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English summary

Oxide glasses play a vital role in modern day life with applications within
architecture, screen technologies, communications technologies, domestic and
technical insulation materials, among many other uses. For many of these
applications, structure-property correlations are well-studied. However, some
properties remain much less explored - one such property of oxide glasses is
thermal conductivity, despite its relevance for, e.g., insulation materials and
for controlling thermal shock resistance. The aim of this thesis is thus to un-
derstand and develop such structure-thermal conductivity correlations in oxide
glass systems

First, a variety of oxide glasses were studied experimentally in the lithium
germanate and borosilicate glass families. These were chosen due to their in-
herent structural anomalies when adding network modifiers and/or changing
the network former ratio. As such, they served as a means to deduce the cor-
relations of composition and structure separately. This was used to showcase
how two different contributions to thermal conductivity exist; one contribution
dependent on composition, density, and sound speed from so-called diffusive
vibrations. This contribution is possible to estimate through a simple semi-
empirical model; and another contribution dependent on structure, namely,
volumetric constraint density. This latter contribution is argued to stem from
propagative vibrations. Intriguingly, it was found that the structure dependent
contribution to thermal conductivity rises linearly with the volumetric con-
straint density for a number of modified oxide glass families - however, even
though all correlations increased with increasing constraint density, the corre-
lations varied significantly between glass families.

Second, the effect of pressure on thermal conductivity was studied in both an
experimental series of hot-compressed borosilicate glasses and in a compressed
simulated 30Ca0-10A1503-60Si04 glass. While the thermal conductivity in the
borosilicates were shown to be described by the same two-contribution model
as for other oxide glasses, the changes of thermal conductivity with compression
was not directly explainable by a simple structural metric. As such, the changes
are, at least partially, governed by structural changes of the medium-range or-
der structure. For the calcium aluminosilicate glass, a detailed simulation of



English summary

thermal diffusivity and conductivity was conducted up to 100 GPa of pres-
sure. It was revealed how thermal diffusivity and the amount of diffusive and
propagative vibrations were significantly enhanced with increasing pressure,
resulting in a large increase in thermal conductivity with increasing pressure.
For more, an intriguing coupling between thermal conductivity and the Debye
frequency as well as the so-called boson peak was found.

The outcomes of the present thesis is a deepened understanding of thermal
conductivity beyond the most compositionally simple oxide glasses and a set
of design criteria for manipulating thermal conductivity in this glass family.
Specifically, to maximize thermal conductivity one must search for glasses of
low molecular weight oxides and high rigidity, i.e., a high number of constraints
per unit volume. Additionally, it was found how one may use post treatment
methods to alter thermal conductivity in these systems. Ultimately, this work
should be seen as the first step towards a more comprehensive understanding of
the structure-thermal conductivity correlations and model-building in the oxide
glass family. Something which may significantly affect the performance of nu-
merous glass products and enhance the understanding of the physics governing
heat transfer in complex amorphous systems.

vi



Dansk resumé

Oxidglas spiller en central rolle i den moderne tidsalder med anvendelser inden-
for arkitektur, skesermteknologier, kommunikation, isoleringsmaterialer, m.fl.
For mange af disse anvendelser er struktur-egenskab sammenhaenge velstud-
erende, mens de for visse egenskaber er langt mindre forstaet - en sddan darligt
forstaet egenskab er termisk ledningsevne, pa trods af dens relevans for f.eks.
isoleringsmaterialer og som en vigtig parameter i kontrollen af termisk chok.
Malet med denne afhandling er at forsta og udvikle sidanne sammenhsenge
mellem struktur og termisk ledningsevne i oxidglas.

Forst blev to serier af hhv. lithium germanat og borosilikat glas studeret
eksperimentelt. Disse blev udvalgt grundet deres anomale zendring af koor-
dinationstal med sendringer i hhv. modificerende oxid og netveerksdanner for
pa den méade at kunne adskille bidrag fra struktur og komposition til termisk
ledningsevne. Ud fra studier af disse blev det vist, at der kan udledes to forskel-
lige bidrag til den termiske ledningsevne i oxidglas; et bidrag, som afhsenger af
glassets komposition, densitet og lydhastighed fra diffusive vibrationer. Dette
bidrag kan estimeres med en simpel semiempirisk model; og et andet bidrag
med en steerk atheengighed til struktur, neermere betegnet meengden af atomare
begrensninger per volumen. Dette bidrag kommer fra sakaldte udbredende vi-
brationer. Det blev fundet, at det strukturafhaengige bidrag til termisk ledning-
sevne havde en positiv linezer tendens med antallet af atomare begraensninger
per volumen for en raekke modificerede oxidglas. Imidlertid sa selvom alle
linezere tendenser var stigende med stigende antal af atomare begraensninger
per volumen, sa varierede korrelationerne kraftigt mellem glasfamilier.

Dernaest blev effekten af tryk pa termisk ledningsevne studeret eksperimentelt
i en serie af hgjtryksbehandlede borosilikat glas og i et simuleret 30CaO-
10A1503-60Si05 glas under tryk. Mens den termiske ledningsevne i borosi-
likatglassene blev fundet til at veere velbeskrevet af to-bidrags modellen var
det ikke muligt at korrelere de fundne sendringer med nogle simple strukturelle
parametre. P& denne baggrund blev det fundet, at den termiske ledningsevne,
i hvert fald delvist, er styret af glassets mellemraekkende orden. Det studerede
calcium aluminosilikat glas blev trykket med op til 100 GPa i molekyleer dy-
namiske simuleringer. Fra disse blev det fundet, at den termiske diffusivitet

vii
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for hgjfrekvente vibrationer samt andelen af ikke-lokaliserede vibrationer steg
kraftigt med stigende tryk. Dette medfgrte en kraftig stigning i den termiske
ledningsevne som funktion af trykket. Ydermere blev der fundet interessante
koblinger mellem termisk ledningsevne og Debye frekvensen samt den sékaldte
boson top.

Resultaterne af denne athandling er en dybere forstéelse for den termiske led-
ningsevne af komplekse glas bestaende af blandinger af oxider samt et saet ret-
ningslinjer til at designe oxidglas med hgj eller lav varmeledningsevne. Specifikt
for at maksimere den termiske ledningsevne skal man sgge glas med oxider af
lav molarmasse og hgj rigiditet, dvs. mange atomare begransninger per vol-
umen. Derudover blev det fundet, at efterbehandlinger med f.eks. tryk ogsa
kan benyttes til at sendre den termiske ledningsevne i disse systemer. Endelig
skal denne afthandling ses som det fgrste skridt mod en mere dybdegaende
forstaelse af struktur-ledningsevne sammenhaenge og en egentlig model for ter-
misk ledningsevne i et vaeld af oxidglas. Dette har potentiale til at forbedre
egenskaberne af et veeld af glasprodukter og forbedre forstaelsen af den fysik,
der styrer varmeoverfgrsel i komplekse amorfe systemer.

viii
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Chapter 1

Introduction

1.1 Background

Glassy materials have been an irreplaceable part of the world for millennia [1].
From the usage of natural glasses as weapons and jewellery, glass has today been
incorporated as an advanced technology and sees wide usage within materials
science and engineering [1]. Its broad usage is greatly linked to a number of
advantageous design parameters, e.g., oxide glasses generally (but not always)
feature; i) great shapeability; ii) high chemical and mechanical durability, and
iii) transparency [1-3]. While several other glass families exist, oxide glasses
comprise the majority of produced glass, likely due to its chemical inertness,
great transparency, and low cost, making it optimal for use in windowpanes
and screen applications. Yet, even though silicate-based glasses see the largest
bulk usage within windows, the use of oxide glasses in advanced technological
applications continues to expand. This includes applications within glass fiber
technologies for ultra-fast data transfer [4, 5], screen applications with highly
crack resistant glasses [6], as parts in semiconductor devices [7], among many
other uses [4, 8]. As such, the engineering of glass properties is a cornerstone
of modern glass technology.

Now, while the engineering of glasses has traditionally been a trial-and-
error process, the inconceivable amount of possible glass compositions make
this process highly ineffective. As such, another approach to optimize glass
properties is to understand the correlations between glass properties and the
underlying glass structure [9]. This is a task of significant challenges, especially
due to how the glass structure lacks the symmetry found in crystals, deeming
common structure solving methods worthless. However, successful structure-
property models for predicting both thermodynamic and mechanical properties
have been developed, e.g. based on traditional rigidity considerations from
local metal-oxygen coordination numbers in the so-called topological constraint
theory [10]. Yet, despite the interest of correlating structural parameters to
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glass properties, some properties have been notoriously neglected - one such
property is that of thermal conductivity. While the thermal conductivity of
glasses has seen quite some interest in classical physics for especially its low-
temperature anomalies [4], very limited interest has been given to it as an
engineering parameter near room temperature. This may be showcased by
noting how only 35 entries of thermal conductivity is given in the SciGlass
database - for comparison, 3987 entries of density and 816 entries of Young’s
modulus are indexed!

As such, describing thermal conduction in glasses is a persistent problem in
solid state physics and engineering primarily caused by the lack of long-range
order structure in amorphous materials. While significant progress has been
made in the last three decades, many questions remain largely unanswered
- especially for structures extending beyond the simplest compositions. As
such, while some measurements of thermal conductivity in oxide glasses exist
in the literature, fundamental understanding of its relation to structure remains
unclear. Solving this puzzle could enable glass materials with optimized heat
conductive properties for, e.g., passive layers in with improved heat transfer in
electronics [7] and improved thermoelectric modules [11].

1.2 Scope and Objectives

The aims of this thesis is to provide some of the first steps towards establishing
a correlation between structure and thermal conductivity in glasses. This has
been done by studying a range of systems with anomalous structural behavior
and their thermal conductivity to ultimately couple these parameters. More-
over, focus has been to apply compression methods to study their effect on both
structure and related thermal conductivity using both experiments and numer-
ical methods. This is done to induce structural changes without changing the
composition. Apart from the work on structure-property correlations, some
work has also been devoted to the development of new methods for structural
characterization based on topological data analysis. In summary, the thesis
will aim for elucidating answers for the following working questions:

o How may one characterize amorphous structure beyond the short-range
order?

o How may one quantitatively describe medium-range order structure from
simulations?

e How does chemical composition impact thermal conductivity in glasses?
¢ What is the effect of pressure on glass structure and thermal conductivity?

e Is it possible to correlate structural models to thermal conductivity in
glassy systems?
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o Isthe thermal conductivity in glasses mainly governed by short- or medium-
range order?

While a thorough understanding of the above questions will rather require a
career than a single thesis, the current thesis aims to provide some of the initial
steps in answering these fundamental and poorly understood correlations, with
particular emphasis on the oxide glass family.

1.3 Thesis content

The main body of this thesis consist of the following papers and manuscripts
prepared following my Master’s defense in the Integrated PhD Programme (i.e.
half time PhD student from August 2018 to August 2020 and full time PhD
student from August 2020 to August 2022). The papers may be found sepa-
rately in the Papers part of this thesis.

Paper I T. Du!, S. S. Sgrensen', T. To', M. M. Smedskjeer, “Oxide glasses
under pressure: Recent insights from experiments and simulations”, Journal of
Applied Physics, vol. 131, pp. 170901, 2022.

Paper II S. S. Sgrensen, T. Du, C. A. N. Biscio, L. Fajstrup, M. M. Smed-
skjeer, “Persistent Homology: A Tool to Understand Medium-Range Order
Glass Structure”, Journal of Non-Crystalline Solids X, In revision.

Paper III S. S. Sgrensen, M. S. Bgdker, H. Johra, R. E. Youngman, S. Lo-
gunov, M. Bockowski, S. J. Rzoska, J. C. Mauro, M. M. Smedskjeer, “Ther-
mal conductivity of densified borosilicate glasses”, Journal of Non-Crystalline
Solids, vol. 557, pp. 120644, 2021.

Paper IV S. S. Sgrensen, T. To, J. F. S. Christensen, H. Johra, M. M. Smed-
skjeer, “Impact of network topology on the thermal and mechanical properties of
lithium germanate glasses”, Journal of the American Ceramic Society, vol. 105,
pp. 977, 2022.

Paper V S. S. Sgrensen, P. P. Cielecki, H. Johra, M. Bockowski, E. Skovsen,
Y. Yue, M. M. Smedskjeer, “Thermal conduction in a densified oxide glass:
Insights from lattice dynamics”, Materials Today Communications, vol. 32, pp.
104160, 2022.

As the works published during the first part of the integrated PhD programme
has been defended as part of my Master’s Thesis (September 2018 to August
2020) it is not directly included in the present thesis. However, some of these

1Equal contribution
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works will see continuous referencing as Refs. [12-15].

Apart from the above works, several contributions have been made to other
published works. A full publication list (including the papers stated above) is
found on page 73.




Chapter 2

Glass Structure

While the main constituents (and hence composition) of oxide glasses have been
known for millennia, the resulting structural arrangement continues to provide
significant trouble to grasp for scientists. In this chapter, the fundamentals and
recent advances in understanding of oxide glass structure will be discussed. For
more, suitable models for describing glass structure will be introduced.

2.1 Structure of simple oxides

Crystalline materials are characterized by the possession of long-range order
by the replication of a single unit of structure, the so-called unit cell [16]. This
long-range order is basis for the whole scientific field of crystallography, that
is, the solving of atomic positions within crystal lattices [17]. As such, it may
not be surprising that it was a crystallographer who made some of the most
important contributions to the understanding of glass structure.

