morphology presented in the publication is that
of L-PS confirmed with Raman spectroscopy (not shown). In the case of Neiman's work: (i) either
they worked with the alamosite phase as they alleged; (ii) or they obtained a phase transition that
does not change the kinetics behavior over the investigated temperatures. We exclude the
hexagonal polymorph to take part due to the morphological constraint reported therein [11]. The
conjunction of these observations leads one to infer that L-PS and alamosite have coincident
growth rates, at least in the temperature range where they overlap. In the countersense, the scarce
investigations addressing growth rates of the metastable polymorphs in the literature seem to
converge to the stable phase presenting at least one order of magnitude higher than those of the
metastable phases [224, 225].

A general trend identified in all the non-isothermal runs is the transformation of the
metastable phases towards alamosite is completed at 923 K, the temperature where the growth rate
IS maximum in such a crystal. This observation suggests that studies performed in view to
understand the crystalline phase transformation should be performed either at lower temperatures
or require an approach with quasi-stationary heating variation, such as the isothermal

crystallization presented in the next section.
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II. Isothermal Crystallization

In the isothermal crystallization, the system is held at a given temperature at which the
probed modifications as a function of time are due to its intrinsic instability to the crystalline state
at a given energy configuration. As the probing temperatures are usually higher than the glass
transition temperatures (T >Tg~ 682 K), such investigations rigorously address the SCL state.
Given that higher temperatures are associated with higher kinetic energies, and the crystal growth
rate is maximum at 923 K [11], we conducted the isothermal runs below this temperature.
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Figure 5.5: Time evolution of the Raman spectra obtained in isothermal crystallization at a fixed position show (a)
the low-wavenumber and (b) the high-wavenumber spectral regions at 823 K and (c) the low-wavenumber and (d)
the high-wavenumber spectral regions at 873 K. Adapted from Pena et al., 2020 [28].

The spectra evolution as a function of time is presented in Figure 5.5 as published therein
[28]. Our in-situ spectroscopic study unveiled the intermediate polymorphs to differ as a function
of the isothermal temperature. In-situ Raman spectra taken as a function of time at 873 K revealed
that the crystalline phases evolved from H-PS polymorph to alamosite, whereas at 823 K, the
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crystallization pathway proceeded directly from the L-PS to alamosite [28]. These attributions are
enforced by the comparison with the Raman spectra of these crystalline phases at room temperature
[73, 74], for which more details are presented in the next chapter.

Figure 5.6 illustrates the isothermal crystallization pathway from the SCL to alamosite,
intermediated whether by L-PS (for T < 823 K) or H-PS (T > 873 K). Except for the early and
final stages, the processes display mixed phases that makes it difficult for a quantitative approach
due to two major reasons. First, any curve fit should account for the six Gaussian functions for the
glass and a multiple number of characteristic Lorentzian functions for each crystal. Second, any
estimation quantifying the distinct phases in the intermediate crystallization stages would further

require their Raman activity [220].

(i) (i) (iii) (iv)
SCL SCL SCL

Figure 5.6: Flow-chart of the isothermal crystallization pathway in PS glass as a function of time. The
intermediate metastable phase is temperature-dependent: L-PS (at 823 K) and H-PS (at 873 K).

o

Time

As a function of the time, semi-quantitative analysis by the barycenter distinguishes the
four different stages of the phase evolution in the isothermal processes (Fig 5.7a), which
comprises: (i) initially the SCL, and then (ii) the SCL along with the intermediate metastable phase.
The processes follow with (iii) a mixture of the intermediate and alamosite phases, coexisting
with a remaining SCL phase prior to (iv) a complete conversion to alamosite, as qualitatively stated
previously [28]. Although not evident from this one-parameter procedure, one experimental
characteristic that supports the assertive of a remaining SCL phase along with the metastable
phases is the persistent signal due to the BP at 40 cm™ (Fig. 5.3a and Fig. 5.3c).

Closer regard on stage (iii) in both isotherms (Fig.5.4b and Fig. 5.4c) indicates that the
phase mixing evolved rapidly towards the crystallization completion, possibly self-stimulated by
the initial appearance of the alamosite. The presence of the stable crystal prompting the metastable
crystal disappearance was reported in calcium aluminum silicate [226]. In the case of PS, such an
evolution from both metastable crystals towards alamosite is adjusted by an exponential curve,
whose distinct characteristic times could be attributed either to the distinct transformation

mechanisms or to the temperatures involved.
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Figure 5.7: Barycenter of the high-wavenumber Raman region as a function of time during isothermal
crystallization at (a) 823 K and (b) 873K.

5.4. Summary and Conclusions

This study of lead metasilicate glass by in-situ Raman spectroscopy provided a detailed
description of the phase evolution during the overall crystallization of PS glass. Three phases
crystallize in lead metasilicate glass: the stable alamosite and the metastable H-PS and L-PS. Their
visual appearance and crystalline degree depend on the time and temperatures involved, as
observed during the non-isothermal and isothermal runs.

Ostwald’s rule of stages predicts that crystal nucleation is intermediated by one or more
metastable phases before the thermodynamically stable phase. We provide evidence for its
occurrence in the PS glass composition, through distinct metastable crystalline phases at different
temperature treatments: Raman spectra taken as a function of time at 873 K revealed the crystalline
phases to evolve from the H-PS polymorph to alamosite, whereas at 823 K, the crystallization
pathway proceeded from the L-PS to alamosite. These runs do not evidence any signal of
conversion of one metastable crystal to the other.

