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General introduction

One of the last major scientific and technological revolutions has been the spectacular
development of the optical communication technology laying the foundations for the digital
revolution and information age. Today, smartphones and massive access to and share of
information via the Internet have deeply shifted and elevated the way we interact with the world.
Among the foundations of this scientific, technological, and social shift are the nonlinear optical
telecommunication systems which permit, at lower costs, the transmission of a much larger
amount of information (~Gbit/s) than the classic transmission media, e.g., radio waves (~kbit/s)
and copper wires (~Mbit/s) [1].

The development of nonlinear optical communication systems, such as optical amplifiers,
modulators, sensors and high-speed optical switches, has stimulated a plethora of scientific
investigations in search of the optimal material exhibiting the desired physical properties and
most importantly high linear and nonlinear optical indices which are altogether necessary to
properly fulfill one or many functions within a given optical system. Among the promising
materials for such applications, the heavy-metal oxide-based glasses doped with transition-
metal oxides (e.g., TiO2, WO3 and NbO2s) and rare-earth ions occupy a privileged position
owing to their remarkable physical characteristics. For several decades, considerable efforts
have been devoted to their fundamental research and development, and yet many of their

aspects remain poorly uncovered to this date.

Tellurium oxide-, germanium oxide- and antimony oxide-based glasses are some of the
most attractive heavy-metal oxide-based glasses due to their large optical transmittances, high
nonlinear optical responses and acceptance of rare-earth ions in their glass-forming networks
[2]. In particular, tellurium oxide or TeO-based glasses (commonly referred to as tellurite
glasses) exhibit remarkable chemical and physical properties making them very promising
materials for the development of more advanced nonlinear optical devices. Thanks to their ease
of glass formation combined with good thermal and chemical properties, TeO»-based glasses
can be manufactured in a variety of forms such as bulk glasses, films, optical fibers, etc. These
glasses exhibit good chemical stabilities, high mechanical resistance, large optical
transmittance window (0.3-5 um), high linear refractive indices of ~2 and particularly high
third-order nonlinear susceptibilities x® which are 10 to 50 times higher than the conventional
silica SiO2-based glasses [3].
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Specifically, the remarkably high linear and nonlinear optical performances of TeOa-
based glasses have aroused the curiosity of many researchers as to the nature of the structural
origins leading to such exceptional properties. Investigations on this matter constituted a
dynamic research area in the IRCER laboratory (formerly called SPCTS) and eventually
revealed the active contributions of (i) the lone electron pair on the tellurium Te** cation [4-8]
and (i) the inherent ...—Te—-O-Te-... framework [9-11] to the high nonlinear performance in
these glasses. In the same spirit, the present work is a continuation of those efforts with the
ultimate aim of reaching a comprehensive understanding of the structural features of TeO,-

based glasses containing TiO2, WOs and NbO2.s and how they affect their optical properties.
This work is organized as follows.

The first chapter is dedicated to (i) introducing the basic concepts in the field of glass
science, (ii) highlighting the state-of-the-art on the structure of amorphous and crystalline TeO3,
and (iii) reviewing the previous studies on the structure and properties of specific binary glasses
within TeO2-TiO2, TeO2-WO3 and TeO2-NbO25 systems and ternary TeO»-TiO.-WO3 and
TeO2-NbO25-WO3 glasses that are investigated in this work.

In the second chapter, we first outline the essence of the cationic field strength theory by
Dietzel and then report the uncovered correlations between the calculated cationic field
strengths and the state-of-the-art phase relations in various crystalline and amorphous TeO:-
based systems. The goal of this approach is to enable a fast and reliable structural prediction in
simple TeO--based glasses (i.e., binary systems) by evaluating the field strength difference

between the two constituent cations of the glass network.

The third chapter is devoted to the description of the experimental conditions under which
the studied glasses in this work have been prepared, namely, the pure TeO- glass and glasses
within the TeO,-TiOz, TeO2-TiO2-WO3 and TeO2-NbO25-WOs3 systems. Moreover, the
measurement conditions of their physical properties, namely the density, thermal, structural and
optical properties are documented. A detailed description of the post-treatment of Raman
spectra and particularly the spectral decomposition process is given. In addition, we bring to
attention the necessity of controlling the light polarization when recording Raman spectra from
TeO»-based glasses and report our recorded polarized Raman spectra from pure TeO> glass and

comment on the associated depolarization ratio.

In the fourth chapter, we report the obtained glass-forming domain within the TeO»-TiO»-
WOs system, density, thermal, structural (by Raman spectroscopy) and optical (linear and
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nonlinear) properties of the prepared glass samples. We mainly focus on (i) revealing the
structural effects of adding TiO2 and WOs3 on the glass structure based on a full-scale Raman
spectral decomposition, and (ii) discussing their contributions to the linear (refractive index n)

and nonlinear (third-order nonlinear susceptibility y¥) response in the studied glasses.