Based on the knowledge of crystal structures in various metal oxide systems,
Zachariasen was the first to put a number of empirical rules of what constitutes
oxide glass structure [18]. He summarized some guidelines for what is ideal for
optimizing glass-formation. Namely that (quoted from Ref. [18]) an ozide glass
may be formed:

o if the sample contains a high percentage of cations which are surrounded
by oxygen tetrahedra or by oxygen triangles;

o if these tetrahedra or triangles share only corners with each other and;

e if some oxygen atoms are linked to only two such cations and do not form
further bonds with any other cations.

Additionally, he deduced how glasses have a lack of symmetry and hence
how a glass would constitute an infinitely large unit cell where the local geom-
etry would mimic that of the crystal yet that each atom would be structurally
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unique. For oxide glasses, the two most archetypical oxide glass formers are
likely SiO5 and B5O3. Their fundamental metal-oxygen building block of tetra-
hedral and triangular characters, respectively, are presented in Figures 2.1a-b.
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Fig. 2.1: Fundamental tetrahedral and triangular building blocks in (a) SiO2 and (b) B2Os3
glass, respectively. (c) Planar sketch of the SiO2 glass structure (where one oxygen is omitted
for clarity) with approximate depictions of the short- and medium-range order domains.
Figure (c) is reprinted from Paper II.

While Zachariasen clearly depicted the full amorphicity and resulting lack of
long-range order, as well as the similarity between the local structure (i.e., the
short-range order) in the crystal and glass, it is essential to bear in mind how
some structural order beyond the short-range order, but before full random-
ness, is maintained. This structural regime is typically coined medium-range
order (MRO). While it is generally well-established that this structural regime
exists, it is much harder to characterize compared to short-range order (SRO).
Generally, MRO structure is believed to extend from around 5 to 20 A [19]
although the cutoff value is very poorly defined. Beyond the MRO, no order
exists and the material is thus amorphous. This perception of Zachariasen is
termed the random network model [18]. While this model stands as perhaps
the singlemost important perception of glass structure, it mainly applies to
pure oxide glass formers. This contrasts with most actual oxide glasses which
incorporate multiple oxide types - even those which are not good glass formers
themselves - this is commonly alkaline, alkaline earth, and transition metal
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oxides [2]. These additions give rise to new chemical and physical properties
as well as new structure.

2.2 Structural changes with composition

2.2.1 Oxide classification

When mixing different oxides to form a homogeneous phase, a variety of struc-
tural features arise. These changes are greatly linked to the type of oxide added
- as such, it is very convenient to have a means of grouping these compounds.
Dietzel provided a method for such grouping by introducing the field strength
(F'S) of oxide materials [20], i.e.,

Z.

FS = 2 (2.1)
where Z, is the cation charge, and a is the separation of the oxygen and
cation (@ = roxygen +7Tcation). Lhis eventually provides a measure of the bonding
type of the bond formed between the cation and oxygen (higher F'S, higher
covalency). Now, according to Dietzel, three groups may be distinguished, i.e.
network modifiers (F'S ~ 0.1 — 0.5), network intermediates (F'S ~ 0.5 — 1.2),
and network formers (F'S > 1.2). Network formers are what is described in
Zachariasen’s model and tend to form bonds with oxygen of a large covalent
character. This stands in contrast to network modifiers which form ionic bonds
with oxygens with a generally larger bond distance and consequently a higher
coordination number (also explaining why they are poor glass formers in their
pure form). In between these two extremes, intermediates have the possibility
to act both as network formers and modifiers, depending on the nearby chemical
environment [2]. A compilation of the most common oxides and their F'S is

given in Table 2.1.

Table 2.1: List of some of the most common ions found in oxide glasses and their associated
field strengths. List reproduced after Ref. [20].

Ton | Coordination Charge Tonic distance (A) Field strength (A=2)
LiT 6 1 0.210 0.23
Na* 6 1 0.230 0.19
K+ 8 1 0.277 0.13
Mg+ 6 2 0.210 0.45
Ca?*t 8 2 0.248 0.33
Sr2+ 8 2 0.269 0.28
AT 6 3 0.189 0.84
4 3 0.177 0.96
B3t 3 3 0.150 1.34
Sitt 4 4 0.160 1.57
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2.2.2 Modified oxide glasses

Practically, the majority of glasses are mixtures of different oxides including
network formers, intermediates, and modifiers, and, as such, a very diverse
structure is obtained in these glasses. In the 1930’s, Warren and Biscoe [21]
studied one of the most archetypical modified oxide glasses, namely sodium
silicates (zNag0-(100 — x)SiO2), using X-ray diffraction. From their studies,
they proposed how the structural character of the glass changed when adding
modifiers to network formers. Specifically, they found that modifier ions (in
this case Na™) will break up the polymerized network (Si-O-Si), creating so-
called non-bridging oxzygens (Si-O~). This perception has later been found to
also be applicable for other network modifiers. A schematic of this structural
perception is presented in Figure 2.2a.

(
( ( ° °
e Silicon < $% ((°( E.( *
Cc (o
@ Modiier (. @C ¢ ¢ €2
[ ] .(
Chel (e ¢
( Ce
(
(a) (b)

Fig. 2.2: (a) Structural perception of how modifier ions may disrupt the fully polymerized
glassy network by creating non-bridging oxygens and larger ring-type structures. (b) Depic-
tion of how modifier atoms (black dots) place themselves in tunnel-like structures inside the
polymerized glass matrix as suggested in the modified random network model. Figure (b) is
reprinted from Greaves, J. Non-Cryst. Solids, 71, 203 (1985) [22]. Copyright 1985 Elsevier.

While this result has laid the foundation for the understanding of both
structure and structure-property correlations in numerous oxide glasses, the
understanding has been further deepened. Based on extended X-ray absorption
fine structure (EXAFS) measurements, Greaves [22] introduced the modified
random network model. Here, EXAFS revealed how modifying cations have
a non-random order, at least in vicinity of the oxygen atoms [23]. For more,
Greaves [22] depicted how modifier cations arrange in tunnel-like structures in
the network former matrix. Later, this perception has come to be the dominant
belief, yet with the note that the tunnel-like structure are rather dynamic than
static and best practically envisioned by following the diffusion of modifier
cations in the glass, e.g., in simulation studies. A depiction of the tunnel-like
structure in a simple modified oxide glass is presented in Figure 2.2b.
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2.2.3 Structural anomalies

Now, while the pure metal oxides all have well-defined cation coordination num-
bers (CNs), adding other oxides (both formers, intermediates, and modifiers)
will in some cases dramatically change the cation coordination. As examples,
Si, B, and Ge in their pure oxide forms have cation CNs of 4, 3, and 4, respec-
tively. However, addition of network modifiers will have very different effects. 1)
For SiO,, adding modifiers will generally not change the Si CN, but depolymer-
ize the overall network by producing non-bridging oxygens [2]. However, the
most notable exception is how adding pure PoO5 will induce the presence of six-
coordinated Si [24], something which is otherwise mainly seen in high-pressure
polymorphs [25]; ii) For B2O3, adding network modifiers will, at lower modi-
fier concentrations, induce the transformation from three- to four-coordinated
boron and thus a strengthening of the overall network [26]. This transform
is termed the boron anomaly. At further modifier addition, the coordination
number change will revert back to a coordination number of 3, yet now with
non-bridging instead of bridging oxygens; Finally, iii) upon modifier addition to
GeO2, Ge will also increase its coordination number from four to five and/or
six (the specific change is under considerable debate, see Refs. [27-29]). At
further modifier addition, the coordination number change of the cation will
revert, but now with non-bridging instead of bridging oxygens attached to the
cation polyhedra. These three situations are sketched in Figure 2.3.
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Fig. 2.3: Sketch of how silicate, borate, and germanate polyhedra change coordination
number upon increasing modifier concentration. Depictions of bridging/non-bridging oxygens
are omitted for clarity.

These structural changes significantly affect the properties of the glasses.
That is, silicates will tend to see a decrease in structural polymerization with
increasing modifier concentration while borates and germanates will increase
their polymerization. Practically, this affects many properties, perhaps most
notably the glass transition temperature (7). The T, will generally follow
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the degree of polymerization and thus for silicates, the T, will often decrease
for increasing modifier content while the T, of borates and germanates will
(up to a given concentration) increase due to the increasing polymerization.
While this is a rule of thumb it will highly depend on the modifier, with high
F'S modifiers (typically high charge, low Z cations) deviating more from the
above statements [13]. An example of the correlation between F'S and T}, for a
series of 20MO-80B503 glasses (with M being either one or two metal cations)
with alkali and alkaline earth metal oxide modifiers from our earlier work as
presented in Figure 2.4.
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Fig. 2.4: The glass transition temperature (Ty) of multiple modified silicate and borate
glasses with compositions of 20MO-80SiO2 and 20MO-80B203 where M is one or two metal
ion(s). The field strengths correspond to (from left to right) Cs, Rb, K, Na, Li, Ba, Sr,
Ca, and Mg, respectively. Figure is reprinted from Sgrensen et al., Appl. Phys. Lett., 117,
031901 (2020) [13]. Copyright 2020 AIP Publishing.

While there exist more structural anomalies in glasses, the above examples
are the most prominent and studied in the literature. As such, these are also
the anomalies which will later be discussed in relation to their effect on heat
transfer in these glass systems.

2.3 Structural changes with pressure

While many structural changes may be unveiled through compositional change,
different kinds of treatments provide means of permanently modifying the glass
structure without changing the composition. Several treatments enabling such
changes rely on changing the pressure. Paper I of the present thesis presents a
perspective article specifically devoted to describing the techniques involved in
glass compression, the resulting structure and property changes, as well as the
perspectives of the field.

The methods of applying pressure to modify glasses can mainly be divided
into two groups, namely, cold- and hot compression. First, cold compression
typically involves compressing a sample at room temperature using a uniaxial
press or a diamond anvil cell (DAC), ideally creating uniaxial stress/strain or
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2.3. Structural changes with pressure

isostatic stresses, respectively. At lower pressures (few GPa) this will usually
only induce reversible deformations, but by increasing the pressure, permanent
densification and structural changes will evolve [30]. Second, hot compression
may involve several compression methods, but, as the name depicts, is per-
formed at elevated temperatures, typically on the order of the glass transition
temperature of the studied glass or even in the melt [31, 32]. For more, while
both uniaxial presses and DACs may be used for hot compression experiments,
it is often also performed using N2 gas as the compression medium [31]. The
latter limits the maximum pressure to few GPa, but ensures full isostaticity.
While high temperature treatments will induce structural changes which, to
some degree, mimic those of cold compression, permanent changes will usually
appear at much lower pressures compared to cold compression [31, 33].

Structurally, the changes upon densification may be split into short- and
medium-range order changes. For SRO, various coordination number changes
are apparent upon compression very much depending on the glass type. For the
three glass types studied here (SiO2, GeOs, B2O3), their pure forms see notable
differences in their pressure response upon cold compression as compiled in
Figure 2.5.

oo

~
t
m]
[m]
m]
|
t

o o
®
..%
>
Q»PU
g
e
¥
>
.

w »
;P
>

+

+

+

+

+

®eASO,
00GeO,

Si/Ge/B cordination number (-)

N

0 50 100 150 200
Pressure (GPa)

Fig. 2.5: Coordination number of Si, Ge, and B in SiO2, GeOs, and B2Os under cold
compression to megabar pressures. Data are collected from Refs [25, 34-39]. Figure is
reprinted from Paper I.

Specifically, while GeOs and B2Oj3 see notable CN changes from 0 to 20 GPa
(averagely from four to six and three to four, respectively), the pressure re-
sponse of the SiOy CN (from four to six) is initiated at around 20 GPa and
completes at around 50 GPa. Further increasing the cold compression pressure
will not provide any changes to the CN of B5Ogs, but recent works [25, 35] have
argued that both GeO5 and SiO5 see CN increases to above six in such pressure
regime. However, other works [36] argue for less or no changes and, as such,
complimentary measurements are needed to thoroughly determine the nature
of this phenomena and to determine whether the proclaimed CN changes above
six are indeed real. For hot compression studies, the pressure range is generally
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more limited, but the same tendencies are apparent, that is, SiO5 is less labile
for CN changes than other oxides [31, 40].

At the medium-range order scale, changes are often way more complex to
describe. Despite this, notable changes to many glass systems have been de-
scribed in the literature. Generally, polymerization will increase upon increas-
ing pressure as CNs increase. This is both true for the network former and
modifier cations, yet also for the oxygens in the oxide glasses. As such, the av-
erage Q" (that is, the number of bridging oxygens per network forming cation)
will tend towards higher n for higher pressures [31]. Other experiments have
found types of clustering in different oxide glasses, e.g., finding that three- and
four-coordinated borons tend to cluster separately in modified borate glasses,
yet that such clustering decreases upon increasing pressure [41]. Interestingly,
such arguments of inhomogeneity have also been found to apply to pure oxides,
e.g., SiOq, yet here with a less clear specification of its structural origin [42—-44].
Other common ways to characterize MRO rely on characterizing the ring-type
structures found in oxides upon pressure addition. This is highly complex and
will generally rely on the access to three-dimensional structural data, commonly
acquired from structural refinement or pure simulation studies. Upon increas-
ing pressure, ring sizes (typically counted as the number of network forming
cations in the ring) tend to decrease, in agreement with the general idea of how
the network compacts and increases its nearest neighbor count [45]. Recently,
the idea of characterizing ring structure distributions directly through experi-
mental data have been developed as the so-called RingFSDP method [46, 47].
This method relies on decomposing the so-called first sharp diffraction peak
(FSDP) into contributions from different ring structures. The general idea of
the RingFSDP method will be briefly introduced in Section 2.4.1. While this
method is very new, it has only seen application to few glass compositions, but
given the rather vast amount of experimentally available data, its application
to many already tested glasses should be of great interest for providing new
understanding in the pressure response of glasses.