More generally, in systems where the Ostwald rule applies, the overall crystallization
extends to the combination of nucleation, crystal-crystal phase transformation, and growing
processes occurring simultaneously, indicating a new variable to be continuously probed in the

kinetics investigations: the crystalline phase.
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CHAPTER 6 - CRYSTALS IN PS GLASS: EXTREMAL CONDITION INVESTIGATION

6.1. Introduction

Smart et al. [118] have described the synthesis conditions to obtain single-phase samples
of the three lead metasilicate crystals. According to them, there are four different ways to obtain
alamosite, consisting of (i) a series of sintering and grinding of lead oxide and quartz precursors;
(ii) crystallization of PS glass above 813 K; which the authors claimed to be ready; (iii) PS melt
undercooling down to temperatures higher than 933 K, where it is left to crystallize for several
hours; (iv) glass hydrothermal crystallization at 773 K and 300 bars for 48 h. These authors
reported that the H-PS phase could be obtained solely by undercooling a PS melt to 923 K, and
the pure L-PS can be formed at 753 K by glass crystallization for 14 days.

As a straight consequence of our finding regarding the overall crystallization in Chapter 5,
we rectify the assertion that alamosite is ‘readily’ obtained above 813 K and described specific
heating conditions to precipitate H-PS phase on the PS supercooled liquid, as reported in Ref.[28].
Even so, the physical reasons for the temperature-dependent crystallization routes at different
temperature treatments are yet unclear.

In this chapter, we will investigate the fully crystallized alamosite, L-PS and H-PS under
extreme conditions. Such a study is two-fold. Firstly, it indicates the stability ranges and phase
transformation regimes of each crystalline phase. Secondly, it sheds further light on the pathways
from the glass to the alamosite phase under different temperature treatments.

6.2. Experimental Procedures

The three crystalline phases were obtained following the synthesis procedures detailed
therein [118], and were kindly provided by Dr. David Sampaio and MSc. Ricardo Lancelotti. The
final samples showed high crystallinity as revealed by the defined XRD peaks (not shown).

Raman investigations were performed at high temperature and high pressure under similar
spectral acquisition conditions. Raman spectra were acquired using a Horiba-Jobin-Yvon HR800
Evolution micro-Raman spectrometer and the laser wavelength of 532 nm as the excitation source.
Spectra were acquired using the 1800 slits/mm grating. Each spectrum is an average of seven

measurements of 40 s each, with a maximum laser power of 1 mW on the sample.
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The effect of temperature or pressure was investigated alternatively. At room pressure, the
temperature was incremented every 50 K (or 25 K at higher temperatures). In this case, the
polymorphs investigated were the finely powdered crystals. At room temperature, the pressure was
increased every 1 GPa in a DAC loaded with 4:1 methanol-ethanol solution as the PTM and ruby
as pressure calibrant. In this case, the probed sample was a crystal piece of each phase selected
from the abovementioned powder. At each step, the spectral acquisition was performed after

waiting at least 5 minutes for temperature and 10 minutes for pressure to stabilize.

6.3. Results and Discussions

Initially, we explore the structural distinctions of the crystalline phases at room conditions
based on the assignments available in the literature. Then, we summarize the effect of temperature
and pressure on the phase stability, discussing possible mechanisms related to the different
crystallization pathways observed in the last chapter. In-situ Raman spectra as a function of

temperature were taken up to 1000 K, whereas the pressure was incremented up to ~6 GPa.

6.3.1. Crystalline Polymorphs at Room Condition

Since the XIX century, crystalline structures are characterized by their lattice type and
atomic motifs, which describes completely the crystalline structure by translational symmetry of
the unit cell. As known for half a century, alamosite is monoclinic consisting of 12 silica tetrahedral
chains and pyramidal spiral chains of lead [227, 228], whereas the metastable phases, namely L-
PS and H-PS, still lack such a detailed structural description [73, 74, 118]. Even so, the X-ray
diffraction pattern from the H-PS phase can be indexed as a hexagonal unit cell [229].

Full Raman spectra obtained at room conditions of the three crystalline phases together
with the PS glass are displayed in Figure 6.1a. In analogy with the isochemical PbSiOs glass [71,
72] and the isomorphic monoclinic PbGeOs crystal [230, 231], we assign as a general trend the
low-wavenumber spectral range either to extended lattice modes or localized Pb-O modes of
vibration, whereas the high-wavenumber is due to Si-O vibrational modes [231]. A detailed
description of their phonon assignments would require first the solution of their lattice structure

and then labored theoretical simulation.
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Figure 6.1: (a) Full (10-1200 cm™) and (b) detailed high-wavenumber (800-1200 cm™) Raman spectra of PS
glass and its three crystalline phases alamosite, H-PS, and L-PS taken at room conditions. Retrieved from Pena
etal., 2020 [28].

Without pretension to substitute the classical description of crystals, a more specific picture
can be performed in a short-range order (SRO) scale in terms of the Q" entities. Furukawa and co-
workers [73, 74] conducted a detailed investigation of the crystalline phases in the PbO-SiO>
system, providing their Raman spectra and elucidating their silicate connectivity. According to
them, the high-wavenumber Raman features for the alamosite phase are attributed to the complex
arrangement of SiO4 tetrahedra into three distinct Q? entities. The L-PS phase shows an intense
band at 960 cm™, associated with the Q? tetrahedra constituting chains. On the other hand, the
hexagonal phase exhibits a three-summit profile in a spread wavenumber range (847, 913, and
1010 cm™), proposed to comprise Q° to Q? entities [73, 74].

Figure 6.1b shows the high-wavenumber region of the Raman spectra for these crystalline
polymorphs, whose vibrational bands are in the same spectral region as the Q" bands in the glass
[77]. Despite the different probings between NMR and Raman spectroscopies, chemical shifts and
vibrational wavenumbers have an established correlation in the literature [232]. The
aforementioned Raman assignments are also consistent with the 2°Si NMR spectra obtained in
heat-treatments of the PS glass at different temperatures [219]. Such a correlation between NMR
and Raman crystalline spectra, along with the isothermal runs presented in Chapter 5 were of
utmost importance to understand the crystallization through different metastable phases under

different heating conditions, as reported in Ref. [28].
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6.3.2. Crystalline Polymorphs Under Extreme Conditions
I. High-Temperature Raman Measurements

Figure 6.2 illustrates the in-situ Raman spectra of the three crystalline polymorphs for some
selected temperatures. Alamosite is stable over the full range up to 1000 K, whereas the L-PS and
H-PS polymorphs transform towards alamosite, in agreement with the inferences of Smart et al.
[118]. The appearance of the peaks at 960 cm™ arising at about 875 K marks the beginning of the
phase transition in both metastable polymorphs. At the low-wavenumber region, also arises a peak
at 100 cm™ corresponding to the maximum intensity of the alamosite Raman spectrum (see Fig.
6.1a). The transformation from L-PS to alamosite completes at 900 K, whereas from H-PS to
alamosite ceases at 925 K (Fig. 6.2b and Fig. 6.2c).