In the fifth chapter, and along the same lines, we report the identified glass-forming
domain within the TeO2-NbO2 5-WO3 system, density, thermal, structural and optical properties
of the obtained glass samples. Again, we chiefly focus on (i) revealing the structural effects of
adding NbO2.5 and WO3 on the structural network, and (ii) discussing their contributions to the
linear and nonlinear response in the studied glasses. In addition, we compare the two ternary

systems in terms of their structural networks and optical performances.
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Chapter I. State-of-the-art review: amorphous and crystalline
TeO2-based materials

1.1. Introduction

In this chapter, we first review some of the fundamental concepts related to the glassy state of
matter (section 1.2.) and then highlight several aspects of TeO,-based glasses outlining their
glass-forming ability, structural and physical properties and technological applications (section
1.3). The most common approach to understand the origins of the glass structural and physical
properties is based on the close examination of the structural aspects of the parent crystalline
system. For this reason, we review in section 1.4.1 the structural and vibrational aspects of each
of the tellurium oxide TeO> polymorphs. Furthermore, we summarize the previous studies on
equilibrium and non-equilibrium phase diagrams of the three binary systems TeO2-TiO, TeOo-
WOs3 and TeO2-NbO2s. This part serves as a descriptive support for Chapters IV and V dealing
with the experimental results obtained from ternary TeO2-TiO2-WO3 and TeO2-NbO25-WO3

systems respectively.

1.2. General introduction to oxide glasses

Vitreous materials in the form of glazed stones and faience were first produced from about the
4™ millennium B.C. in the Near East and Egypt [12]. Small objects made of glass are found
dating from the late 3" millennium B.C. onward. However, it was not until about 1500 B.C.
that considerable amounts of glass (mostly silica-based), including glass vessels, began to be
produced. The scientific study of glasses started with Faraday (1791-1867) and others at the
beginning of the 19" century. Over two centuries later, today, glass science is a well matured
subject and from the technological standpoint, many novel materials are produced in the

amorphous form holding special properties destined for specific technological applications.

1.2.1. Glass nature

The “glassy” or “vitreous” state refers to the underlying structural arrangement of atoms within
the network of these solids. Glasses in the wider sense of the word, can be defined as solid
materials that are characterized by a random atomic arrangement with no specific long-range
order, and thus resembling liquids to some extent more than crystals in terms of their atomic
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structure. In essence, glasses are disordered materials that lack the periodicity of crystals but
behave mechanically like solids. Recently, Zanotto and Mauro [13] proposed the following
modern and improved definition for the glassy state of matter: “Glass is a nonequilibrium,
noncrystalline condensed state of matter that exhibits a glass transition. The structure of
glasses is similar to that of their parent supercooled liquids (SCL), and they spontaneously

relax toward the SCL state. Their ultimate fate is to solidify, i.e., crystallize”.

1.2.2. Glass structure

According to Zachariasen’s random network theory [14], the atomic structural arrangement in
crystals and glasses is built up from cations’ coordination polyhedra. To illustrate the main
structural difference, Fig. 1.1 depicts the structural arrangement for a hypothetical compound
A0z in the two forms. It should be noted that structural disorder in terms of A—O-A bond
angles and A-O lengths between AOz triangles contributes to atomic disorder in the short- to

medium-range structure of glasses.

(a) (b)

Fig. 1.1. Comparison of the short- to long-range structure between A,Os; (a) crystal and (b) glass
according to Zachariasen. Dark blue and red spheres represent A and O atoms respectively.

The atomic interactions (interatomic potentials, orbitals, etc.) in both crystals and glasses are of
the same nature. Consequently, when interpreting the measured glass structural characteristics,
it is often accepted, to some extent, that the structural details (especially at the short-range order)
are close to those revealed from a related crystal structure [15]. However, although the atomic
interactions are of the same nature, this does not necessarily imply that the structural details are

exactly identical. Thus, it is more appropriate to assume that the interatomic bonding in glasses
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obeys the same rules as in crystals, instead of assuming that the short-range order is “exactly”

the same.

1.2.3. Glass formation

In spite of being an impressively active area of research and development, the complete
understanding of glass nature and properties is still lacking several pieces of the puzzle. For
instance, despite a myriad of theoretical and experimental efforts, the nature of glass transition
and glassy state is still considered the deepest and most interesting unsolved issue in the
condensed matter physics [16]. Glass formation is common in substances that remain liquid
over a wide range of temperatures, i.e., good glass-formers such as borates, silicates,
phosphates, etc. Though, it can still be brought from most liquids if the cooling rate is fast

enough to bypass crystallization.

The nature of the liquid-to-glass transition can be explained using the well-known volume (or
enthalpy) vs. temperature diagram given below in Fig. 1.2 (for more details, readers are referred

to the Chapter Il of Varshneya’s book on the fundamentals of inorganic glasses [17]).