2.4 Characterizing glass structure

Despite how Zachariasen did indeed grasp the oxide glass structure in a very
meaningful manner, the available experimental techniques capable of confirm-
ing his ideas at the time of publication was, at best, limited. In fact, it is
first within the last few decades experiments have provided direct visualized
confirmation of the amorphous nature of the oxide glass structure from e.g.,
electron microscopy [48]. However, a number of other methods have provided
invaluable information of both the short- and medium-range order glass struc-
ture. In the following section the fundamentals of a few of these methods will
be introduced and the possible insight gained from them will be discussed.
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2.4. Characterizing glass structure

2.4.1 Experiments

With regard to the importance of X-ray diffraction methods for studying crys-
tals it may not be surprising how diffraction methods have been one of the
most used methods for characterizing glass structure. For crystals, the repeat-
ing unit (i.e., the unit cell) governs the intense pattern observed in a diffraction
experiment from crystalline materials through Bragg’s law, i.e. [16],

2dsin(0) = nA, (2.2)

where d is the interplanar spacing, # is the angle between the incoming
radiation and the crystallographic plane, and A is the wavelength of the in-
coming radiation (typically in the X-ray range as its wavelength is equivalent
to typical interplanar spacings). This equation relies on the crystal lattice and
is thus not applicable to amorphous materials, including glasses. However, as
it will be seen, glasses also feature characteristic scattering patterns when ob-
served in a setup similar to that of crystal experiments, yet at a much smaller
intensity. Fundamentally, this scattering pattern stems from the interatomic
pair distances in the material. This correlation was discovered by Debye and
compiled as the so-called Debye scattering equation [49, 50],

sin(@ry)
Qrn

where the intensity (I) at a given momentum transfer (Q), is given as a
function of the number of atoms (N), the scattering factor (f), the number
of atomic pairs By, and the interatomic pair distances (r,). While a full
derivation is beyond the scope of the current thesis, the biggest achievement
of Eq. 2.3 is how one can relate atomic pair distances directly to a measurable
quantity! After the introduction of Eq. 2.3, the equation was rewritten in a
more convenient form [51], i.e

I(Q)=Nf*+f? ZB (2.3)

1Q) = NP1+ [ amr?lp(r) - p) 2

where p(r) and p, are the density of atoms at r and on average, respec-
tively. Importantly, the term 47r2p(r) represents the radial distribution func-
tion (RDF) which provides the direct real space information on the probability
of finding an atom at a given separation [52]. Likely best noticed from Eq. 2.4,
there exist a Fourier transform relation between the intensity observed experi-
mentally from @-space and to the real-space information of the RDF.

While Egs. 2.3 and 2.4 are generally valid for a monatomic system, the
majority of chemistry and physics is concerned with multiatom systems. The
perhaps most common approach for overcoming this extension was developed
based on the work of Faber and Ziman in the 1960’s. The multiatom total
structure factor may be expressed as a sum over all partial structure factors

(8i;(Q)) as [53],

dr}, (2.4)
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Here, each partial structure factor is directly linked to the partial radial
distribution function (g;;(r)) through,

5(Q) = (2.5)

Sij(Q) =1+ pa /00047T7“2(9ij(7") - 1)51116(;”27«)

The partial radial distribution function compiles the pairwise distances en-
countered in the material for each atomic type. One may note the clear re-
lation between Eqs. 2.4 and 2.6. Practically, one may often encounter the
above equations and their results from several sources: i) From scattering ex-
periments where one may measure the structure factor and then subsequently
deduce the RDF, or; ii) from modelling, where one may directly get the pair-
wise distances and then transform into the structure factor (often with the
objective to compare to experimental data). Both i) and ii) are performed by
a Fourier transform of the RDF to/from the structure factor. An example of a
structure factor (S(Q)) and the related radial distribution function (g(r)) of a
simulated 30Ca0-10A1,0360Si05 glass from Paper V is presented in Figure 2.6
together with the typical naming of peaks in S(Q) and the most ordered atomic
correlations of the g(r).

dr (2.6)
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Fig. 2.6: (Left) Structure factor of an uncompressed simulated 30Ca0-10A150360Si02 with
typical naming of the two peaks at the lowest values of momentum transfer and (right) its
corresponding radial distribution function with depiction of the atomic correlations involved.
Figure is adapted from Paper V.

The obtained data is in any case relevant for deeper analysis. As briefly
discussed, atomic separations as well as coordination numbers are obtainable
from the RDF. For the structure factor, direct structural interpretation is some-
what more difficult, however some methods for structural descriptors are used.
Most notably is probably the use of the FSDP, that is, the peak at the lowest
momentum transfer (Figure 2.6), often taken as a fingerprint of MRO struc-
ture. The value of ) is commonly transformed into a real-space metric through
Q = 2nd~! (originating from the relation of momentum transfer and lattice
spacing in a cubic crystal) [16]. This real space value is often argued to be

14



2.4. Characterizing glass structure

related to the rings in the glass structure [54] which creates pseudo planes of
relatively regular separation. An adapted version of this approach is also the
general idea of the RingFSDP method [46, 47]. A sketch of this is presented in
Figure 2.7. As such, the @-value associated with the FSDP is often reported,
e.g., as a function of pressure to provide a means for describing MRO changes.
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Fig. 2.7: Sketch of simplified SiO2 structure and the perception of pseudo planes generated
by the atomic rings. It is these planes which are often argued to represent the distances found
in the first sharp diffraction peak (FSDP). Given how the FSDP is commonly appearing in

the Q-range of 1-2 A-1 this roughly corresponds to pseudo plane distances of between 3 and
6 A.

While diffraction measurements are often of great value due to their quan-
tifiability and the ability to extract a lot of real space structural information,
interpretation can in many cases be difficult, especially beyond the first coor-
dination shell. For this, other experimental methods provide complimentary
structural insight.

A group of markedly exploited methods are those in the family of spec-
troscopy. Within glass science, one of the most used methods is Nuclear Mag-
netic Resonance spectroscopy (NMR) [55, 56]. This method relies on mea-
suring nonzero spin in atomic nuclei. Such spins are, e.g., apparent in 2Si,
B, 27Al, and 0. Each unique NMR-active nucleus will have a resonance fre-
quency (typically in the radio frequency spectrum) which may be measured.
However, the resonance frequency is highly dependent on the local chemical
environment. This is sometimes indicated by the shielding of a nucleus which
is commonly quoted as a function of the local electron density [57]. While a
thorough introduction to the NMR method is beyond the scope of this the-
sis, the main exploitation is how various chemical groups will have distinct
resonance frequencies and thus serves as a fingerprint of its presence in the
material. This is, for example, useful for the distinction and quantification of
CN states in borate, silicate, and alumina containing glasses. This is show-
cased in Paper III which incorporates CN determination of boron from NMR
measurements. Additionally, Q™ states are commonly derived from NMR, ex-
periments [56]. Apart from single-nucleus (1D) experiments, (e.g., 2D) corre-
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lation experiments are one of the great advantages of NMR. Here, correlations
between different chemical signals may be acquired to reveal whether they are
in chemical proximity. This has, for example, been the main driving force to
reveal the nature of how aluminium and various boron species place themselves
in glass structure [56, 58]. While NMR has become one of the most important
techniques for structural characterization in glass science, its main drawback
is how only some isotopes are probeable. This problem is caused by how some
elements have extremely low sensitivities, abundances, or zero spins (Ge has,
e.g., only one NMR sensitive isotope of low sensitivity and abundance, making
NMR an infeasible technique to study GeOs glasses) [56]. This may in some
cases be solved by isotope enrichment, but this often comes at high cost. Gen-
erally, NMR is a unique technique within spectroscopy due to its reliance on
the nucleus spin. Other common spectroscopic methods will typically rely on
the vibrational characteristics of the studied material. This is the case for, e.g.,
infrared, Raman, and Brillouin spectroscopy which will be briefly introduced
in the following.

To get an idea of the difference between the mentioned techniques, it is
useful to have an understanding of what a vibration is. Here, the simplest
models are based on linear chains of atoms. From a simple consideration of
a two-atomic system in an infinite linear chain (top of Figure 2.8a) one may
derive the related dispersion relation, i.e., the relation between wavelength and
frequency [16, 59]. Notably, it will be found how the dispersion relation will
feature two branches, namely an acoustic and an optical branch. These are
characterized by being in- and out-of-phase vibrations, respectively. In the low
wavevector limit (i.e., at long wavelengths), the acoustic branch approaches
zero frequency while the optical branch approaches a finite frequency. These
collective vibrations in the chain is the basic concept of phonons. The theory
may be extended to 3D materials and generally for a crystalline material, the
number of branches in the dispersion relation equals 3N (with N being the
number of atoms in the unit cell). From these, three branches are acoustic and
the remaining are optical. For any amorphous material, the concept of a unit
cell effectively breaks down, and this will in fact also break down the concept
of the dispersion relation. However, the existence of vibrations is obviously
still present, but vibrations may not be characterized explicitly as acoustic or
optical. Yet, similar to the crystal, each vibration will still be associated with
a given energy which will induce its excitation. This may happen through
electromagnetic radiation. In that sense, the material will absorb light with
energy corresponding to a given vibrational feature. This is the principle of
infrared (IR) spectroscopy (Figure 2.8b) where a range of frequencies irradiate
a sample before the intensity of the outcoming radiation is measured [52].

Here, each absorption frequency will correspond to a unique vibration. By
comparing with, e.g., crystalline materials from which the structure is known,
or theoretical calculations, it is often possible to provide structural assignments
to found absorption bands [59]. While IR is perhaps the most common spec-
troscopic technique, only some vibrational modes are accessible. As such, other
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Fig. 2.8: Schematics of (a) the diatomic linear chain with periodic boundary conditions and
the corresponding dispersion relation showing one acoustic and one optical phonon branch
and; (b) the vibrational and electronic energy levels and the corresponding absorption and
scattering processes producing the signals and IR and Raman spectroscopy. Figure (b) is
reprinted from Geraldes, Molecules, 25, 5547 (2020) [60] under an Open Access License.

techniques are highly useful. Specifically, scattering techniques have been the
method of choice. One may imagine a number of possible outcomes of scatter-
ing when irradiating a sample. These are depicted in Figure 2.8b. First, the
material may be excited to a virtual state which will quickly relax towards one
of the lower energy vibrational states with the release of a new photon. If the
incoming and outgoing photons are of equal energy the scattering is elastic.
This is, by far, the most common phenomenon and is termed Rayleigh scat-
tering. However, this provides no information on the vibrations in the studied
material. Now, instead of Rayleigh scattering, it is found that some photons
are inelastically scattered, i.e., the energy of the in- and outcoming photons are
not equal. This is the so-called Stokes shift. When the energy is lower in the
out- than the ingoing photon it is called a Stokes process, while the increase
in energy is termed to be Anti-Stokes [52]. Eventually, this will enable the
plot of a spectrum with intensities corresponding to the presence of vibrational
modes. This principle is exploited in both, Raman and Brillouin spectroscopy.
The fundamental difference between these two techniques is which frequency
regions (and thus phonons) are studied. Low and high frequency modes, and
thus acoustical and optical phonons, are studied by Brillouin and Raman spec-
troscopy, respectively [52, 61]. As such, Brillouin may be exploited to show
largely collective in-phase vibrations and ultimately derive the sound speed
and elastic characteristics of a material. This is done in Paper III for a series
of soda lime borosilicate glasses to determine their transversal and longitudinal
sound speeds and related elastic moduli. In comparison, Raman spectroscopy
will probe the optical phonons and thus rather provide a fingerprint of local
structural features and, as such, Raman is the prevalent method for character-
izing structure. While more experimental methods exist, the above mentioned
are those most commonly found in the literature and which has served as the
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basis for the current understanding of glass structure within all glass families.

2.4.2 Topological constraint theory

Even though experimental observation is needed to confirm predictions and
confirm theories, models of structural behavior is highly useful for coupling to
properties and eventually for designing glasses of pre-engineered properties.

For this purpose, a number of models exist. One of the most successful mod-
els which has been developed throughout the last 50 years is that of topological
constraint theory (TCT) originally developed by Philips and Thorpe [62, 63].
In TCT, each atom is taken as a node. Now, the bonds which exist between
the atoms in the material is mimicked by a truss which constrain the atom.
As such, this fixation is termed a constraint. Two types of constraints exist,
namely linear and angular constraints. Linear constraints represents the ability
of the bond to stretch while angular constraints describe the fixation of the an-
gle between two bonds. Generally, the number of atomic constraints (n) have
a simple relation with the average CN of the system ((r)) [10].