These results confirm the lack of interconversion from one metastable phase to the other,
as both metastable phases transform towards alamosite, with small difference in the transition
temperatures. Both characterizations were performed under comparable experimental conditions,
sharing the same temperature uncertainties estimated as £50 K. We highlight the local accurate
temperature during the Raman measurements is not an easy task, which unlike pressure does not
present a continuing in-situ calibration.

At the temperatures where the overall crystallization is probed, the diffusion mechanisms
controlling the crystal growth process are attributed to cooperative movements of structural units
[10]. An attempting to describe the crystallization pathways will be considered below and is based
on the differences in the SRO between the involved phases. For example, the distinct lead
environment between the PS glass and alamosite is attributed as the reason for the lack of
nucleation of this glass in the bulk [66], and similar arguments could also be a plausible
explanation for the alamosite formation through metastable phases. Unfortunately, the local
environment around the lead cations is unknown for the metastable crystals in order to proceed in

this direction.

84



. 1 1
@ T (in K) 960 cm T (inK) 960 lcm
50 \/\—MIL/'/\
~ 850 A
3 825 3 850
2 800 2 \/\_Zw
2 G
g 750 g
£ 700 € 700
600
500 500
400
300
300
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
300 400 500 600 700 800 900 10001100 300 400 500 600 700 800 900 1000 1100
Wavenumber (cm™) Wavenumber (cm™)

@ T (inK)
w
M

800

Intensity (a.u.)

300

" " 1 "
300 400 500 600 700 800 900 10001100
Wavenumber cm™)

Figure 6.2: In-situ Raman spectra of the three crystalline phases (a) L-PS; (b) H-PS and (c) alamosite as a
function of the temperature.

Through the analysis of different metasilicate compositions with different nucleation
abilities, Schneider et al. [233] proposed the correlation between the bulk nucleation and the
similar tetrahedra connectivity between the glass and the isochemical crystal. According to them,
these similarities consist of sharing a great amount of tetrahedra having the same connectivity in
both phases, and a relatively low Q" distribution around these tetrahedra in the parental glass. In
this sense, the structure of PS glass presents a distribution of Q" entities, configuring mostly as Q2
tetrahedra. On the other hand, the 2°Si NMR spectrum of alamosite displays three peaks (-84.2, -
86.5, and -94.4 ppm) due to three different Si sites [50, 219]. These chemical shift values are
attributed to three distinct Q? sites [219, 234]. The higher chemical shift was attributed to the Q2
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site presenting a linear Si-O-Si bond, whereas the other peaks cannot be differentiated by Si-O
bond length [50]. That said, considering solely the initial and final stages, the phase transformation
from the glass toward alamosite occurs with Q? tetrahedral formation, where disproportion
reactions such as:

Qior + Q' — 2Q7 (6.1)
May explain the tetrahedra transformation during the crystallization, mass balancing silicon, and
oxygens [235].

At room conditions, in most of the structural studies, the average Q" distribution, <Q">, is
higher than the 2.0 expected for the metasilicate composition (see Table 1.1). Such numerical
difference is not a mathematical artifact, but an indication of depolymerization reactions (Eq. 1.1)
in the phase transformation towards the crystal, as reported in other silicates [236]. In the PbO-
SiO> glass system, this difference to the nominal <Q"> values occurs for higher lead content and
is attributed to the formation of the lead sub-network [51]. For the PS composition, Raman
experiments and MD simulations in a wide range of temperatures comprising the glass, SCL, and
melt states appoint to network depolymerization as temperature increases [27]. At the temperatures
where the crystallization occurs, the effect of depolymerization reduces the difference between the
degree of connectivity from the SCL and alamosite, not necessarily excluding (de)polymerization
reactions to take place during the crystallization.

Further considering the intermediary metastable phases, the connectivity degree of
alamosite is closer to the L-PS than to the H-PS phase, as reported by Furukawa and coworkers
[73, 74]. This way, the crystallization pathway intermediated by H-PS would lead to disproportion
reaction and (de)polymerization from the H-PS to the alamosite precipitation, whereas the

intermediation by L-PS presents straightforward connectivity to that of alamosite.

II. High-Pressure Raman Measurements

Figure 6.3 shows the in-situ Raman spectra of the three crystalline phases as a function of
pressure. Qualitatively, we observe that the crystalline polymorphs are stable up to ~ 6 GPa. Such
stability would enable the prospective fabrication of the composite material in larger pressure
apparatus, where the maximum pressures are lower. The combinatory study of these crystals under
extreme conditions by XRD and Raman spectroscopy is in advancement in the GEOR laboratory,

and may expand the detailed structural and phonon description of these phases towards high-
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pressure and high-temperature conditions (see references therein for the alamosite phase [223,
237]).
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Figure 6.3: In-situ Raman spectra of the three crystalline phases (a) L-PS; (b) H-PS and (c) alamosite as a
function of the pressure (P). Shadowed regions exhibit possible parasitic peaks due to the alcohol solution used as
the PTM. Alamosite spectra under high-pressure was kindly provided by Dr. Thiago Cunha.

6.4. Summary and Conclusions

Each of the three structural phases crystallized in the PS glass were investigated as a
function of high-pressure and high-temperature. Pressure investigations indicated the polymorphs
to be stable up to ~6 GPa. Temperature investigations indicate the transformation of both

metastable phases into alamosite occurring at comparable temperatures, starting at 875 K. Within

87



our experimental condition, such a phase-transformations exclude the hypothesis of
interconversion from one metastable phase to the other.