Volume, Enthalpy

—

g

v

Temperature

Fig. 1.2. Temperature dependence of a liquid’s volume or enthalpy at constant pressure. Tr, is the
melting temperature. A fast melt-cooling rate leads to a glass transition at Tg; a slower cooling rate
produces a glass transition at Tg’.
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In the course of cooling a liquid (in equilibrium-state), the crystallization phenomenon begins
when the solidification (or melting) temperature Tm is approached. During this process, a
significant decrease of the volume is recorded around Tm leading eventually to a crystalline
solid material. However, when fast-cooling a glass-forming melt, this crystallization
phenomenon does not take place and leads to the so-called supercooled liquid. The volume of
the latter decreases following the liquid line simply because at this state, the system remains
genuinely liquid. The liquid-to-glass transition occurs as the supercooled liquid gradually
solidifies upon cooling into a glass. Subsequently, the continuous volume decrease is nearly
parallel to that of the crystalline solid reflecting the solid character of the glass. The latter is

thermodynamically in a non-equilibrium state.

The temperature at which the liquid-to-glass transition (Tg) occurs is a function of the liquid
cooling rate (Glass vs. Glass’ in Fig. 1.2). The slower a liquid is cooled, the longer the time
accessible for configurational sampling at each temperature, and therefore the colder will be
before falling out of liquid-state equilibrium [18]. Consequently, the higher the cooling rate,
the higher T4 will be. The glass properties are tied to the process by which it is formed. In
practice, the dependence of T4 on the cooling rate is relatively weak (changing by 3 °Cto 5 °C

when the cooling rate changes by an order of magnitude [18]).

1.2.4. Glass formers, intermediates and formers

The glass former network can be structurally modified by the so-called “network modifiers”
such as alkali and alkaline-earth-metal oxides. Adding such modifiers to the network former is
often driven by the need to adjust the physical properties since several local structural
configurations (atomic environments) are unlocked by the action of network modification and

thus enabling the modification of properties.

To illustrate the close relationship between network modification and the resulting properties,
let us consider a major thermal feature, the glass transition temperature. It is affected upon
adding modifier cations as a result of at least three factors [3]:

e Reduction in the covalent crosslinking density from the forming network.
e Change in the number and strength of former cation-oxygen bonds.

e Change in the oxygen packing density of the glass network.
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According to many classical structure theories [19], the large modifier cations fill any available
vacancies created by the open network of the glass former (e.g., inside rings built by the corner-
sharing SiOs tetrahedra in SiO»-based glasses) in a statistical and uniform way.

Among all the cations that participate in the oxide glass formation, Zachariasen [14] suggested

to categorize them into the three following categories:

e The glass formers, such as Si**, P>*, B%", Ge*, etc., form the interconnected (or
crosslinked) backbone glass network. They have coordination numbers of 3 to 4.

e The glass network madifiers, such as Li*, Na*, K, etc., are very often present as ions to

alter the glass network; and often reduce its connectivity. They have higher coordination
numbers (more than 6) compared to the glass formers.

e The intermediates, such as Zn?*, Nb®", Te*, etc., can act as network formers or
modifiers. Depending on the glass composition, they can either reinforce the glass
network structure (e.g., as tetrahedral units) or loosen it up as the basic network

modifiers.

According to Dietzel’s cationic field strength theory [20] (discussed in Chapter II) on the
interaction of cationic forces during the melt cooling, the oxide glass formers have the highest
field strengths with values ranging between ~1.3 and 2; the modifiers have the lowest with field

strengths less than 0.4; and finally, the intermediates with values between ~0.5 and 1.2.

1.3. General introduction to tellurium oxide-based glasses

Oxide glasses make up the largest group of inorganic glasses. They have become widespread
owing to their wide-ranging applications in our daily lives, but also in more advanced
technological fields such as radiation protection, optical fibers and devices or lab glassware.
They are quite often prepared by mixing network formers such as borates, silicates or
phosphates, and network modifiers like alkali, alkaline-earth and transition metals. The
compositional dependence of their structure and properties have been thoroughly examined in
numerous reviews and textbooks [21-23], yet there is still no satisfactory universal theory

relating their structure and properties.
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1.3.1. Review of early research on TeO2-based glasses

As stated by J. E. Stanworth [24], the original research on TeO»-based glasses was reported in
1834 by J. J. Berzelius [25] who prepared the first synthetic tellurite glasses from molten
tetratellurites of alkali metals and barium. Since the early work of Berzelius, very little has been

contributed to the chemistry of TeO-based materials.

Nearly eighty years later, the first systematic study was published in 1913 by V. Lenher and E.
Wolesensky [26], and has mainly focused on the oxidation behavior upon heating of a wide
variety of metallic (potassium, sodium, silver, barium, magnesium, cadmium, nickel, cobalt,
manganese and lead) tellurites. Moreover, the authors reported the tendency of sodium di- and

tetratellurites melts to solidify into clear glasses upon cooling.