Flexible Isostatic Stressed-rigid

OO0 OO0 00
OO0 OO0 O°0

Fig. 2.9: Structural sketches of (left) flexible/underconstrained, (middle) isostatic, and
(right) rigid-stressed structures. Figure is reprinted from Bauchy, Comp. Mat. Sci., 159, 95
(2019) [64]. Copyright 2019 Elsevier

Now, it is generally argued that there exist three regimes of rigidity when
comparing n with the three degrees of freedom (DOF = 3) of a system (Fig-
ure 2.9). First, DOF > n — n < 3. This regime is termed as the structure
being floppy, flexible, or underconstrained. Here, the material will show little
resistance to stress, often leading to easy crystallization and low glass-forming
ability. Second, DOF = n — n = 3. This appears at (r) = 2.4 which is
the isostatic state. This is believed to be the case of maximum glass-forming
ability and it is believed that the isostatic state is greatly related to so-called
intermediate phase glasses which are stress free and have been argued to feature
a variety of special features [65]; Finally, DOF < n — n > 3. This regime is
termed stressed-rigid or overconstrained and will correspond to a solid material,
yet with a greater tendency for crystallization compared to the isostatic state.
The three states are sketched in Figure 2.9. While TCT was originally devel-
oped for chalcogenides (due to the ease of calculating their average coordination
numbers) [10, 62, 63], it has later been adopted to oxides. Currently, there exist
a number of TCT models for, e.g., modified borates [66, 67], borosilicates [68],
aluminoborosilicates [69], phosphates [70], borophosphates [71], phosphosili-
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cates [72], and germanates [28], some of which will be highlighted later in the
present thesis as part of Papers III and IV.

2.4.3 Computational methods of making and character-
izing glass structure

Analytical models are in many cases very useful but will often lack predictability
beyond for what it is specifically made for. In such cases, actual atomic models
are often of great usage combined with proper tools for analyzing the obtained
structure. While a number of methods for doing this exist, this thesis will
introduce only one of them which may be exploited to enhance the knowledge
of glass structure.

Atomistic simulations

The perhaps most popular way of obtaining amorphous structures in computer
simulations is through the so-called molecular dynamics (MD) technique. Here,
forces are calculated from a force field or from quantum mechanics. With the
availability of atomic forces, the actual movement (and dynamics!) of an atomic
system may be simulated. This simply relies on Newton’s second law of motion,
F = ma, where F is the force, m is the atomic mass, and @ is the acceleration.
Now, through the assumption of a timestep (At, typically on the order of 1 fs),
dynamics may be initiated using the Verlet algorithm [73], i.e.:

7t + At) = 27(t) + a(t) At — 7(t — At) + O(AtY), (2.7)

where 7 is the atomic position. After the first step, a new force may be
calculated and the cycle may be repeated. Generally, the cycle performed in
MD simulations is sketched in Figure 2.10.
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Fig. 2.10: Fundamental algorithm of molecular dynamics methods.

The functional used for calculating the force and relating acceleration may
range from simple pairwise functionals to including a variety of complex mul-
tiatom correlations and/or bond angle restrictions. A number of force fields
have been specially designed to replicate glass structure and properties [74, 75].
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For making glasses, the most common approach is to start with a crystalline
or random configuration. Then, the molten state is simulated for some time
to equilibrate the liquid before initiating cooling into the glassy state. While
the simulation size and time is usually on the scale of thousands of atoms
and several nanoseconds for classical MD, quantum mechanical MD is usually
limited to few hundred atoms and some hundred picoseconds of simulation
time [75, 76]. This makes the cooling rates from the melt to the glassy state
extreme compared to experiments. However, for classical force fields, the pa-
rameters are usually parameterized to account for this difference to obtain a
realistic structure [77]. While some highly successful parameterizations exist
for specific glass compositions [75], the tranferability to other glass types is
often limited, yet the flexibility of the MD method is a great advantage. As
such, MD allows for performing a variety of studies including those purely
dedicated to understanding structure, but given the access to atomic forces,
studies of mechanical and thermodynamical properties are possible, as well as
atomic scale resolution even under dynamic conditions or conditions for which
the force field was not specifically made. This is the vast advantage of the MD
method. However, the possibility to perform a calculation does not ensure its
reliability. As such, one should be careful to evaluate the results gained from
MD simulations against experimental observation before considering it reliable.
This problem even comes down to individual property-predictions of force fields
where some properties may be well-predicted while others are simultaneously
fully unreliable.

Persistent homology

While methods like MD simulations and other structure generating techniques
may provide atomic resolution structures, the goal is not only to obtain the
atomic structure, but also provide meaningful characterization of it. While a
large number of possibilities for characterization exists (e.g., by applying meth-
ods also directly comparable with experiments like the scattering functions de-
scribed in Section 2.4.1), dedicated methods for describing atomic positions is
also of great use. While a thorough description of multiple methods is beyond
the scope of the thesis, some work has been devoted to describing and develop-
ing one such method, namely that of persistent homology (PH). This method
is a sub-method within topological data analysis and will be introduced here.
The reader may note how Paper II included in this thesis is a dedicated intro-
duction and mini review of the current state of the use of persistent homology
in glass science. For more, the author has also previously actively used PH for
structural characterization in simulated oxide glasses, see e.g. Ref. [14].

In PH, the basic principle relies on having access to all atomic coordinates.
Now, each atom is replaced by a ball of a predetermined radius (which may
vary between atoms). This radius may be either zero or nonzero, but has
commonly been chosen to mimic the ionic radius of the given element through
simple evaluation of radial distribution functions [14, 78-80]. Now, in PH, the
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balls are allowed to grow by increasing their radii. This growth of radii is in
PH denoted as increasing time, despite it having no relation to the physical
meaning of time. With the increasing radii, balls will continuously touch. We
will here provide examples of how PH groups the different cases in the case of a
three-dimensional starting structure, that is in so-called 0, 1, and 2 dimensional
PH. For 0D PH, connected components are studied. Here, persistence features
are born at the point of zero time (i.e., at the initial radius) and die when two
balls touch as shown in Figure 2.11a. This allows the plotting of a simple scatter
plot with the birth and death time, a so-called persistence diagram (PD).
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. Increasing time . Increasing timeé —Plot E
. Birth
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Fig. 2.11: Sketches of the birth and death times as well as persistence diagrams of dimension
(a) 0 and (b) 1 persistent homology. ¢ denotes time. Figure (b) is adapted from Paper II

For 1D PH, ring-type structures (often denoted as loops) are studied. A
loop is born when a number of connected components form a closed ring. By
increasing the radii further, the radii will at some point fully overlap the area
of the loop. The exact time at which this happens is denoted as the death time
of 1D PH features. An example of the birth and death of a 3 atom loop as
well as the corresponding PD is presented in Figure 2.11b. Larger loops are
also commonly found in PH analysis of glass structure [14, 79]. Finally, 2D PH
studies voids in the atomic structure. That is, when dead loops fully enclose
a structural void, the void will be born. With the increasing radii, the void
will at some point be filled completely by the growing radii. At the point of
complete filling, the death time is reached. While the use of PH is still in its
infancy for the study of glass structure some works on, e.g., silicate glasses have
been performed [14, 34, 79]. An example of the PD of a 20Nay0-80Si04 glass
and the underlying loops is presented in Figure 2.12.

21



Chapter 2. Glass Structure

( o o

Silicon

Persistence diagram

b

Sodium

Death (A?)
oW
[e)e]

poe0

Birth (A?)

Fig. 2.12: (Left) Simulated structure of a 20Na20-80SiO2 glass and its (middle) corre-
sponding loops and (right) persistence diagram of dimension 1. Figure is reprinted from
Sgrensen et al., Sci. Adv., 6, eabc2320 (2020) [14] under an Open Access license.

It is noteworthy how PH has so far largely been used for characterizing
glass structure under various compositions and conditions, yet that the use
of PH as a model-building tool is currently far from exploited. As such, by
providing the output of PH into, e.g., machine learning algorithms together
with information of some property of interest, correlations may be established
based on the non-intuitive PH features. This has been used to couple the
pore-geometry of nanoporous materials with their adsorption characteristics in
crystals [81, 82]. Similarly, a number of glass properties may be suitable for
such coupling with geometrical features extracted from PH, especially those
associated with MRO structure. For more, the first study of such correlation
between structure obtained from PH and thermal conductivity in amorphous
silicon has very recently been published [83].
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Chapter 3

Thermal Conductivity in
Glasses

While many properties of the thermodynamical stable crystal and its isochem-
ical glass are nearly identical, some properties show significant changes upon
vitrification. One such property is that of thermal conductivity (k). This is
true even though the k of glasses has great importance for, e.g., its influence on
the performance of insulation materials, passive layers in microelectronics [7],
and thermoelectric materials [84]. In addition, the thermal conductivity of the
associated melt is also of great importance for optimizing melt processing and
modelling [85].

3.1 Heat transfer in glasses

3.1.1 Fundamental models

The difference of thermal conductivity between crystal and glass was initially
observed already in 1911 for silica by Eucken [86]. At this point, there was
no physical explanation for this difference. A few decades later, significant
theoretical progress was made for the understanding of x in the crystalline
state through the development of the so-called phonon gas model (PGM), as
pioneered by Peierls [87]. Here, lattice vibrations are roughly treated as gas
particles travelling in the material. By defining a velocity (v) of the phonons
and length between scattering events (i.e., the mean free path, \) it was possible
to quantify k as,

1 1
K= ngv/\ = gC\/’UQT, (3.1)

where Cv is the volumetric heat capacity and 7 is the relaxation time (time
between scattering events). Later, the same equation saw development to not
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Chapter 3. Thermal Conductivity in Glasses

only feature single quantities, but rather be a sum over the vibrational density
of states (VDOS) [88], i.e.:

" ;Xi:/cmid(;’ﬂv?(qm(q)dq, (3.2)

where the sum is taken over all ¢ modes. Even though Eq. 3.1 was initially
developed for crystals, Kittel later reasoned how both Cy and v were rather
similar for crystals and isochemical glasses [89]. As such, Kittel suggested that
the main difference between crystals and glasses is the magnitude of A and
that A of glasses eventually approach interatomic distances with increasing
temperature. This idea is depicted in Figure 3.1a for SiOy crystal and glass.
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Fig. 3.1: (a) Phonon mean free path for a number of glassy systems as well as crystalline
SiO2 showing how crystalline mean free paths are generally orders of magnitude greater than
their amorphous counterparts. (b) Comparison of the difference of the thermal conductivity
in the isochemical crystalline and amorphous systems, where Ak = Kcrystal — Kglass: Data
are obtained from Refs. [15, 90-96]. (c¢) Thermal conductivity of crystalline and amorphous
SiO2 at varying temperature showing a clear peak for crystalline SiO2 (a-quartz) and the
distinct plateau-behavior of the glass. Figures (a) and (c¢) are reprinted from Zeller and Pohl,
Phys. Rev. B, 4, 2029 (1971) [97]. Copyright 1971 American Physical Society. Figure (b) is
reprinted from Sgrensen et al., ACS Appl. Mat. Int., 12, 18893 (2020) [15]. Copyright 2020
American Chemical Society.

In comparison, crystals generally feature mean free paths up to orders of
magnitude greater than its isochemical glass, yet still show a qualitatively sim-
ilar relation between temperature and A\ as shown in Figure 3.1a. A more
comprehensive comparison between the difference in thermal conductivity of
glasses and their parent crystal for a diverse range of systems is found in Fig-
ure 3.1b (where Ak = Kerystal — Kglass). Notably, as found in our previous work
of Ref. [15] some members of the recently discovered metal-organic framework
(MOF) glass family has a negative Ak, i.e., the glass has a higher thermal
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3.1. Heat transfer in glasses

conductivity than its isochemical crystal. We have ascribed this strange phe-
nomenon to be caused by the collapse of internal pores in the MOF upon
vitrification (and the following increase of density) as well as the inherent large
degree of disorder in the parent crystal [15].

In addition to the sole difference of x between crystals and glasses, Zeller and
Pohl [97] showed how a number of glasses feature a plateau in their thermal
conductivity, typically in the range of 1 to 100 K, depending on the glass
type. This case is shown in Figure 3.1c for glassy SiOs where the k of the
corresponding crystal is also presented, showing a sharp increase of k followed
by a sharp decrease and hence a maximum in x at a temperature around
10 K. The found plateau has later been confirmed to be a general feature of
amorphous materials and even crystals with a large degree of disorder [98] and
hence required a general explanation.

3.1.2 Quantitative descriptions of thermal conductivity

This explanation was both phenomenologically and fundamentally developed
in the coming 20 years through e.g., the perception of how phonon states could
be localized [99] and, based on pioneering work of Einstein [100], how a mini-
mum thermal conductivity could be envisioned [101]. The idea of a minimum
thermal conductivity was simultaneously developed further into the theory of
diffusons by Allen and Feldman [102-104]. They imagined three regimes of heat
transfer, namely: i) Propagons, i.e., modes with well-defined wave-behavior,
long A, and hence significant contributions to x. These modes are favored in
well-ordered and stiff materials and are usually especially dominant for low
frequency modes, even in amorphous materials [105]; ii) Diffusons, i.e., modes
without a well-defined wave-character, however still with excitation of a large
number of atoms in the structure. These diffusive modes feature lower, but
nonzero, contributions to . Usually these modes have intermediate range
eigenfrequencies; and iii) Locons, i.e., modes where only few or a single atom
move. As such, these modes will transfer little or no heat and thus make
negligible or no contributions to k. These modes are typically located in the
high frequency range of the VDOS. A sketch of the distribution of propagons,
diffusons, and locons in the VDOS for a simulated model of amorphous Si is
presented in Figure 3.2a.