The understanding of the structural mechanisms taking place during the overall
crystallization is far from a final verdict and should simultaneously address the phase preference
intermediated by the L-PS at low temperatures, and the H-PS at higher temperatures. Perhaps, the
interplay between disproportion and (de)polymerization reactions permeate the crystallization
mechanisms, combined with other structural rearrangements. In this sense, the description of the
crystalline structures at room conditions and their subtle modifications already at the temperatures

where the crystallization occurs are of paramount importance.
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CHAPTER 7 — COBALT DOPED SAMPLES

7.1. Introduction

Glass and glass-ceramics hosts are promising candidates for tunable lasers in the visible
and near-infrared regions [238]. In this final chapter, the advances achieved previously to
understand the PS composition under extreme conditions are extended toward those doped with
cobalt. These materials are optically interesting for their red photoluminescent band, which we
attempted to tune with the precipitation in different crystalline phases or pressure effects.

For a fixed dopant concentration, the effects of doping different transition metal ions in
lead silicate glasses were addressed therein [239, 240]. Combining optical and magnetic
characterizations in a glass matrix composed of 37.9 mol.% PbO, 0.3 mol.% Pb20 and 61.8 mol.%
Si0O., Baiocchi et al. [240] reported the cobalt incorporated in the glass host in the divalent state,
Co?* (3d’), with coexisting tetrahedral and octahedral site symmetries, despite displaying the
optical absorption spectrum to be characteristic of the former without any features from the latter.

More generally, White and co-workers [241-243] studied the incorporation mechanisms of
different transition metal ions in a variety of glass hosts. Due to the similar absorption spectra of
cobalt-bearing glass across different compositions, these authors suggested that Co?* is
incorporated as ‘quasi-molecular complexes’, where the ion distorts the local glass network to
form a tetrahedron coordinated by NBO [243]. Interestingly, when added to crystalline hosts, Co?*
is also reported to preserve its tetrahedral site substantially retaining its average Co-O distance
despite the different surrounding environments [244].

This chapter is organized as follows: Firstly, cobalt-doped glasses are investigated by multi
spectroscopic techniques for probing the effect of doping on the structure and resulting optical
properties at room conditions. In the second section, the simultaneous effect of cobalt doping and
temperature on the overall crystallization is explored by in-situ Raman and ex-situ PL
spectroscopies. Finally, the influence of pressure on the optical emission was investigated by PL
spectroscopy for the PSCol.1 glass (1.1 mol.% CoO). Possibilities offered by each variable for
tailoring the glass-ceramics optical properties are then critically discussed.
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7.2. Experimental Procedures

The set of cobalt-doped glasses was investigated by Raman, optical absorption, and PL
spectroscopies. Raman spectra were acquired from 10 to 1300 cm™ in a LabRAM HR micro-
Raman spectrometer from Horiba Jobin Yvon using the 532 nm laser wavelength and the 1800
slitsfmm grating chosen to proceed with the curve fit of the high-wavenumber region by multiple
Gaussian functions. Optical absorption characterizations were performed at room conditions in an
Agilent UV-VIS-NIR Cary 5000 spectrophotometer in transmission mode for the spectral range
between 350 and 800 nm. PL spectra were acquired at room temperature at the same acquisition
conditions as the Raman spectra but using the 600 slits/mm grating and over a wider spectral range
covering up to 780 nm. Each PL spectrum is an average of three or four measurements of 20
seconds of accumulation time. The PL signal was curve-fit for one Gaussian function, which
enabled the probe of the center position and full width at half maximum (FWHM).

High-temperature in-situ Raman characterizations were performed in non-isothermal and
isothermal runs. In the former, the temperature was incremented similarly to the characterization
of the crystalline polymorphs in Chapter 6. In the latter, the experimental procedure is the same as
described in Chapter 5. High pressure was applied in a DAC apparatus and its effect was
investigated in-situ and ex-situ by PL spectroscopy. Pressure calibration was estimated by the
evolution of the Raman active phonon modes: comprising the silicon (v, = 520.7 cm™1) up to 13
GPa, and the center of the diamond cullet (v, = 1333 c¢m™1) above this pressure, as described in
Chapter 2.

7.3. Results and Discussions

I. Room-Conditions Characterizations

A. Raman Spectroscopy

Figure 7.1 illustrates the evolution of the Raman spectra as a function of the cobalt content,
displaying no new peaks as a result of doping. We observe an increase in the intensity of the low-
wavenumber to the high-wavenumber region. A plausible cause is an increase in the intensity of
the BP due to a higher disordering of the glass structure driven by the incorporation of the cobalt
ions. Besides, the high-wavenumber spectral region evolves due to the change in the Q"

distribution, whereas the full area provides the total population that remains invariable, i.e.,
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>, Q™ =100. Indeed, the barycenter of the high-wavenumber envelope shifts towards lower

wavenumbers with cobalt concentration (Fig.7.2a).
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Figure 7.1: Raman spectra of Co-doped PS glass at room conditions. Spectra were normalized by the integrated
area comprising the Q" envelope.
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Figure 7.2: Barycenter of the high-wavenumber spectral region and Q" population as a function of the cobalt
concentration. The dots symbolize the P1 (full-colored) and P4 (empty) procedures.
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Complementarily, the curve fit of the high-wavenumber envelope indicated subtle
modifications in the Q" distribution (Fig. 7.2b), inducing a decrease in the Q* population and
consequent depolymerization. The calculated BO and NBO proportions suggested this trend
despite the low variation, ANBO =~ 1% (not shown). Remarkably, the influence of doping on the
Q3 entities is in the same sense as the pressure: cobalt incorporation induces an increase in the Q*
tetrahedra whereas the Q° tetrahedra decrease. As a function of the cobalt content, the total Q3
population is not affected. Recalling the correlation between the distinct Q® tetrahedra and the Pb-
Si distances, it is straight that cobalt doping favors the structural configuration with shorter
distances in between the cations. The increase in the NBO population along with the glass
structural rearrangement reiterates the incorporation mechanism as quasi-molecular complexes

proposed therein [243].