In 1952, J. E. Stanworth reported a pioneer description of the optical and dielectric properties
of TeO,-rich glasses within the TeO,-BaO and TeO2-PbO binary systems along with ternary
glasses containing different amounts of Li»O, Na.O, BaO, B>0s, WO3 and ZnF, compounds
[24]. This prominent work was motivated by the expectedly promising physical properties of
TeO»-based glasses as ambitiously expressed by Stanworth:

An investigation of tellurite glasses was thought to be worthwhile, not only for its
fundamental interest, but also because it could be expected that these glasses would have

physical properties of value (1952, p. 581 in [24]).

This investigation has concluded that TeO.-based glasses possess higher refractive indices
compared to the usual oxide glasses, larger optical transmission in the infrared region and
exceptionally high dielectric constants in the range of 25 to 30. Stanworth’s valuable work has
drawn considerable attention to the family of TeO»-based glasses for their potential use as
optical components owing to their high refractive indices. In respect of the glass-forming
ability, Stanworth speculated that tellurium oxide should behave analogously to phosphorous
oxide as tellurium and phosphorous have very close electronegativities, namely 2.1 and 2.19

respectively.

Later in the same decade, a good deal of research has subsequently shed light on both the
structural and optical properties of TeO2 and TeO»-based glasses [27—-30]. Among these works
is the first investigation of the structure of “TeQ2” glass (the glass was found to contain 7.5
mol.% of Li.O after microanalysis) using the X-ray diffraction technique by G. W. Brady
[29,30]. To describe the short-range order in the TeOz-rich glass, Brady relied on the earlier
structural description of the TeO- crystal by Ito and Sawada [31] where its crystal lattice has
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been considered as isostructural with brookite (TiO2) and Te atoms being surrounded by six O
atoms at 2.05, 2.07, 2.12, 2.20, 2.68 and 2.79 A. The reported X-ray analysis of the TeO,-rich
glass [29,30] suggested that Te atoms are more or less octahedrally coordinated to O atoms
within the amorphous network structure. Although the latter description might appear to be in
conflict with W. H. Zachariasen’s theory [14] on the atomic arrangement in the glass network,
Brady speculated the presence of unit-cell-sized crystallites of TeO> embedded within the
amorphous network structure of the investigated TeO»-rich glass [30]. Driven by the expected
presence of corner-sharing TeOg octahedra in the matrix of TeO»-based glasses and its
fundamental conflict with the postulated rules for glass formation by Zachariasen, Brady’s
findings arouse the curiosity of many more researchers to investigate the local- and medium-
range structure of TeO,-based glasses.

In the early 1960’s, Ya. S. Bobovich and A. K. Yakhkind (see [32-34]) have made major
progress in the understanding of the structure of TeO»-based glasses by recording the Raman
spectra of a series of glasses belonging to the binary TeO2>-Na.O, TeO,-BaO, TeO»-WO3 and
TeO2-B203 systems. They concluded by comparing the spectral features in the recorded Raman
spectra of TeO»-based glasses to those previously measured from TiO2-containing glasses [35],
that considering the significant contrast between the two families, it is unlikely for Te atoms to

be octahedrally coordinated to O atoms within the glass network of TeO»-based glasses [33].

The next breakthrough was Yakhkind’s research [34] on the glass-forming ability and
compositional-dependence of the physical properties, especially the linear optical properties, of
TeOz-based glasses in various binary and ternary systems containing alkali, alkaline-earth and
heavy metal oxides. Since then, many more researchers have been excited by the promising
physical properties of TeO.-based glasses and their potential technological use in optical
systems. Thereupon, a large number of studies have been conducted over the following decades

up to the present time.

A very important contribution was reported in 1984 by Lambson et al. [36] where the authors
argued that many of the glasses reported in the literature up to then were contaminated from the
crucible they had been melted in, usually silica or alumina. These impurities were found in
concentrations as high as 7 mol.% which significantly influence the properties of the resulting
glasses. It is now very common to use gold or platinum crucibles as these metals are much less

soluble in the glass melts.

The most comprehensive state-of-the-art source of glass formation ranges in TeO»-based
glasses is the early systematic study reported by Imaoka and Yamazaki in 1968 [37]. In this
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paper, the authors reported and commented glass-forming domains in 23 binary and over 100
ternary systems explored by cross-combining oxides of the following elements: K, Na, Li, Ba,
Sr, Ca, Mg, Be, La, Al, Th, Zr, Ti, Ta, Nb, W, TI, In, Cd, Zn, Pb, Sn and Bi. Gold alloy
(containing 15% Pd) crucibles were used to melt the glass batches. With respect to borate and
silicate glasses, TeO-based glass melts demonstrate a better glass-forming ability allowing
them to be prepared across relatively broad compositional ranges [37]. Indeed, a very large
number of studies have reported glass-forming domains in binary, ternary and quaternary
systems. It is practically complex to provide a satisfying and global picture about the glass-
forming ability due to changing experimental conditions (purity of powders, crucible’s
composition, temperature and time of melting, cooling rate/type, atmospheric conditions, etc.)
among these studies.