In fact, these considerations were not particularly new and Klemens [88] for
example gave a two-mode model (one type of vibrations based on the relative
motion of neighboring atoms and another based on the movement of the struc-
ture as a whole) for glassy silica already in 1951 with a qualitative explanation
of the plateau in k with a, as Klemens state, quite satisfactory agreement [88].
His fit to the experimental k of glassy SiO, is presented in Figure 3.2b. As
such, the real contributions of Allen and Feldman were their contributions to
a fundamental model quantifying the diffuson contribution to thermal conduc-
tivity in amorphous solids [102]. Until this development, modelling of thermal
conductivity had, at best, been qualitative. However, Allen and Feldman sug-
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Fig. 3.2: (a) Vibrational density of states for simulated amorphous silicon with depictions
of which parts of the spectral ranges belong to propagons, diffusons, and locons, respectively.
(b) Plot of Klemens’ two-mode model fitted to the thermal conductivity of glassy silica.
Figure (a) is reprinted from Kommandur and Yee, J. Pol. Sci., P. B, 55, 1160 (2017) [106].
Copyright 2017 John Wiley and Sons. Figure (b) is reprinted from Klemens, Proc. Roy.
Soc. London, 208, 108 (1951) [88]. Copyright 1951 The Royal Society Publishing.

gested a new description of thermal conductivity, yet in relation to Egs. 3.1
and 3.2, the phonon mean free path and phonon group velocity would be unde-
fined due to the lack of translational order. Instead, they would define a mode
diffusivity (D;) such that,

1
K= Z C;D;, (3.3)

where V' is the volume of the cell studied in a molecular simulation. Now,
the diffusivity is defined by [103],

V2 9
Di = m Z |S”‘ (5((,01' - OJj), (34)
ity

where w; is the frequency of the 7th mode and S;; is the heat current opera-
tor. Eventually, S;; is based on lattice dynamics in the harmonic approximation
and thus relies on the second order force constants. This is of great interest
as finite thermal conductivity, as based on the phonon gas model, has previ-
ously relied on assumptions on anharmonicity. To test this new model, Allen
and Feldman specifically employed atomistic models of amorphous Si to show
great agreement with experiments [102, 103]. However, while the model itself
has indeed been a leap in the fundamental understanding of diffusion medi-
ated heat transfer in disordered solids, it heavily relies on access to per-atom
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3.1. Heat transfer in glasses

information. This requires a reliable interatomic potential as well as a realistic
atomistic model of the studied material, greatly limiting the number of glasses
which are possible to study. For this reason, Agne et al. [101, 107] derived a
simpler model for estimating the diffuson contribution to k, defining kqgig(7)
as,

_2 4 .0.950/T 5
n~3kg (kT z°e
Hdiff(T) ~ 727_‘_3”53 (h > /0 7(69” — 1)2(13;‘, (3.5)

where T is temperature, kg is the Boltzmann constant, n is the atomic
number density, Op = vs(h/kp)(67%n)'/3 is the Debye temperature, h is the
reduced Planck constant, * = hw(kpT)~!, and vs = (2ur + v1)/3 is the av-
erage speed of sound while vt and vy, are transverse and longitudinal speeds
of sound, respectively. Eventually, this means that only the transverse and
longitudinal sound speeds, as well as the atomic number density (which is a
function of composition and density) needs to be known to provide an estimate
of kqir. As these four parameters are generally straightforward to determine
for the majority of bulk materials (including oxide glasses), this model allows
estimation of xkgig for even notoriously complex systems without an atomistic
model. While this naturally comes at a cost of accuracy, the applicability of
the model makes it highly appealing. As such, the model will in the present
thesis be used to estimate kqig for a number of oxide glasses and through a
simple relation give an estimate of the propagon contribution to &, i.e. Kprop,
through,

K = Kdift + Kprop <= Kprop = K — Kdiff- (3.6)

While Eq. 3.6 may only provide an estimate of kqig and Kprop, it will likely
be able to capture trends with changing composition and structure. At this
point, both models of fully diffusive (Eq. 3.3) and fully propagative (Eq. 3.1)
heat transfer have been introduced, however, for actual materials, there will be
a modal distribution between these extremes despite how these may in some
cases be safely neglected. Very recently, this problem was resolved indepen-
dently by two groups [108, 109]. Specifically, they developed a unified theory
(similar in form to Eq. 3.3) which collapse into the Allen-Feldman derivation
in the harmonic case, and the PGM as derived from Boltzmann’s transport
equation in the anharmonic case. However, notably, their theory also allows
for studying intermediate cases which see various modal contributions to .
This method has in the present thesis been employed in Paper V for estimat-
ing x of a series of simulated calcium aluminosilicate glasses under pressure
showing good agreement with experimental data. While a detailed description
of Paper V will be given in Section 4.3, Figure 3.3a presents the VDOS of a
simulated 30Ca0-10A1,03-60Si04 glass (using the Matsui potential [110]) com-
pared to experimental neutron scattering data from Ref. [111] showing a very
good agreement except for a slight offset for the high frequency band around
~ 30 THz.

27



Chapter 3. Thermal Conductivity in Glasses

Experiment 0 GPa ‘TA1-2
. . X
Simulation - 1
€
z =08
3 < 0.6
© g
T04
E
Eo2
(]
0
0 10 20 30 40 50 0 10 20 30 40 50
w (THz) w (THz)
(a) (b)

Fig. 3.3: (a) Vibrational density of states (g(w)) for a simulated 30Ca0O-10Al203-60Si02
glass at 0 GPa of pressure (red) and a 43Ca0-14A1503-43SiO2 glass from Ref. [111] (black).
(b) Cumulative thermal conductivity (k) of the same simulated glass as in (a) together with
the experimentally obtained total x shown as a dashed black line. Figures (a) and (b) are
plotted based on data from Paper V.

For more, the cumulative £ at 300 K for the same glass (based on the
discussed unified method of heat conduction [108, 109]) is presented in Fig-
ure 3.3b where the total experimentally measured x of the same glass is shown
as a dashed black line. While a difference in the range of ~0.1 W m~! K~! be-
tween simulated and experimental glass is observed, this is remarkably superior
to standard methods for estimating « (briefly discussed in Section 3.2.2) which
commonly overestimates x by a factor of two or more [12, 112]. As such the
replication of k in the 30Ca0-10A1503-60Si04 glass system using the Matsui
potential [110] is of great significance.

3.2 Measuring thermal conductivity

All of the above theories are nothing but theories and thus need to be supported
by relevant measurements of x in actual glass systems as this is a cornerstone
of science. In this thesis, the most common experimental and computationally
used methods for determining x will be introduced.

3.2.1 Experimentally

Thermal conductivity is fundamentally an engineering parameter derivable
from heat transfer considerations. Formally, in the isotropic case, it takes
the form of a variable in Fourier’s law, as [113],

q=—kVT, (3.7)

where q is the heat flux and VT is the temperature gradient. This equation
directly allows to experimentally determine k, but it commonly requires large
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3.2. Measuring thermal conductivity

samples and long equilibration times to reach a steady state heat flux. How-
ever, with some derivation Eq. 3.7 allows the definition of the simple thermal
diffusivity («) metric such that:

k = Cppa. (3.8)

While C,, and density (p) are standard variables, thermal diffusivity is a
parameter which describes how quickly temperature is moved in a material.
As such, determining « is the main problem for determining « through Eq. 3.8.
This may be done in several ways from which we will here mention only the
laser flash analysis as this was the method employed in Papers IIT and IV to
determine k. The laser flash analysis (LFA) method is a highly versatile tech-
nique optimized to measure thermal diffusivity in a wide range of temperatures,
most commonly for bulk materials [114, 115]. Practically, a finite thickness co-
planar high absorbing (typically ensured by graphite or gold coating) sample
is shot with a high energy laser. This instantaneously heats the sample on one
side. Then, an infrared detector tracks the temperature of the sample on the
opposite site of the laser. This temperature vs. time response may then be
fitted to a suitable model from which a can be derived, and by combining with
relevant measurements of C,, and p, £ may be obtained.

Many other techniques exist for measuring thermal conductivity, yet sim-
ilarly to the LFA method, these methods often rely on measuring the time
response of a temperature change, from which the data may be fitted to a
model and the relevant parameters extracted (x and/or «) [116, 117].

3.2.2 Computationally

In contrast to experimental techniques, computer simulations also allow for the
determination of a range of fundamental parameters. While Section 3.1.2 has
described the results of lattice dynamics, which are also of great importance in
the community, MD simulations also allow for the simulation of dynamics and
open new ways of determining x. The two most common methods will here be
introduced. First, Miiller-Plathe developed a method [118] for determining &
based on Eq. 3.7. Here, a simulation cell is divided into a number of slabs in a
given direction. Now, the energy of the most energetic atom in the boundary
slab is swapped for the energy of the least energetic atom in the middle slab.
This effectively increases the temperature in the middle slab of the simulation
cell and consequently reduces the temperature of the boundary slabs. This case
mimics that of the one-dimensional problem of the simplest solution of Fourier’s
law and indeed, Miiller-Plathe, used an ingenious rewrite of Eq. 3.7 with the
input of the summed heat transfer and the obtained temperature gradient to
obtain an estimate of k. A schematic of an obtained temperature gradient is
presented in Figure 3.4a.

While this method is very useful it has been shown to be very dependent
on the size of the simulation cell (L). Thus, to get reliable estimations of x, the
obtained values of k at different box lengths are plotted as L~' against k! to
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Fig. 3.4: (a) Depiction of how the non-equilibrium method of Miiller-Plathe will produce a
temperature gradient in the simulation box when swapping low-energy for high-energy atoms,
allowing for a simple deduction of thermal conductivity based on Fourier’s law. (b) Principle
of the equilibrium method of Green and Kubo where one obtains the heat current autocor-
relation function (HCACF), here from a 35LisO-65B203 glass. The continuous integration
of the HCACF provides running s which will typically converge within some picoseconds.
Figure (a) is reprinted from Ju et al., J. Appl. Phys., 110, 054318 (2011) [119]. Copyright
2011 AIP Publishing. Figure (b) is reprinted from Sgrensen et al., Phys. Rev. Mat., 3,
075601 (2019) [12]. Copyright 2019 American Physical Society.

then find Kpuk as the L — oo limit. However, the cumbersome procedure has
been questioned to be non-linear in the L — oo limit and thus not generally
reliable [120]. For this reason, other methods are commonly used.

Contrarily to the non-equilibrium Miiller-Plathe method, an alternative
equilibrium method is commonly used throughout the literature (including our
previous work of Ref. [12]). As derived by Green and Kubo [121-123], the
thermal conductivity at a finite temperature is given as,

W(T) = %BLT? /0 T300) - I, (3.9)

where V is the the simulation box volume, J is the vector of the heat
current, and (J(0) - J(¢)) is the so-called heat current autocorrelation function
(HCACF). The method is commonly coined as the Green-Kubo method. The
calculation of J relies on knowing interatomic forces and a suitable definition
of J. A common choice of J is that of Ref. [124]. While Eq. 3.9 formally
requires the integration from zero to oo time, practically the integration is
performed until convergence is reached, i.e., when (J(0)-J(¢)) — 0. An example
of the normalized HCACF of a glassy 35LioO-65B203 system studied in a
previous work of ours [12] is presented in Figure 3.4b. From the HCACF,
the running k is given from integration. However, as well as for the non-
equilibrium method, a number of problems exist for the Green-Kubo method.
For example, for low-x materials (like glasses), the uncertainty of the estimation
of x will often be high compared to the absolute value of x. This forces one
to do many repetitions with changing initial velocity profiles and structures
to obtain reliable estimations. For more, both methods rely on a meaningful
interatomic potential. This often serves as the shortcoming for making reliable
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3.2. Measuring thermal conductivity

predictions of x due to how phonon-properties are often overlooked in the
literature and due to how classical potentials may greatly reproduce structure
and mechanics, but utterly fail to properly reproduce the thermal properties,
especially that of the vibrational density of states. For oxide glasses the most
prominent potential which nicely mimics the vibrational density of states is
that of Matsui, developed for calcium aluminosilicates [110, 125] while some
success has been obtained for replicating the VDOS of glassy SiOy using other
potentials [126]. The development of potentials useful for replicating phonon
dynamics is, however, of rising interest [127].

3.2.3 Results of thermal conductivity in oxides

While the previous sections have provided the general framework for studying
thermal conductivity in both crystalline and amorphous materials (and materi-
als in the crossing between these limits), quite some work has been specifically
dedicated to studying oxide systems beyond those studying the fundamental
physics of their low-temperature anomalies. As an example, Figure 3.5 presents
k values of 244 SiO,-containing glasses around room temperature, plotted as a
function of the combined SiO5 and B50O3 content.

20 40 60 80 100
Network former content (mol%)

Fig. 3.5: Plot of the total thermal conductivity (k) for 244 silicate-containing glasses as
a function of the summed SiO2 and B2Os content. The color of the points represent the
relative amount of SiO2 where fully red indicates that SiOg is the only network-forming ion
while black represents no SiO2. Values are obtained from Refs. [2, 91, 128-142].