B. Ultraviolet-Visible Absorption Spectroscopy

Undoped PS glass is essentially transparent in the visible range, presenting a strong
absorption below 350 nm attributed in the literature to Pb?* electronic transitions [27]. In contrast,
cobalt-doped PS glasses are blue. This change in the color manifests as an intense absorption

composed of three peaks centered on 540 nm, 600 nm, and 650 nm (Figure 7.3).
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Figure 7.3: Optical absorption spectra of Co-doped PS glass at room conditions.
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Absorption spectra of the cobalt-doped PS glasses are similar to that reported by Baiocchi
et al. [240]. According to these authors, Co?" in the tetrahedral site is responsible for such an
absorption attributed to the *A; — “T1 spin-allowed transition. In Figure 7.3, we observe a
progressive increase in the absorbance of these peaks with the doping content, which is very strong
from the lowest doping level investigated here (PSC00.2). As a matter of fact, Co?" in four-fold
coordination is reported to be optically detectable even in the ppm concentration [244]. Despite
the characteristic absorption signal of the tetrahedral sites, the co-presence of divalent cobalt
highly coordinated (octahedral site) is not ruled out in lead silicate glass and other glass
compositions [240, 245, 246].

C. Photoluminescence (PL) Spectroscopy

When excited with a 532 nm laser, Co-doped glasses present a broad PL signal centered
on 700 nm. As illustrated in Figure 7.4a, the intensity of this radiative emission signal increases
with the cobalt concentration up to 2.6 mol.% where it achieves a plateau (inset Fig.7.4a). The
increasing intensity is due to the higher population of tetrahedral cobalt sites. In its turn, the plateau
can be attributed either to radiative emission losses in favor of non-radiative emissions (quenching)
or to the saturation of the Co?* ions occupying the tetrahedral site in the glass [247]. The energy
of the emission is not sensitive to the cobalt content, whereas the width increases about linearly
with it (Fig.7.4c).
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Figure 7.4: (a) PL spectra of Co-doped PS glasses excited with a 532 nm laser at room conditions and (b)
respective full width at half maximum (FWHM).
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II. High-temperature Characterizations

The simultaneous effects of temperature and doping on the precipitation of the crystalline
phases were investigated for the full set of Co-PS glass. In the non-isothermal runs, the temperature
was incremented following the same protocol (see page 79) for all compositions. Such a procedure
enables in only one run the qualitative characterization of the crystalline phases, and their stability
as a function of the temperature, whether the phases are distinct from those precipitated in the PS

glass. Figure 7.5 shows the in-situ Raman spectral evolution for each sample.

200 400 600 800 1000 1200 200 400 600 800 1000 1200
Wavenumber (cm”) Wavenumber (cm”’)

200 400 600 800 1000 1200

Wavenumber (cm’')

PSC02.6

200 400 600 800 1000 1200 200 400 600 800 1000 1200

Wavenumber (cm’) Wavenumber (cm™)

Figure 7.5: Phase evolution in the (a) PSC00.2; (b) PSC00.5; (c) PSCo1l.1; (d) PSCol.5; (e) PSCo02.1 and (f)
PSCo02.6 samples under non-isothermal treatment.
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Table 7.1 summarizes the phase evolution under such a non-isothermal treatment. It is
evident that the phase transformation changes expressively for cobalt concentrations above 1.5
mol.% CoO, from where the crystallization occurs without intermediary phases and is stable up to
973 K. It characterizes by the appearance of the Raman peaks centered on 170 and 490 cm™ at
high temperatures, which suggests the precipitation of a cobalt-rich phase. Such an occurrence
could be linked to the solubility limit of the glass matrix to the transition metal ion doping [27].
Upon the crystal precipitation, the PL signal disappears, dismissing the study of the resulting
composite when based on such an optical property. More generally, this statement also holds when

the L-PS and alamosite are the major crystallized phases for which there is no PL signal.

Table 7.1: Phase evolution of Co-PS glasses with different cobalt content in non-isothermal heating conditions.
Temperatures are in K.

|_Sample | 673 723|773 | 793 | 823 | 873 898|923 948 | 973 | 998

PSCo00.2 Alamosite
PSCo0.5
PSCo1.1 Alamosite
PSCo1.5 ‘New Phase’
PSCo2.1

PSC26

In the isothermal runs, the PSCo glasses presenting the same crystalline phases as the
undoped were submitted to 823 K. As discussed in Chapter 5, in the PS glass such a heating
condition induces the precipitation of the metastable L-PS prior to the stable alamosite, whereas
from 873K the crystalline pathways evolve from H-PS. Instead, across the doping up to 1.1 mol.%
CoO, we observe the predominant formation of the H-PS polymorph that precipitates at
temperatures lower than in the undoped glass. As a general trend, cobalt acts as a nucleant agent
[6], facilitating the crystallization as described in other multicomponent glass-ceramics [247, 248].
In the case of the cobalt-bearing lead metasilicate, it further lowers the temperatures where the H-
PS phase appears.