By means of laser ultramicroscopy, Zorin et al. [38] reported data suggesting the presence of
micro-inhomogeneities of 0.07-0.2 um in size within 9 different binary and ternary glass
compositions. The possible micro-inhomogeneities are air bubbles, pores, platinum particles,
and oxide crystallites. Their size and concentration were found to vary as a function of the glass

composition and experimental conditions.

To illustrate the growth rate in both fundamentally and technologically-oriented research on the
family of TeO»-based glasses, we performed a field search using primarily ScienceDirect
database to estimate the decennial evolution of the number of papers, book chapters etc.
discussing or reporting findings related to the physics and chemistry of TeO2-based glasses. In
the advanced field searching process, the two keywords “glass” and “tellurite” were submitted

and restricted to Abstract and All Fields respectively. An exponential growth (Fig. 1.3) of the

scientific production has marked the 66 years following the first pioneer works on TeO»-based

glasses by Stanworth, Brady and researchers of their era.
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Fig. 1.3. Graph showing an estimated decennial evolution of the scientific production in the arena of
TeO,-based glasses over the years. The data are mainly compiled from ScienceDirect database
especially for the recent statistics.

Since the early 50°s, only few studies were carried out over a long period of four decades. For
the first time, consequential development of TeO»-based glass fibers as optical amplifiers has
been initiated in 1994 with the significant work of Wang ef al. [39] involving fiber drawing and
rare-earth doping of Na,O-ZnO-TeO: glasses. Soon after, a great deal of studies aimed to
understand their properties and develop more advanced TeO>-based glasses for various

applications, especially in the field of photonics.

1.3.2. Properties and applications of TeO2-based glasses

There is a need in the field of high-speed optical communications for the development of new
materials able to sustain increased information flow for a more adequate use of available
communication channels and for accessing new spectral bandwidths. TeO2-based glasses are
excellent candidates for such applications owing to their broad optical transmission range (0.3—
5 pm) and their high Raman cross-section as compared to existing commercial fibers materials.
As predicted in the literature [4], the fraction of TeOs disphenoids increases with increasing
TeO> content, and thus the higher the Raman cross-section and Raman gain coefficients for the
665 cm™ Raman band in TeO.-rich glasses. In fact, TeO-based glasses exhibit Raman gain
coefficients up to 30 times greater than that of silica glass [40].
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Physical properties and technological applications of TeO-based glasses have been reported
by Rivera and Manzani in a very recent book entitled “Technological Advances in Tellurite
Glasses” [2]. These glasses are believed to offer the best compromise for future applications in
the mid-infrared region. They also exhibit low intrinsic losses (compared to chalcogenide
glasses), little photosensitivity and high optical damage threshold [2]. Furthermore, thanks to
their network flexibility in terms of broad chemical composition possibilities, TeO»-based
glasses can be easily modified (e.g., by doping) to adjust their refractive index dispersion

profiles, maximize their nonlinear optical coefficients and emission cross-sections.

Owing to their high nonlinear optical properties, TeO.-based glasses are potential candidates
for advanced optical device applications. Their third-order nonlinear optical susceptibility %>
values are 50 times greater than those of SiO»-based glasses.

Up to now, the most comprehensive literature review on TeO-based glasses is the “Tellurite
Glasses Handbook, Physical Properties and Data” by El-Mallawany [3] where glass-forming
ranges, densities, elastic, thermal, electrical, structural and optical properties can be found.
These glasses possess large glass-forming domains, good thermal and chemical stabilities, and
low melting and glass transition temperatures. They are also commonly known for their
excellent rare-earth ion solubility. The outcome of doping with rare-earth or metallic
nanoparticles has attracted great interest owing to their consequential contributions in

enhancing photoluminescence and nonlinear optical properties.

The two most interesting properties of these glasses are (i) the peculiar character of their atomic
structure and (ii) their remarkable optical performance compared to other oxide glass formers.
These characteristics have vividly attracted the curiosity of many researchers to explore and
develop more advanced TeO,-based glass compositions having the best compromise between

several physical properties (e.g., viscoelastic, thermo-mechanical, optical...).