Although there seems to be a trend with increasing x when increasing the
network former content (Figure 3.5), the deviation is seen to be of up to a
factor of three. This showcases how more rigorous testing and model building
is needed to meaningfully model k in oxide glass systems.

Multiple linear regression

An idea which a number of authors have pursued is the idea of empirically mod-
elling the thermal conductivity of oxide glasses based on composition. Specif-
ically, the main model is based on multiple linear regression [85, 135, 137],
ie.,
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K= Zcmi, (3.10)

where ¢; and k; are the concentration and empirically fitted parameter for
oxide i, respectively. While this is an intriguingly simple (and in some cases
even precise [85]) way of modelling the thermal conductivity, it is in many cases
a vast simplification which will provide unprecise estimations beyond the con-
centration ranges from which the empirical fitting parameters were obtained.
As such, the model is rather applicable as an engineering tool than for funda-
mental understanding of the heat transfer.

The phonon gas model and diffuson contribution to

As initially depicted by Kittel [89] and sketched in Section 3.1.1, the phonon
gas model provides a quantitative way of estimating the mean free path (\).
While X is not a meaningful parameter for a number of modes in glassy and
amorphous systems [143], it still provides a quantitative measure for comparing
glass families in terms of heat transfer properties. This was, e.g., done for a
number of alkali borate, alkaline earth borate, and alkali silicate glasses in our
previous work of Ref. [13]. Here, it was found how A was consequently longer
in silicates (A ~ 4.35 A) compared to borate glasses (A ~ 3.60 A) with little
difference when changing the modifier oxide, suggesting some differences in the
fundamental heat transfer mechanisms between these two systems. Now, by
applying Eq. 3.5, it was possible to access how the total thermal conductivity
compared to the contribution from diffusons for these archetypical silicate and
borate glasses. These results are presented in Figure 3.6 as a function of the
sound speed of each glass.
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Fig. 3.6: Plot of the total thermal conductivity (k) as well as the diffuson contribution to
thermal conductivity (kqif) for (a) eight alkali and earth alkali modified borate glass as well
as (b) five alkali silicate glasses as a function of their average sound speed (vs). Figure is
reprinted from Sgrensen et al., Appl. Phys. Lett., 117, 031901 (2020) [13]. Copyright 2020
AIP Publishing
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From Figure 3.6, it is clear how the difference between k and kqif is larger
for silicates compared to borates thus following the same tendency as that
of X\. The results of Figure 3.6 are intriguing for two reasons. First, x is
seen to correlate rather nicely with the average sound speed - a parameter
which is closely coupled with structure and rigidity of the underlying network.
Second, as established in Chapter 2, the structural differences in these two glass
families are significant. This result of diffusive and total thermal conductivity
in archetypical borates and silicates thus suggest that network structure and
rigidity do indeed provide contributions to x in oxide glasses. This is the main
outcome of the current thesis and will be explored in more detail in the next,
and final, chapter.
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Chapter 4

Correlating glass structure
and thermal conductivity

Crystalline structure and x are generally known to be closely coupled, especially
when comparing highly disordered and ordered crystalline materials, for which
the latter will see significantly higher k. This effect is mainly apparent in high-
rigidity materials, e.g., diamond [144, 145] where even exchanging of isotopes
can greatly impact A and hence also k. However, in the amorphous case,
disorder is the inherent fingerprint of the structure. In such case, the picture
is much more complex.

4.1 Structural anomalies and thermal conduc-
tivity
4.1.1 Binary oxide systems

To initiate a coupling between atomic structure and x, meaningful correla-
tions need to be established. An approach for understanding such correlation
is thus to change the structure and then record the following response of k.
This may be done using composition or external parameters, e.g., pressure.
However, such change will often be linear and, as such, difficult to correlate
unambiguously. For this reason, it is ideal to initiate the search for a structural
correlation to  in systems which show anomalous structure with, e.g., changing
composition. As discussed in Section 2, this is the case for glasses containing
borate and germanate and therefore these glasses are ideal for studying the
sought fundamental correlations.

Initially, in our previous work of Ref. [12], a series of 2Li2O(100 — 2)B203
(where x ranged from 0 to 48) glasses were studied at room temperature using
both experiments and simulations. This compositional range was chosen to
fully encapsulate the transformation of three to four-coordinated boron and
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then the following reversion of boron CN with further modifier addition. The
relative amount of four-coordinated boron (N,) of the studied glasses are pre-
sented in Figure 4.1a while the thermal conductivity of these glasses is presented
in Figure 4.1b.
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Fig. 4.1: (a) Relative fraction of four-coordinated boron (N4) as a function of the LioO
content in the zLiaO-(100-2)B2 03 glass series. (b) Thermal conductivity (k) of experimental
and simulated glasses in lithium borate series as well as (c) the correlation between the
number of four-coordinated boron (N4) and experimental k. Figures (a), (b), and (c) are
reprinted from Sgrensen et al., Phys. Rev. Mat., 3, 075601 (2019) [12]. Copyright 2019
American Physical Society

Here, for both experiments and simulations, an increasing x with increasing
Li; O-content is found up until ~35-40 mol% before a decrease is found. In-
terestingly, this is very much on par with the change of a number of other pa-
rameters and quite similar to the maximum in the amount of four-coordinated
boron in this glass system (Figure 4.1a) [146, 147]. In fact, when plotting &
as a function of the fraction of four-coordinated boron (Ny), a strong corre-
lation is found (see Figure 4.1¢), except for a slight deviation at higher LioO
concentrations. This is interesting given how a series of sodium borate glasses
were previously measured where no direct correlation was found, likely due to
exploring a too narrow composition range [148]. While there exist no direct
comparison for the glassy state, Kim and Morita [149] studied a potassium
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borate melt at 1000 °C to find a qualitative correlation like that shown in
Figure 4.1c.

While these are interesting cases for the alkali borate system, other anoma-
lous systems are also of great interest. One such is that of lithium germanate
glasses (i.e., zLipO-(100 —2GeOs) with x = {5, 10, 15, 20, 25, 30}), as studied in
Paper IV of the present thesis. This system was chosen due to its anomaly, its
ease of preparation, and due to the possibility to compare with the previously
studied lithium borate glass series. Generally, it is known that alkali germanate
glasses will show a sharp increase in Ge coordination until around 18 mol% of
modifier, before the CN of Ge decreases again towards a Ge CN of 4. This
correlation of alkali oxide content and average Ge CN is shown in Figure 4.2a
as obtained from Ref. [27]. However, upon increase of the LioO concentration,
k of the lithium germanate system at room temperature first increases, then
decreases, and then shows a further increase in x for the 30Li;O-70GeO; glass.
This effect is shown in Figure 4.2b together with the calculated kqig as calcu-
lated based on Eq. 3.5. When comparing Figures 4.2a and 4.2b it is interesting
to observe that despite the initial increase of both Ge CN and &, the high LisO
content glasses does not seem to follow the same trend for the Ge CN and k.
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Fig. 4.2: Average Ge coordination number in sodium germanate (open circles) and cesium
germanate (closed circles) glasses as obtained from neutron diffraction. Full and dashed lines
are results of models ascribing the coordination number change of Ge to 5 or 6, respectively.
(b) Total thermal conductivity (k) and diffuson contribution to thermal conductivity (kqig)
for a series of xLioO-(100-2)GeO2 glasses. Figure (a) is reprinted from Hannon et al., J.
Non-Cryst. Solids, 353, 1688 (2007) [27]. Copyright 2007 Elsevier. Figure (b) is reprinted
from Paper IV.

When comparing the results of lithium germanates with those of lithium
borates, it is thus noteworthy how high modifier content glasses will tend to
deviate from a clear direct correlation to coordination. From these results it
seems reasonable to suggest that their exist two contributions to thermal con-
ductivity in the case of oxide glasses and that structure does somehow impact
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Chapter 4. Correlating glass structure and thermal conductivity

the total k, in some resemblance with previous models [88, 102]. However, the
presented results provide only a qualitative measure of this effect and thus to
extend the possibilities of building a more quantitative answer to this scientific
peculiarity, it is of great interest to further study other systems of anomalous
behavior.

Before introducing such systems, it is worth noting how  of the studied
lithium germanate series, in similarity to the results of Figure 3.6, show a very
nice correlation with the average sound speed, i.e. vy = (vr, + 2v7)/3. This
correlation is shown in Figure 4.3 for both the glasses studied in Paper IV as
well as literature data from Refs. [12, 13, 131, 136, 150-152].
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Fig. 4.3: Thermal conductivity (k) as a function of average sound speed (vs = (vy +

2uT) for a number of modified germanate, borate, and silicate glasses from Paper IV and
Refs. [12, 13, 131, 136, 150-152]. Figure is reprinted from Paper IV.

Despite being a relatively simple correlation, which provides no direct cor-
relation to structure, its simplicity is compelling. From a more fundamental
point of view, it is also worth noting how k correlates linearly to sound speed
in both the phonon gas model (Eq. 3.1) as well as in the high temperature limit
of the estimation of kg (Eq. 3.5 [107]), i.e.,

Kaie(T — 00) =~ 0.76n2 3 kpuvs. (4.1)

Although simple, these results of a correlation between vs and x in a num-
ber of simple glasses may aid in the design of oxide glasses of either very high
or low k. This is especially compelling given how models of predicting den-
sity and elastic moduli of oxide glasses are seeing increasing interest in the
literature [153-155], and the inherently simple relationship between these pa-
rameters and sound speed in glasses [156]. However, as will be shown in the
next section, the linear correlation does not necessarily extend to more complex
glasses, e.g., those of Paper III.
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4.1. Structural anomalies and thermal conductivity

4.1.2 Mixed network former glasses

Besides the simple binary oxide systems, anomalous structural behavior may
also be seen when introducing a more complex glass composition, e.g., in mixed
network former glasses. The most common mixed former glass is likely that
of the combination of silicate and borate, i.e., the borosilicate system. Such
system is studied in Paper IIT as a series of 15Ca0-10NayO-2B203-(75-2)Si05
glasses with @ = {0, 6,12, 24, 37,51, 63}. These glasses were hot compressed (up
to 2 GPa) and subsequently probed for their structure and thermal conductivity
at room temperature. While compositionally somewhat more complex than
the previously studied binary systems of Paper IV and our previous works
of Refs. [12, 13], the soda lime borosilicate series pose an industrially relevant
glass series. For more, it is of great importance that this specific series has seen
the development of a notably successful model of topological constraints [68].
The absolute concentration of four-coordinated boron as measured from NMR,
spectroscopy for all studied borosilicate glasses is presented in Figure 4.4a.
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Fig. 4.4: (a) Absolute amount of four-coordinated boron in a series of pristine and hot com-
pressed (at 1 or 2 GPa) 15Ca0-10Na20-2B203-(75-2)SiO2 glasses. (b) Thermal conductivity
(k) and diffuson contribution to thermal conductivity (kqifg) for the soda lime borosilicate
glasses hot compressed at 2 GPa of gas pressure. Figures (a) and (b) are reprinted from
Paper III.

From Figure 4.4a, a generally increasing amount of four-coordinated boron
with increasing borate content in the borosilicate system is found. This ten-
dency is mimicked for other simple structural metrics, e.g., the packing density
(Paper IIT). For more, the difference upon hot compression is seen to be slightly
larger for glasses of higher BoOg3 content.

Now, measurements of the thermal conductivity and related calculated kg
of the glasses hot compressed at 2 GPa are presented in Figure 4.4b. This
plot shows how the diffuson contribution to k, like for the lithium germanates
(Figure 4.2b), shows a monotonically increasing trend, yet that there is a clear
maximum in the total x for the x = 12 glass. This discrepancy between kq;¢ and
K again stresses how there seems to be a structural component to the thermal
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Chapter 4. Correlating glass structure and thermal conductivity

conductivity, yet that structure does not fully explain the found trends. As
shown, the same is the case for lithium borates and germanates. As such, this
finding calls for a need to couple to a meaningful property or structural metric.
Given the success of coupling to v for the compositionally simpler binary oxides
(Section 4.1.1), such approach was also tested for the borosilicates of Paper III.
The resulting plot of the uncompressed (ambient) and hot compressed (at 1
and 2 GPa) glasses are presented in Figure 4.5.
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Fig. 4.5: Plot of total thermal conductivity (k) at room temperature as function of average
sound speed (vs = (v, + 2vr)/3). Figure is reprinted from Paper IIIL.

In Figure 4.5 it is observed how especially the uncompressed borosilicate
glasses see no clear correlation between vy and k. This result suggests that
the simple correlation between vy and x is exactly that - too simple. For this
reason, Papers III and IV have been somewhat devoted to establishing a more
comprehensive description of the contributions to thermal conductivity in oxide
glasses.

4.2 Coupling thermal conductivity and struc-
ture

As shown in Figure 4.4 (reprinted from Paper III), unlike for lithium bo-
rates [12], the coordination number is not a meaningful metric to employ across
a wider range of oxide glasses for correlating to x. Now, instead of focussing
on simple per-atom based structural metric - it is suggested to look at a met-
ric encompassing the structural rigidity of the whole network. A meaningful
metric to use for this is the number of contraints per atom, as described by
topological constraint theory (see Section 2.4.2).