The doped sample presenting 1.1 mol.% cobalt (PSCo1.1) was selected to be further
investigated under extreme conditions, i.e., additional isothermal runs and high-pressure
characterization. The reason is two-fold, this composition crystallizes presenting the same phases

as the undoped PS glass, and the maximum PL signal.
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Figure 7.6: Micrographs of the PSCo1.1 glass-ceramics obtained after isothermal heating for (a) 60 minutes;(b)
120 minutes and (c) 180 minutes.
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Figure 7.7: (a) Raman and (b) PL spectra of the PSCo1.1 glass-ceramics obtained after isothermal heating for
different times.
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Figure 7.6 illustrates the ex-situ micrographs obtained for the PSCol.1 glass-ceramics
under heat treatment at 823 K for 60, 180, and 300 minutes. We observed the progressive definition
of the interface borders between the H-PS crystal and the glass, accompanied by a definition of
the characteristic Raman spectra of the crystal (Fig. 7.7a). PL spectra of the resulting composite
displayed narrower photoluminescent bandwidth (inset Fig. 7.7b), with values comparable to the
lower doping concentration synthesized here, yet redshifting the center position by 5 nm. These

modifications occur concomitantly to a subtle decrease in the intensity of the PL signal.
Ill. High-Pressure Characterizations

High-pressure characterizations were performed for pressures (P) and maximum pressures
(Pmax) above the PS glass elastic limit at around ~ 4 GPa [162, 163]. Raman measurements of the
undoped PS glass as a function of these distinct variables are described in detail in the third and
fourth chapters. The extension of the response under pressure towards the 1.1 mol.% CoO doping
is straight, once the uncertainty in determining the Q" distribution by the Raman curve fit was
evaluated as + 1% [162]. In-situ PL investigations of Co-PS glasses presented broad and low
intense signals to extract reliable information (not shown). On the other hand, ex-situ
measurements displayed a decrease in the intensity of the PL signal with Pmax (Figure 7.8),
exhibiting little modifications above 8.5 GPa. The peak position decreases to 693 nm, whereas it
is inconclusive the pressure effect on the bandwidth, due to the appearance of a tail that arises at
about 660 nm.
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Figure 7.8: Ex-situ PL spectra of the PSCo1.1 glass as a function of the maximum pressure (Pmax).
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As addressed in previous chapters, pressure may intrinsically increase the coordination
numbers in glasses; further modifying cation-oxygen bond lengths and angles, network
polymerization, etc. Given that the photoluminescent property is attributed to the tetrahedral
coordination within the glass network [240], the decrease in the PL intensity can be attributed to a
coordination modification of Co?". Such an assertion is in line with Tischer et al. [249], who
studied the effect of pressure on silicate glasses doped with transition metal ions, reporting the
cobalt coordination to modify from tetrahedral to octahedral sites. In the case of PSCol.1
composition, this modification in the coordination is at least partially permanent for the densified
glass. Similar pressure-induced coordination change was reported for the densified albite glass
doped with 1 wt.% CoO [250].

Two situations may occur: either pressure transforms some tetrahedral into octahedral sites,
leading to the coexistence of these entities in the densified glass then absent in the uncompressed
glass. Otherwise, the pristine glasses present the octahedral sites at room conditions [240], and
pressure affects the equilibrium between tetrahedral and octahedral sites in the glass network,

shifting the distribution towards octahedral sites up to a saturation limit.

IV. Tailoring the Glass-Ceramics Optical Properties

The tripod composition-temperature-pressure presents a great number of possible
combinations and permutations to be accessed: for a given composition, modifying the temperature
and after the pressure, or performing in the opposite order, or both of them simultaneously, may
result in different structures, which may lead distinct optical properties. This fascinating
characteristic is due to the instability of the glass and its inherent structural dependence on the
pressure and thermal histories.

In the case of the cobalt-doped PS glass, each of these variables modifies the
photoluminescent signal differently:

i) Increasing cobalt content may increase the population of the tetrahedral sites, positively affecting

the PL intensity and broadening the signal bandwidth, not sensibly modifying the emission energy;

i) Combining composition and temperature affects the precipitated phases, for which only the H-

PS polymorph preserved the PL property. Upon its precipitation, different crystallinity degrees
may decrease the PL bandwidths and central position wavelengths of the resulting glass-ceramics.

Two major challenges can be outlined: First, the promising phase is an intermediate metastable,
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whereas longer temperature treatments may lead to the precipitation of the stable and not
photoluminescent alamosite. Second, the detailed structure of H-PS is still unknown, making it
difficult to understand the exact way how the cobalt ions incorporate into the crystalline phase and
its correlation to the optical properties.

iii) Pressure affects the cobalt coordination in the glass, permanently modifying it towards
octahedral sites. Because the PL character is due to the cobalt in the tetrahedral site, such a
treatment may abruptly reduce the PL signal. Despite the intensity drop, pressure treatments at
around 4.5 GPa could be feasible for modifying the central position wavelengths by 6 nm. Higher
pressures destructively affect the resulting PL signal without changing any other interesting

emission parameter.

7.4. Summary and Conclusions

Cobalt-doped PS glass presents optical properties attributed to the divalent cobalt in
tetrahedral sites, which concerns the light absorption centered on the 540 nm, 600 nm, and 650
nm, and a photoluminescent emission centered on 700 nm when excited with 532 nm laser
wavelength. These cations are incorporated in the glass structure depolymerizing slightly the
silicate network, further favoring the configuration where the cations are closer to each other, as
suggested by the increase in the Q3 over Q3 species.

Crystallization dynamics obtained previously to the PS glass are extended to the doped
glass with concentrations up to 1.1 mol.% CoO, with the formation of the same crystalline phases
but different characteristic temperatures. Among the three original crystalline phases from the PS
glass and the new phase that appeared for higher cobalt concentration, the H-PS phase was the
most promising for tuning the PL signal: decreasing its central position wavelength and bandwidth.
These results indicate the incorporation of the divalent cobalt in tetrahedral site only in the H-PS
phase, which could be further investigated in future studies in view to improve the
photoluminescent response.

Pressure treatments decrease the PL signal due to the permanent modification of tetrahedral
towards octahedral sites. Such a symmetry conversion occurs not only in the lead metasilicate but
seems to be the general rule in cobalt-bearing silicate glasses, possibly with different pressure

responses depending on the matrix composition.
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GENERAL CONCLUSIONS

Through this thesis work, we succeeded in extending the fundamental comprehension of
the lead metasilicate under extreme conditions in the non-crystalline and crystalline states. Raman
spectroscopy shed further light on the (i) densification and corresponding glass structure; (ii) phase
evolution during the overall crystallization under different heating conditions; and (iii) temperature
and pressure stability of the crystalline phases.