Previous studies have shown that adding d° transition metal cations (W®*, Nb%*, Ta*, Ti**, etc.)
or those with lone electron pairs such as TI* or Pb?" allows maintaining a high optical
nonlinearity and Raman gain [41,42]. Adding oxides like TiO2, WOz and Nb20s to TeO-based
glass network to form binary systems increases both the linear refractive index and the third-
order nonlinear susceptibility 3 [41]. This positive effect was explained in terms of the empty
d-orbitals contribution, namely via virtual electronic transitions from anionic valence p-orbitals

to empty cationic d-orbitals [43].
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Metal oxides such as ZnO, alkali and/or alkaline-earth have been also reported to make glasses
more suitable for optical fiber fabrication [44]. However, as highlighted in the next section on
the structural properties, adding such oxides induces the structural depolymerization leading
to quasi-isolated TeOz units (as opposed to polymerized Te—-O-Te bridges mainly constituted
of TeOs units). In this manuscript, we use the term of depolymerization (as opposed to
crosslinking) to refer to the action of bond-breaking in Te—O-Te bridges and/or between Te—O
chains. This transformation decreases the nonlinear electronic polarization within the glass

network and therefore reducing its nonlinear optical response [45].

1.3.3. Structure of TeO2-based glasses

It is of fundamental interest in glass science to identify the building blocks within the structure
of intermediate network formers of which the cations have field strengths (FS) ranging between
0.5 and 1.2 (cf. section 1.2.4). The FS of Te*" is equal to 0.990 in oxide materials (cf. section
11.3) and allows to classify it in the category of intermediates (closer to the formers than to the
modifiers). As a consequence, pure TeO> is only a conditional glass former and thus requires a

fast-quenching technique for cooling in order to solidify into a glass [46] (cf. section 111.2.1).

The investigation on the structure of TeO»-based glasses is still ongoing and can be explained
by the richness of their crystal chemistry compared to other oxide formers like SiO2 and P20s.
The local structural units constituting the building blocks within the structure feature two
peculiarities: (i) the local environment of a Te** cation is asymmetric due to the steric effect of
its lone electron pair and (ii) the units may strongly vary according to the quantity and the kind

of an added modifier oxide MxOy.

As an illustration, let us consider the crystal structures of alkali tellurites. The wide variety of
tellurium structural environments observed in these crystals is believed to play a major role in
stabilizing alkali tellurite glasses [47]. The challenge in identifying these structural changes
upon adding alkali oxide modifiers is tied to the variety of electronic charge compensating
species due to the charge delocalization that commonly occurs in Te—O bonds. For instance, o.-
TeO; consists of TeOu/, disphenoids (so TeO4 units where all of the 4 oxygen atoms are shared
between 2 tellurium atoms) while M>TeOs (M = Li, Na, K, Cs) features TeOzo trigonal
pyramids (so quasi-isolated TeOs units expressing [TeOs]* anions coordinated by alkali

cations) [48]. These structural units along with intermediate ones are presented in Fig. 1.4.
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Fig. 1.4. Basic structural units found in tellurite crystals. The units are labelled in both conventional
and Q4 notations. In the latter, n is the coordination number of the central Te atom (number of nearest
neighbor oxygen atoms) and m represents the number of bridging oxygens and hence, m < n. Both
TeOy50 [49] and TeOsss [50] units are less common in TeO,-based systems. Reproduced from [48].

As previously outlined, the TeO4 disphenoid is commonly considered as the basic structural
unit in TeOz-based compounds. Several authors [47,48,51,52] have reported the changing
coordination number of Te atoms in TeO-based glasses along the following pattern: TeO4
disphenoids are gradually transformed into TeOgz units through intermediate TeOz+1 distorted
disphenoids (having three short bonds and one long bond) upon adding modifier oxides like
alkali or alkaline-earth-metal oxides. The respective proportions among these units have been
often estimated using the intensity ratios of Raman bands responsible for stretching Te—-O

vibrations (> 550 cm™) from the Raman spectra of TeO,-based glasses.
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The structural transformation of TeO4 into TeOs units reduces the average coordination number,
and thus promoting a weaker bonding network exhibiting a relatively low glass transition
temperature. For this reason, this transformation is commonly referred to as structural
depolymerization. In addition to alkali and alkaline-earth-metal oxides, other oxides inducing
this structural depolymerization with variable extents have been reported in the literature; these
include ZnO [53], La203 and Y203 [54], Ag20 and TI20 [55], PbO [56] and Bi203 [57].

Evidence for the structural transformation of TeOa4 units into TeOz ones in a given TeO»-based
system is often based on the Raman spectra examination with addition of the modifier oxide.
As an illustration, let us consider the case of binary (1-x)TeO2-xTI20 glasses [58] (cf. Raman
spectra in Fig. 1.5). Increasing the T1,0 content from x = 0.07 to x = 0.5 results in (i) an intensity
increase of the band at ~720 cm™ (associated with Te—O vibrations in TeOs units), (ii) intensity
decrease of the band at ~660 cm™ (associated with Te—O vibrations in TeO4 units) and (iii)
vanishing of the band centered at ~450 cm™ (associated with stretching vibrations of Te-O-Te
bridges). These evolutions indicate a significant structural depolymerization of the Te—-O-Te
bond network upon substituting TeO> with TI,0.

x=0.07
— x=0.11
e x=0.14

Intensity (a.u.)