An initial observation which laid the foundation for seeking this coupling
was done for the studied borosilicate glasses of Paper III. By comparing Fig-
ure 4.6a with the number of constraints per atom, a compelling overlap was
found. This may be seen when comparing Figures 4.6a and 4.6b where a clear
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4.2. Coupling thermal conductivity and structure

maximum is seen for x and the average number of atomic constraints at an
approximately similar composition.
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Fig. 4.6: (a) Total thermal conductivity (k) of a series of uncompressed and hot compressed
(at 1 and 2 GPa) 15Ca0O-10NaxO-2B203-(75-2)Si02 glasses. (b) Average number of con-
straints per atom for the studied soda lime borosilicate glasses as well as the their individual
constraint contribution («, 3, v, and p are different types of constraints). A clear maximum
is seen for the total number of constraints in the region of [B203]/([SiO2]+[B203])~0.2.
Figure (a) is reprinted from Paper III. Figure (b) is adapted from Smedskjeer et al., J. Phys.
Chem. B, 115, 12930 (2011) [68]. Copyright 2011 American Chemical Society.

Relations between thermal conductivity and the average number of atomic
constraints have previously been suggested in the literature, e.g., in some of
the original works on TCT of Thorpe [63] who suggested that there would
be a change in k below the rigidity threshold (i.e., n. < 3). Other works
on amorphous chalcogenide, fluorocarbon [157-159], and Si-based thin film
compounds have shown such correlations to be largely correct. However, many
of these systems are considerably simpler (allowing, e.g., easy assessment of
coordination numbers) than the multicomponent oxide systems considered in
this thesis. This makes the previous results difficult to transfer directly to the
systems studied in the present work.

In this thesis, instead of directly correlating to n., an approach originally
developed for predicting Vicker’s hardness [160] will be taken. That is, instead
of using the average number of atomic constraints (n.) the volumetric constraint
density (n..) will be employed as it has empirically been found to provide better
correlations with Kprop. Fundamentally, this would also be meaningful when
considering the great impact of atomic number density (and density in general)
on k - something which is not directly considered when only employing n.. The
n! metric is defined as,

/_ NepNa
n, Mo (4.2)
where n. is the average number of atomic constraints, Na is Avogadro’s
number, and M,. is average molar mass based on the oxides, i.e.,
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Chapter 4. Correlating glass structure and thermal conductivity

Mave = iszu (43)

where xz; is the molar fraction of oxide ¢ and M; is its molar mass. An
example of the difference in n. and n/, for the lithium germanate system studied
in Paper IV is presented in Figure 4.7 showing a remarkable difference in the
maximum of n. as compared to n’.
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Fig. 4.7: Average number of atomic constraints (nc, red points, left axis) and volumetric
constraint density (n., black points, right axis) for a series of zLioO-(100-2)GeOs glasses.
Figure is reprinted from Paper IV.

Now, while a direct relation with x would be highly intriguing, such corre-
lation will only in some cases provide a reasonable fit (see Figures 8b and S8
in Paper IIT). Rather, in this thesis, the idea of two fundamental contributions
to k will be taken. As suggested in Eq. 3.6, the contribution of diffusive (kqifr)
and propagative (kgi) modes will be considered. First, kqig may be described
through Eq. 3.5 with only four parameters, namely, temperature, composition,
density, and average sound speed. One may argue that, under a constant ther-
mal and pressure history, the latter three parameters may be described only
as a function of the composition. As stated in Eq. 4.1, kqig(T — 00) o vg
and as many glasses at room temperature will be close to or above their Debye
temperature, Equation 4.1 serves as a useful expression for the approximate
calculation of qualitative changes of kqig. For more, Eq. 4.1 may serve as an
engineering parameter, i.e., to tweak total x. For example, for obtaining high
values of kqi one should design glasses of high n and vs. This usually means
employing low molecular weight high field strength oxides which will create
dense rigid networks, maximizing n and vs, and hence also maximizing xq;fg.
The opposite should be the case for decreasing rqig. Despite the simplicity of
Eq. 4.1 it is noted to the reader how the temperature-dependent equation for
estimation kqif (i.e., Eq. 3.5) was used for calculating xqir in Papers III and
IV, despite being slightly more cumbersome. Second, based on the shown dif-
ferences between total k and kqig in both Paper III and IV it will be assumed
that there exists an additional contribution to x. This contribution should be
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Kprop and, as will be shown, have an intriguing correlation with n/,. The general
idea of separating rqif and Kprop is sketched in Figure 4.8.
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Fig. 4.8: Depiction of the contribution from diffusive (kqig) and propagative (Kprop) modes
to total thermal conductivity (). Figure is adapted from Paper IV.

While a quantitative description of xprop based on simple parameters is still
not present, as suggested, Kprop may be estimated by knowing kq4ig and the total
% (Figure 4.8). Performing this data reduction and plotting as a function of
n! for the studied borosilicate glasses of both uncompressed and glasses hot
compressed at 1 and 2 GPa (Paper III), an intriguing collapse of data is found
as presented in Figure 4.9a.
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Fig. 4.9: Contribution of propagons to thermal conductivity (kprop) for (a) pristine and hot
compressed 15Ca0-10NazO-zB203-(75-2)SiO2 glasses together with (b) other series of alkali
silicates, alkali borates, and lithium germanate glasses. All values are at room temperature.
Figures (a) and (b) are reprinted from Papers III and IV, respectively.

While the approximation of ki is obviously not precise, as seen by some
Kprop below 0 (i.e., Kair > k), the linear tendency of Figure 4.9a is somewhat
convincing. An extension of the range of glasses to other previously studied ox-
ide glasses (from Paper III, Paper IV, as well as our previously published works
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of Refs. [12, 13]), shows how the linear tendency seems to largely persist across
various glass families including alkali borate, alkali silicate, lithium germanate,
and borosilicate glasses as based on Papers III, IV, and Refs. [12, 13].

However, instead of collapsing onto a single curve, each glass family seems
to have an independent slope in the nl vs. kprop plot. For now, this correlation
remains unexplored and may be heavily affected by even small inconsistencies
in estimating rqig. Despite this, an interesting observation may be noted.
That is, how borates occupy a largely horizontal correlation with increasing
n! in Figure 4.9b while the other glass families see a clearly nonzero slope.
Considering the underlying coordination numbers, it is worth noting that the
average coordination number in the borate glasses is the lowest of the studied
systems [2]. This could be a possible explanation for the differences found for
the slopes, but this requires more in-depth analysis of more glass families to
establish such kind of correlation. For example, this does not fully comply
with how the Ge CN would averagely be expected to be above 4 while the CNs
of B and Si in silicate and borosilicate would be between those of borate and
germanium.

4.3 Thermal conduction in glasses under pres-
sure

The general content of Papers III and IV with the development of a model
correlating n!. and Kprop was described in the previous section. However, it is
worth noting how Paper III was dual-sided. That is, it studied both a change
of composition as well as the effect of hot compression on the studied borosili-
cate glass series. In regard to the effect of hot compression treatment it is seen
from Figure 4.4a how borate rich glasses tend to see a much more pronounced
increase in k upon hot compression compared to silica-rich glasses. While this
is indeed explained by the increase in kqig and nl, it is interesting how the
overall structural compression is largely unexplained by both the coordination
number (Figure 4.4a) and n/ metrics. Aside from the presented correlations
an association between the change of the absolute amount of four-coordinated
boron per GPa of hot compression and the change of £ (Ax) was sought as pre-
sented in Figure 4.10a. Here, a positive, yet weak, correlation was found, thus
not providing a clear tendency for further exploration, despite how this would
be rather meaningful given the previously found close correlation between N,
and k [12]. Measurements of simpler hot compressed boron-containing glasses
would be interesting to study to better probe the correlation in Figure 4.10a.
Another common metric for studying compression is however interesting,
namely that of atomic packing density (Cg). Cy fundamentally describes the
amount of filled space in the glass structure based on simple assumptions on
coordination numbers and ionic radii of each atomic species [161]. The Cgs
of both uncompressed as well as hot compressed borosilicates are presented in
Figure 4.10b showing a general increase in Cy with compression for all studied
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Fig. 4.10: (a) Change of thermal conductivity (Ak) as function of the change of absolute
four coordinated boron per GPa of hot compression from 0 to 2 GPa. (b) Atomic packing
density (Cg) of the studied borosilicate glasses from Paper III as a function of their boron
content. Figures (a) and (b) are reprinted from Paper III.

glasses, however, with a slightly more pronounced increase for glasses of higher
borate content.

From Figure 4.10b a similar large jump of Cg for the pure silicate glass is
found. The Cy jump is comparable to the borate glasses of nearly similar com-
position. At these pressures, no change of Si coordination would be expected
and thus differences of structure upon compression would be expected to rely
on medium-range order changes. As such, medium-range order structure must
inherently play a role in the densification process, albeit that the identification
of a structural fingerprint is beyond the extend of the current thesis.

The empirical studies presented in the previous section serves as an inter-
esting correlation between structure and thermal conductivity in oxide glass
systems. Especially when considering how detailed information on phonon
properties and structure is extremely difficult to acquire experimentally for a
single glass, not to mention, for a range of glasses. However, as stated, the
experimental deductions come with a range of shortcomings. For this reason,
some work has been devoted to understanding a single glass composition in
depth through the use of MD simulations. While experiments always provide
the final confirmation of predicted behavior, modelling and simulation tech-
niques continue to strengthen their position as indispensable methods in the
natural sciences for both predicting experimentally inaccessible conditions or
deepening the understanding of observed phenomena. The same is true within
glass science where modelling continues to see larger contribution [9]. How-
ever, while structural and mechanical studies are common [42, 162], studies
of vibrational character and especially « of oxide glass systems are inherently
scarce in the current literature, not to mention the effect of x when changing
the thermal and pressure history.
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4.3.1 Vibrational characteristics and structure of an archetyp-
ical oxide glass under pressure

Despite the lack of literature, this section will be devoted to such exploration
of an archetypical oxide glass under pressure to showcase the possibilities of
the MD technique, namely through a 30Ca0-10Al,03-60Si0, glass. The ar-
guments for choosing this glass composition are dual-sided. First, it resembles
many of the structural features found in a range of oxide glasses of industrial
and scientific relevance [6, 125, 163, 164]; Second, it is one of the few glasses
for which there exist a force field capable of nicely reproducing the vibrational
character of the system (e.g., the vibrational density of states). However, to
not only study a single glass composition, its pressure dependency has also
been studied in the interval of 0 to 100 GPa. This is of importance in, e.g.,
geology and for the fundamental understanding of the pressure response of
such systems. For the 30Ca0-10Al,03-60Si05 glass, the vibrational density of
states (VDOS) is very well-reproduced in the unpressurized state as presented
Figure 4.11a while the VDOS see significant smearing upon increasing pressure.
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— — Experiment 0 GPa

Simulations 80 GPa

60 GPa
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9(«) ()
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Fig. 4.11: (a) Total and (b) partial oxygen vibrational density of states for simulated
compressed 30Ca0-10A1203-60Si02 glasses from 0 to 100 GPa as indicated by the colorbar.
The dashed line in (a) is an experimental spectrum of the full VDOS of a 43Ca0-14A1203-
43SiO2 glass as obtained from neutron scattering in Ref. [111]. Figures (a) and (b) are
reprinted from Paper V.

Compositionally, it may be shown how the majority of modes feature a large
amount of oxygen vibrations (see the partial VDOS of oxygen in Figure 4.11b)
which contribute both to the low frequency band from 0 to ~ 20 THz yet also
to the higher frequency band at 25 to 40 THz. This is also the case for silicon
in the glasses, while calcium and aluminium mainly see contributions to the
lower frequency band. Additionally, the two bands are seen to merge when
increasing the pressure of the sample while quenching (Figure 4.11a).

Structurally, the overall reproduction of the real uncompressed glass is
also convincing when comparing the calculated neutron structure factor (Fig-
ure 4.12a), despite for some minor differences in intensity of the FSDP.

With the increase in pressure, significant structural rearrangement is also
observed. Most notably is perhaps the changes in local coordination numbers
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Fig. 4.12: (a) Comparison of simulated (red) and experimental (black) neutron structure
factor (S(Q)) of a 30Ca0-10A1203-60Si02 glass at 0 GPa. (b) Coordination numbers of Al,
Si, and O in 30Ca0-10Al203-60Si02 glasses from 0 to 100 GPa. Figures (a) and (b) are
reprinted from Paper V.

of the network-forming species, i.e., silicon, aluminium, and oxygen. Their
CNs are shown as function of the pressure in Figure 4.12b. Here, general
increases of CNs are observed for all three atomic species, however with some
differences. Specifically, while Al sees significant CN alteration already in the
"low" pressure regions (<20 GPa), oxygen and silicon first see major increase
of their CNs when reaching and surpassing 20 GPa of pressure. Such difference
between especially aluminium and silicon is also found experimentally [165].

4.3.2 Changes of thermal characteristics

Now, the real advantage of simulations lie in the accessibility to atomic forces.
Applying the recently developed unified method of estimating x requires the
use of harmonic and anharmonic force constants (to the third order). These
are readily available from simulation models, although at an extreme compu-
tational expense (due to how computing the total number of third order force
constants scale as (3N)? with N being the number of atoms in the simulation
cell). For the present CAS system this was the argument for only studying
simulations sizes of approximately 500 atoms. For the studied CAS system,
the analysis of k provide an interesting correlation with first sharply increasing
k from ~1 W m~! K~! at 0 pressure to 1.6 W m~! K—! at 40 GPa. Next, x
largely levels off at ~1.7 W m~' K~! when approaching 100 GPa of pressure.
The full correlation of pressure and « is presented in Figure 4.13a.