The effect of glass densification was investigated at room conditions for maximum
pressures up to 23 GPa. Above 4 GPa, a compression-decompression cycle induces subtle network
depolymerization that ceases at 20 GPa, with these pressures corresponding to the elastic and
saturation limits, respectively. Upon compression, the glass network gradually polymerizes,
presenting mostly Q® instead the Q? tetrahedra that are the highest population in the uncompressed
glass. MD simulations further indicate a decrease in the cation-oxygen distances and formation of
highly coordinated lead cations, whereas silicon retains the tetrahedral coordination. The resulting
depolymerization observed in the densified glass probably occurs during decompression as
suggested by the decrease of the barycenter values.

For the investigation of the glass structure as a function of the maximum pressure and
pressure, the complementary analysis of the high-wavenumber region of the Raman spectra either
by the one-parameter barycenter or by the multi-component curve fit showed good agreement.
Such a fact suggests using the former in the ‘fast analyses’ regarding polymerization and
depolymerization trends for a given silicate composition. Beyond the anharmonic effects on the
vibrational modes, an expressive increase on the barycenter is linked to polymerization, whereas
a relevant decrease may indicate depolymerization.

Lead metasilicate glass presents three crystalline phases: L-PS, H-PS, and alamosite. The
crystallization occurs by the intermediary formation of two metastable phases before the alamosite,
with the pathways depending on the temperature. Through the in-situ Raman investigation of the
overall crystallization, we achieved the ideal conditions to stabilize the three crystalline phases by
heat-treating the PS glass, which enables the potential development of future composite materials
based on their combination. Noteworthy, the H-PS phase was previously described in the literature
to be obtained solely from the slow cooling of the melt. The high-temperature investigation of L-
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PS and H-PS elucidates the glass crystallization routes not occurring through the interconversion
from one metastable to the other, as both crystals transform into alamosite at comparable
temperatures. The detailed description of their crystalline structures may aid in building a
fundamental comprehension of the crystallization pathways. The overall crystallization protocols
performed here could be extended to other glass compositions providing further knowledge on the
relevant but underexplored crystallization by the formation of metastable phases.

These concepts were transposable to the doped glass with cobalt content up to 1.1 mol.%,
for which the low level of doping does not markedly modify the glass structure, nor the final
crystalline phases precipitated, providing an interesting optical property, the photoluminescence.
The controlled partial crystallization of the H-PS phase presents potential optical properties, which
could be further improved in future studies. At room temperature, this crystalline phase presents
pressure stability up to 6 GPa, whereas pressures higher than 4.5 GPa affect destructively the
photoluminescent emission of the glass matrix. These pressure limits make it feasible to produce
these composite materials in larger pressure apparatuses, from which macroscopic properties could
be further investigated and tailored. To this aim, the number of possible combinations and
permutations of the different temperature-pressure processing is unlimited.

Some perspectives and prospective fundamental works applying Raman spectroscopy as
the main probe to investigate the PS glass comprise:

1) As a function of the temperature

Q) The relaxation of the densified glass structure, whether and how the Q" population
evolves under successive temperature treatments;
(i)  The overall crystallization of the pressure-induced glass structure, whether the
densification modifies the kinetics;
2) As a function of pressure

(ifi)  Quantitatively describe the modifications on the low-wavenumber region
comprising the Boson Peak and the two peaks attributed to lead vibrational modes;

3) As a function of the temperature and pressure

(iv)  The in-situ structural modification during the hot-compression of the glass and its
distinction to the cold-compression;
(V) The overall crystallization, whether the crystalline routes remain the same as in the

uncompressed glass.
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APPENDIX A: PHONONS IN NON-CRYSTALLINE MATERIALS

This section is an extension of the phonon formalism presented in solid-state textbooks,
which approaches most fundamentally the crystalline matter [251-253]. Indeed, an interested
reader who wants to physically treat the non-crystalline matter with solid-state ‘tools’ is invited to
navigate through the reference therein [36]. v

In any temperature above absolute zero,
atoms vibrate about their equilibrium position

within the solid structure. The formal calculation

of dynamical properties in solids, whether VUI

crystalline or not, generally bases on two

assumptions  [36]. Firstly, the adiabatic Figure Al: The potential energy in a one-
apprOXImatlon Cons|ders the potentlal energy |n dimensional solid as a function of the displacement
_ _ ) ~ from the equilibrium position.

terms of nuclear coordinates, ignoring the relative
electronic motion to the nucleus, so that vibrations do not affect the bonding nature. Secondly, the
harmonic’ approximation expands the potential in powers of the displacement from their
equilibrium position up to the quadratic term, which is equivalent to assume the elastic response
as a linear function of the forces [251].

For simplicity, considering a bound atom in movement in a one-dimensional solid, a typical
curve for the binding energy presents a minimum at the equilibrium position (R,), as illustrates
Figure A.1. Describing the potential energy, V(R) as a Taylor expansion series around R, provides:

2
V(R)=V0+6—VR (R—Ry) +22%
0

_ 2

aR 2 OR?|g (R = Ro) (A1)
Where s = R — R, is the instantaneous vector displacement from the equilibrium position.

The first term V, is the potential energy in equilibrium and does not contribute to the dynamics of

vibrations. The second term disappears, once the potential energy at the equilibrium position is a
. av
minimum, — = 0.
R
The harmonic potential is therefore solely quadratic in the displacement, and in a three-

dimensional solid is given by [254]:

a%v s s
i raris
aRnaiaRnlalil nat n'al’l

V=12nai

_1 nrarir
> _ =3 > nai Pnai Snai Swarir (A2)
nrarir

nrari’
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Where n runs over N, the number of Wigner Seitz cells in the volume, a runs over r, the
number of atoms in the basis. The index i distinguishes the three Cartesian coordinates of the
vector s, that is the instantaneous displacement from equilibrium. The force constant @%"" is
a square matrix of order 3Nr representing the force in the i-direction acting on the ath atom in the
nth cell when the a'th atom in the n'th cell is displaced by unit distance in the i’-direction. From
the definition, it is straight the symmetric nature of the @ components with respect to interchange
of indices [36].