S x=0.18

x=10.21

x=0.25

Ll AR | x=0.29

VN
S x=0.33
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200 300 400 300 600 700 800
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Fig. 1.5. Composition dependence of the Raman spectra of (1-x)TeO,-xT1,0 glasses. Taken from [58].

Most of the structural studies as a function of MxOy content have targeted their attention towards
(i) the potentiality of the TeOs to TeOsz depolymerization and (ii) the physico-chemical
character of Te—-O—M bridges. It appears though that the local environment around M®"™)*

cations and its compositional dependence have been somewhat overlooked. Therefore, we aim
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in this work to elucidate such structural features as well in order to generate a more

comprehensive structural understanding of the studied glasses.

Let us now focus on the structural features of crystalline TeO2 polymorphs and those of pure

TeO2 glass.

I.4. Description of crystalline and amorphous TeO>

1.4.1. Structure of crystalline TeO2

At ambient conditions, tellurium oxide (TeOz) is commonly known to exist in the two
polymorphs: paratellurite a-TeO> [59,60] and tellurite B-TeO- [61]. The former phase is stable
at ambient temperature and pressure; the latter, which is metastable, is the natural form of the
tellurium oxide mineral. Two more polymorphs of TeO», namely the y- [62,63] and - [62,64]
phases were discovered at the IRCER laboratory (formerly called SPCTS) via X-ray diffraction
of recrystallized TeO»-rich glasses in TeO2-WO3 and TeO2-NbOz s systems. In the following,
we will focus on describing in a bit more detail, the structural and vibrational properties of TeO>

polymorphs (primarily a-, p- and y-TeO).

1.4.1.1. a-TeO2 polymorph

The a-TeO: crystal or paratellurite, has a tetragonal symmetry and belongs to the P412:2 space
group with the following lattice parameters: a=b = 4.8082 A and ¢ = 7.6212 A [60]. As shown
in Fig. 1.6, each tellurium atom is coordinated with four oxygen atoms constituting two
equatorial bonds (1.879 A) and two longer axial bonds (2.121 A) [60]. Detailed structural

information in terms of Te—O bonds’ lengths and angles is given in Table I.1.

52 lone
electron
pair

Equatorial bond

Axial bond
(21 \

Fig. 1.6. Structural representation of the TeO4E trigonal bipyramid (tbp) unit in a-TeO, crystal. The
dark grey shape accompanying the Te atom represents the lone electron pair 5s? (E).
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The crystal lattice of a-TeO> can be regarded as a three-dimensional network of corner-sharing
TeOq4 disphenoids (cf. Fig. 1.7). The interconnection style of these structural units gives rise to
highly asymmetric Te—qOax—Te bridges. In other words, each oxygen atom is connected to two

tellurium atoms by one axial bond from one side and one equatorial bond from the other.

Bond length (A) Bond angle (deg.)
Te—O 1.879 Ocq—Te—eqO 103.37
Te—O 1.879 Oeq—Te—xO 88.32
Te—O 2.121 Oeq—Te—axO 84.22
Te—xO 2.121 OaxTe—0 167.97

Te—qOa—Te 138.61

Table I.1. Bond lengths and angles in the a-TeO; crystal [60].

Fig. 1.7. Projection of a-TeO; crystal lattice along the c axis.

The general aspects of the lattice dynamics of a-TeO2 have been previously discussed in the
literature [65-67]. Mirgorodsky et al. [64] studied the lattice-dynamical aspects of a-TeO>
along with the other polymorphs using Raman spectroscopy (the theoretical background of this
technique is given in Chapter I11). They found by calculating the potential energy distribution
of the stretching vibrational modes (v > 550 cm™) observed in the Raman spectrum of a-TeO;
(cf. Fig. 1.14) that these modes are largely dominated by the motions of equatorial Te—qO bonds
while the contribution of axial Te—axO bonds is much smaller. Nevertheless, it was shown that
in order to reproduce the large range of stretching vibrational modes (v > 550 cm), it was
necessary to take into account the relatively weak axial Te—xO bonds in the potential function.
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This study has been conducted within the framework of the short-range interaction force
approximation. The values of the force constants were empirically estimated given that the main
attention was exclusively paid to a-TeO2 since detailed and relevant information about Raman
and IR active vibrational modes [68,69], and elastic constants [70] have been reported for this
crystal. The interatomic Te-O distances corresponding to the coordination spheres around
tellurium atoms covered the range 1.83-2.25 A. Therefore, the dependence of the force
constants Kre_o on interatomic distances dre-o was plotted (Fig. 1.8).
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Fig. 1.8. Force constants Kre o (in mdyn.A™) as a function of Te-O bond lengths (A). Reproduced
from [64].