In addition to the total x, the unified method of heat transfer also allows
for the calculation of the cumulative k as presented in Figure 4.13b. Here
it is seen how low frequency modes provide significant contributions to x yet
that the pressure response is mainly governed by modes of higher frequencies
(>15 THz).

Apart from the simulations, the 30Ca0-10A503-60Si04 glass was also pre-
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Fig. 4.13: (a) Total and (b) cumulative thermal conductivity of compressed 30CaO-
10A1,03-60Si02 glasses from 0 to 100 GPa at 300 K. Figures (a) and (b) are reprinted
from Paper V.

pared experimentally through the melt-quench method and hot compressed to
1 GPa of pressure. Notably, the pristine and hot compressed glasses featured
thermal conductivities of 0.954 and 0.995 W m~! K1, respectively. This is in
remarkable agreement with the experimental data and together with the shown
VDOS agreement, this shows that the used force field parameterization (Matsui
et al. [110]) provides a very good description of the vibrational characteristics
of this glass material. A compelling observation is also how the pressure re-
sponse of thermal conductivity in the low-pressure region is very similar for
the simulated and experimental glasses (~0.03 and ~0.04 W m~! K~! GPa™!,
respectively). This strengthens the believe that the simulations are meaningful
for replicating the pressure response of these glasses, at least at low pressures.
As described in Section 3.2.2, the calculation of x involves the determination
of a modal diffusivity. Such estimation of diffusivity is shown in Figure 4.14a
for the studied CAS glasses under pressure.
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Fig. 4.14: Binned (a) mode diffusivity and (b) participation ratio (PR) for compressed
30Ca0-10A1203-60SiO2 glasses from 0 to 100 GPa. Figures (a) and (b) are reprinted from
Paper V.
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Here, it is shown how the diffusivity is significantly higher for low frequency
modes (<15 THz), yet that increasing pressure notably increases the modal
diffusivity of high frequency (>15 THz) modes. This is consistent with the
cumulative x (Figure 4.13b) which mainly see differences in the contribution to
k for higher frequency modes. However, why is this the case? To answer this, a
rather simple modal characteristic will be computed, that is, the participation
ratio (PR), defined by,

N
PR; = (N _|eni") ", (4.4)

where PR; is the participation ratio of mode ¢ and e, ; is the eigenvector
of atom n in mode i. As eigenvectors are normalized so that [59],

(ei)T ‘e = 51'3', (45)

it may easily be shown how the limits of PR are 1/N for a mode with only
a single atom moving, while a mode with equally distributed movements of
all atoms will feature PR; = 1. The binned PR for modes is shown in Fig-
ure 4.14b. Similarly to the diffusivity and cumulative x, the PR sees significant
increases for modes in the frequency range of 15 to 40 THz. Interestingly, PR
is the usual metric to distinguish localized from extended (that is, diffusive and
propagative) modes, simply by defining a lower cutoff (typically a locon is taken
as a mode with PR < 0.15). By doing this for the studied CAS system, one
may plot the amount of extended modes as a function of pressure as presented
in Figure 4.15a.
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Fig. 4.15: (a) Number of extended modes (i.e., non-locons) as a function of compression
pressure in 30Ca0-10Al203-60Si02 glasses from 0 to 100 GPa. (b) Correlation between
coordination numbers of O, Si, and Al and the number of extended modes. Figures (a) and
(b) are reprinted from Paper V.

This provides a correlation where the amount of extended modes increases
from ~75% to ~95% when increasing the pressure from 0 to 40 GPa of pressure,
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before the amount of extended modes levels off in the range of 40 to 100 GPa.
Comparing this correlation with the coordination numbers of oxygen, silicon,
and aluminium (Figure 4.12b), a striking similarity to the correlations of oxy-
gen and silicon is found. The direct correlation between the relative amount
of extended modes as a function of the ion coordination number for oxygen,
silicon, and aluminium is plotted in Figure 4.15b. Contrarily to oxygen and
silicon, aluminium is not seen to have as direct a correlation between the num-
ber of extended modes and CN. This may seem obvious, as oxygen and silicon
are the main atomic species in the network, but the result is also of great
interest as it provides a structural correlation between localization and coor-
dination numbers (and thus, principally, also rigidity). While more systems
need testing before being able to consider this a general rule extending beyond
the current CAS system and used compression method, the provided results
are encouraging in terms of establishing the fundamental correlation between
modal behavior, k, and structure.

Another interesting feature of the CAS system is how the so-called boson
peak (BP) shows major changes when changing the pressure of the system.
Fundamentally, the boson peak is an excess of vibrational modes beyond that
expected by Debye theory [166]. As Debye theory predicts g(w) o w?, the
most common method for observing the boson peak is by transforming the
VDOS (i.e., g(w)) by w2 as this will make the Debye level a horizontal line.
This is termed the reduced vibrational density of states. The BP has been
observed in a number of glassy systems and is often quoted to be related to
transversal modes [166-168], but the peak is also found in crystals where its
intensity was found to scale with density [169]. For the studied CAS system
such computation is presented in Figure 4.16a with a clear indication of a peak
in the range of 1-4 THz (higher peak frequency with higher pressure).

In addition to the simulated BPs, we performed THz time-domain spec-
troscopy measurements of the pristine and 1 GPa hot compressed experimental
CAS glasses to qualitatively confirm the trend of the simulations. As shown in
the inset of Figure 4.16a, the trend of the simulations with decreasing intensity
and increasing peak frequency was confirmed by the experiments. Now, while
the CAS system under pressure features a clear boson peak behavior, it may be
surprising that by normalization with the Debye frequency [169], it is possible
to collapse both the frequency and intensity onto a single curve for nearly all
studied glasses as shown in Figure 4.16b. This points towards that the changes
of the BS is governed by simple transformations of the elastic medium as de-
scribed by Debye theory. In extension to the found correlation with the Debye
theory, it is furthermore found that the BP frequency correlates very nicely
with the total thermal conductivity (see Figure 4.16¢). A similar correlation
is found to exist for the simple binary series of lithium borates as obtained
from the literature (Figure 4.16¢) [12, 170]. As the BP both correlates with
the Debye frequency and «, the results now imply, that Debye frequency and s
also correlate. This is an interesting finding for the fundamental understanding
of k. Now, it may be worth embracing how the Debye frequency (wp) is origi-
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Fig. 4.16: (a) Reduced vibrational density of states as well as (b) the reduced vibrational
density of states rescaled with the Debye frequency. (c) Correlation between peak frequency
of the boson peak (wpp) and total thermal conductivity in the studied compressed 30CaO-
10A1203-60SiO2 glasses from 0 to 100 GPa. The inset of (a) shows the reduced absorption
coefficient of uncompressed and hot compressed (to 1 GPa) 30Ca0-10Al,03-60Si02 glass as
obtained from THz time-domain spectroscopy. Figures (a), (b), and (c¢) are reprinted from
Paper V.

nally defined, namely, as a cutoff frequency of the VDOS in the Debye model.
Increasing wp will thus correspond to increasing the cutoff in the VDOS and
hence enlarge the frequency span of modes participating in the vibrations of
the structure. Phenomenologically this is much like the observed transforma-
tion of higher frequency modes which start as localized and turn into extended
modes when increasing the pressure as shown in Figure 4.14. This transforma-
tion is then causing a significant increase in the diffusivity of higher-frequency
modes, effectively governing the shown increase in x. In addition to the cor-
relations build in Section 4.1, these newly developed correlations with the BP
and wp may aid in the making of more comprehensive models for describing
heat transfer in oxide glasses and glasses in general.

o1



Chapter 4. Correlating glass structure and thermal conductivity

52



Chapter 5

Conclusions

The presented thesis has explored structural and thermal characterization of
oxide based glasses. A comprehensive introduction to oxide glass structure has
been given (Paper I), including an introduction to the recent method of persis-
tent homology (Paper II). Additionally, the fundamental heat transfer proper-
ties of glasses, and in particularly oxide glasses, have been studied. However,
the main outcome of the present thesis is that of the coupling between thermal
conductivity and structure in oxide glasses.

Specifically, while there exist a number of studies of thermal conductivity in ox-
ide glass systems, they are often dedicated to either low temperature anomalies
or providing simple empirical multiple-regression correlations for use in glass
engineering. While the former is mainly of interest for fundamental physics,
the latter attempts of predicting thermal conductivity have been fundamen-
tally flawed. As such, this thesis has been devoted to establishing structural
correlations to thermal conductivity.

To establish such correlations, a number of glass systems with anomalous co-
ordination number changes have been studied, including two series of soda
lime borosilicate (Paper III) and lithium germanate (Paper IV) glasses, respec-
tively. Here, boron was able to change coordination number from 3 to 4, while
germanium could see coordination numbers in the range of 4 and 5 and/or
6. It was found that thermal conductivity in some cases see correlation with
simple coordination number metrics, however that this was not always the case.

Now, instead of focusing on a direct correlation between the total thermal con-
ductivity and a simple structural metric like the coordination number, more
detailed approaches were taken. It was shown how the contribution of thermal
conductivity could be split into two contributions, namely those of propagative
and diffusive modes. The latter was obtained from a simple semi-empirical cor-
relation with inputs of temperature, atomic number density, and average speed
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of sound. Generally, increasing either atomic number density or sound speed
provides increasing diffuson contribution to thermal conductivity. With mea-
surements of the total thermal conductivity it was then possible to establish
a measure of the contribution of propagative modes to thermal conductivity
as a simple difference between the total and diffusive contribution to thermal
conductivity. By performing such analysis for a number of oxide glasses in the
silicate, borate, germanate, and borosilicate families, it was possible to estab-
lish a correlation between the propagon contribution to thermal conductivity
and the number of atomic constraints per unit volume as obtained from topo-
logical constraint theory. While the correlation varied with glass family, it was
positive for all studied glass series. Further work is required to actively explain
the differences in the correlation between volumetric constraint density and the
contribution of propagons to total thermal conductivity. These results allow for
summarizing a few guidelines for increasing thermal conductivity of oxide glass
systems, namely: i) Choose low molecular weight constituents for increasing
atomic number density; ii) choose high field strength ions to increase sound
speed; and iii) maximize glass rigidity

In addition to the experimentally based studies on oxide glasses and the es-
tablishment of semi-empirical correlations between thermal conductivity and
glass structure, a detailed study of a series of compressed (from 0 to 100 GPa)
calcium aluminosilicate glasses was performed and included in the present the-
sis as Paper V. Through the use of a recently developed method for estimating
thermal conductivity based on lattice dynamics, it was shown how the glasses
saw great increases of thermal conductivity with increasing pressure, originat-
ing from changes in the mode diffusivity of high frequency (>15 THz) modes.
This change was accompanied by a significant increase in the participation ratio
of these modes, ultimately following a relation governed by simple coordination
number changes of especially the main constituents of the glass, i.e., oxygen
and silicon. Lastly, it was shown how thermal conductivity and the boson peak
frequency was closely coupled and scaled very well with the Debye frequency.
This ultimately suggests that the thermal conductivity in the studied oxide sys-
tem scale with the simple transformation of the elastic medium, as governed
by Debye theory.
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Chapter 6

Perspectives

While this thesis has explored structure-heat transfer correlations in oxide
glasses and established some preliminary correlations between these param-
eters, more work is required to fully enlighten the sought correlations. For
example, a number of questions have arisen upon the presented results;

e How can the differences in the propagon contribution to thermal conduc-
tivity between glass families be explained?

o Is it possible to provide a physical argument to explain the differences in
the propagon contribution to thermal conductivity between glass fami-
lies?

e How are the found correlations affected by temperature?
¢ Do the found results extend to the case of the molten state?

e Which medium-range order structural features govern changes of thermal
conductivity in the oxide glass family?

e How will pressure affect thermal conductivity in simple binary oxide
glasses?

e Is it possible to correlate the boson peak frequency to thermal conduc-
tivity in general?

To answer these questions, further experimental and simulation-based stud-
ies of more oxide glasses are required. For experiments, this could include the
tedious preparation of multiple series of oxide glasses of varying modifier ions
to deduce the effect of network modifier on the correlation between constraint
density and propagon contribution to thermal conductivity. Similar glass series
could be exploited to further study the effect of pressure history on thermal
conductivity. For the simulations, further studies of oxide systems using the
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recent unified model of heat transfer would be of significant importance to con-
firm or deny if the found correlations depicted in Paper V are system-specific or
generic, e.g., the found correlation between the boson peak, Debye frequency,
and thermal conductivity. For more, it is believed that simulations will be the
key for studying the effect of medium-range order structure and its correlation
to thermal conductivity, e.g., by coupling persistent homology with different
machine learning algorithms.

In conclusion, despite their vitreous state, this thesis has shown how the struc-
ture of oxide glass systems seems to greatly impact their heat transfer properties
with clear connections to rigidity. This should allow for, at least qualitatively,
tuning and optimizing the thermal conductivity in oxide glasses, and may pave
the way for future studies to build quantitative models of heat transfer phe-
nomena in these systems. This will ultimately aid in the development of future
glass products as well as the fundamental understanding of the physics govern-
ing heat transfer in amorphous materials.
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