The equation of motion can be written as:
. av recrir
MySpai = — Y = Ynraris @r?a? ' Snrarir (A.3)
nat
With M, the mass of the ath basis atom. The solutions are periodic in time, i.e.

1 i
Snai(t) = == Upqi €XpP twt (A4)

VM
Where u,,; are the time-independent part of the displacement vector out of a mass factor.

Substituting into the equation of motion:

nlali’

2 _ Pnai
W Ungi = anarir\/% Uprarir (A.5)
- . . . ) nl('xlil .
The core of the vibrational description concerns the matrix D = ==— being real and
VMgMgy,

symmetric, and therefore diagonalizable [254]. Mathematically, this step introduces normal
coordinates related to the displacement, characterized by the index j, D can be written in terms
@ 0))

nai nai

of eigenvectors u’ . and eigenvalues a)jz. For each wj, there are 3Nru,,,; linearly independent

normal modes. Such a procedure formally translates into replacing coupled individual oscillations
of the atoms into decoupled collective excitations, which are known as phonons in quantum
mechanics [36].

The mathematical development above has not assumed anything about the lattice
configuration. In section A.1, we simplify the dynamical problem by further considering the
translational symmetry due to periodicity in crystals. In section A.2, we discuss the extension of

some core dynamical concepts from crystalline to non-crystalline matter.
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A.l. Phonons in crystals

In crystalline matter, the presence of translational lattice periodicity reduces the number of
equations to be solved from 3Nr to 3r, by the application of Bloch’s theorem [36]. Such a
simplification is achieved by considering periodic the potential energy given by Eq.(A.2), and the
eigenvectors as plane-waves modulated by a function with the same periodicity as the lattice [253]:

Unirir = Cai(Ry) exp@Ffn (A.6)
Where R,, is a point in the Wigner-Seitz cell and q is the wavevector related to the size of the unit
cell in the reciprocal space (space of coordinates with the dimension of inverse length).

Thus, Eqg.(A.5) can be rewritten as

wzcai(Rn) = Zaril Dgii Ca'i' (Ry,) (A7)
With the matrix
1yt orf ' -n)  om R
Dgil = Zn,W exp'? (Rn—Rn") (A.8)

It arises that in crystals w; is a function of q, periodic in the reciprocal space.
Consequently, to fully address the dynamical problem one needs to consider only the first Brillouin
zone, whose shape is defined by the point group of the crystal [254].

The number of atoms in the basis, r, imposes the number of distinct ‘branches’ in the
Brillouin zone, 3r. These branches picture the set of phonons as dispersion curves, with the type
of branch distinguished by the behavior of w;(q) as q tends to zero, i.e. the infinite wavelength
limit [36]. There are 3 branches for which the frequencies w;(q) goes to zero as q goes to zero,
displaying for small values of q a linear behavior on the dispersion curve, whose slope is the sound
speed; those are referred to as acoustic branches. The other 3 (r — 1) branches display finite non-
zero frequencies as q tends to zero and are known as optic branches.

For the acoustic modes, in the infinite wavelength limit (g = 0), basis atoms move
essentially in unison, whereas for the optical modes the atoms vibrate out of phase within the unit
cell [252]. At a general value of g, the acoustic vibrations are not completely in phase nor are the
optic modes out of phase [36].

In first-order scattering process, which comprises the participation of only one phonon,

conservation of energy and momentum leads to [251, 252]:

E' = E + ha(q) (A.9)
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p =pth(@+6) (A.10)
Where the convention adopted is (E’, p" ) for the scattered and (E , p ) for the incident beams, with
the (+) sign referring to absorption and (—) to the emission of one phonon with frequency @ and
wavevector q located in the first Brillouin zone.

Note that for a monochromatic beam in the visible spectral region (A = 400-700 nm), the
module of the wavevector |q| = 2m/A~1073A~" is small compared to the extension of the
Brillouin zone (2/a ~ 1A~1, where a is the lattice parameter). As a straight consequence of the
momentum conservation law stated in Eq. (A.10), Raman spectroscopy access only optical
phonons close to the center of the Brillouin zone, i.e. |q|~0, which also satisfies the non-zero

polarizability variation rule, as presented in Eq. (1.8) in the main text.

A.2. Phonons in non-crystalline solids: glass

Considering the topological structural disorder in glass, Bloch’s formalism does not hold
in simplifying the vibrational dynamics of these materials. It follows that dynamical equations
such as Eq.(1.5) cannot be diagonalized using plane waves as in crystals [255]. Phonons, i.e.
quantum of energy in a vibrational mode, still apply to non-crystalline solids, being qualitatively
different from crystals for not presenting well-defined g vectors [255].

One can easily understand such distinction by picturing real and reciprocal spaces. As glass
structures intrinsically lack translational periodicity, i.e. their full structural description would

require a unity cell of “infinity” parameter a in real space. Consequently, the mathematical
treatment in reciprocal space (q = %“—> 0) has no longer physical meaning [36]. The exception

lies at the infinite wavelength limit (g = 0): on the low-frequency limit, the vibrations are
described as acoustic phonons with the distinction that the waves present shorter phonon lifetimes
due to the long-range disorder. On the high-frequency limit, the optical modes are no longer plane-
waves, but rather spatially localized vibrations [36].

In non-crystalline solids, a broad response over a range of frequencies w; occurs, as the
excitations are not eigenstates of g [256]. Indeed, the phonon wavevector q is not a good quantum
number in non-crystalline solids, as the selection rules obeyed by the wavevector are then relaxed,

such that all the vibrational modes can take part in the inelastic scattering [257, 258].
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