From the Te—O interatomic bond length dependence of the force constant Kreo, one could
estimate the force constant of equatorial and axial bonds in a-TeO> crystal: ~3 mdyn.A™ and
~0.7 mdyn.A? respectively. Therefore, from the crystal chemistry viewpoint, it seems
unreasonable to assign a framework character to the crystal lattice of a-TeO> but instead, a
quasimolecular network of TeOz units (more precisely Te—qO2 units) connected together via
relatively weak “axial” Te—axO bonds [64,71]. This perspective is rigidly supported by valence
force field calculations [71] and a more recent ab initio investigation of the vibrational
properties of a-TeO- crystal [72]. Furthermore, it is worth mentioning that, in the gaseous state,
the TeO, molecule (O=Te=0) has a geometry (dre=o = 1.84 A, O-Te-O = 110° [73]) that is very
close to that of quasimolecular TeOz units in a-TeO> structure. In this regard, the molecular-
like character is again rigidly supported by the calculated bond orders of Te—O bonds in a-
TeO2: 1.7 and 0.3 for equatorial and axial bonds respectively [74]. The bond order represents
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the number of chemical bonds between a pair of atoms and indicates the stability of the bond
itself. Consequently, and as suggested by Rodriguez et al. [75], the vibrational modes of the a-
TeO- crystal lattice should be classified into two categories: the internal modes of the TeO>

quasimolecules, and their external rotational, translational and librational modes.

It is important to stress that there is a very good agreement among the findings of the previously
cited works in that they all acknowledge the necessity to describe the lattice as built by TeO>
quasimolecules. Though as will be discussed later, the axial bonds do influence by participating
in the bending vibrational modes of TeO, quasimolecules in such a way that these modes can

be equally regarded as the vibrations of asymmetric Te—qOax—Te bridges.

Now let us focus on the vibrational modes of the a-TeO- crystal lattice. The Raman active
modes in this crystal are A1, B1, B2 and E modes while Az and E modes are IR active [72]. In
the following, we first start by describing the vibrational modes responsible for the “internal”
features in high-wavenumber region (v > 300 cm™) and then the “external” features in low-

wavenumber region (v < 300 cm™) will be highlighted.

a) Internal vibrational modes (v > 300 cm™)

These modes correspond to the different vibrations occurring within the TeO2 quasimolecule
itself emerging from the vibrations of Te-O and O-Te—O linkages. In the region where these
modes are expected, several lines can be distinguished over the Raman spectrum of a-TeO;
these modes are experimentally observed at 393, 415, 590, 648 and 784 cm™ and are assigned
to A1, B2, By, A1 and B> modes respectively (cf. Fig. 1.9). Furthermore, relatively less intense E
(TO+LO) modes are also observed at 336, 645, 718 and 766 cm™. The abbreviations TO and
LO refer to the transverse and longitudinal optical phonon modes respectively.

OLE(TO+LO) @B, ®A +B,

77—
100 200 300 400 50 600 700 800

Fig. 1.9. Representation of the different Raman vibrational modes in a-TeO; crystal generated from its
polarized Raman spectra found in [75].
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These internal vibrational modes are expected to consist of (i) symmetric and (ii) antisymmetric
stretching vibrations of Te—qO bonds in the 500-800 cm™ region, and finally (iii) the bending
vibrations of O-Te—O bridges within TeO, quasimolecules in the 300-500 cm™ range [75]:

(i) Symmetric stretching (ii) Antisymmetric stretching (iii) Bending

Al+B2+E A2+Bl1+E Al+B2+E

The displacement patterns of these modes in the wavenumber range 300 < v < 800 cm™ are

schematically given in Fig. 1.10.

(/K

Symmetric Antisymmetric
stretching stretching

(i) g 3

Mixed bending and stretching

Fig. 1.10. Displacement patterns of the internal vibrational modes in a-TeO; crystal. Tellurium and
oxygen atoms are represented by blue and red spheres respectively.

Lattice-dynamical [64] and ab initio [72] calculations have shown that due to the non-negligible
axial Te—axO interactions, no pure bending motions of TeO2 quasimolecules take place within
the crystal lattice of a-TeOz; that is to say, the force constants of these relatively weak Te—xO
bonds can still influence the bending motions of TeO. quasimolecules. Therefore, the
involvement of axial Te—axO bonds in the bending modes (expected in 300-550 cm™ region)
results in vibrations that rather concern asymmetric Te—eqOax—Te bridges [64]. In fact, this gives
a reason for the significant wavenumber shift between the bending mode of these TeO:
quasimolecules and ideally isolated TeO2 molecules as the latter’s bending mode is observed at
much lower wavenumbers, namely 270 cm™ [73]. Hence, within the mid-wavenumber region
(300 < v < 550 cm™t), the vibrational modes in the crystal lattice of a-TeO, can be regarded as
a mixture of bending (of TeO> quasimolecules) and symmetric stretching (of asymmetric Te—
eqOax—Te bridges) modes [64].
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b) External vibrational modes (v <300 cm™)

They include the optical modes associated with rotational, translational or librational (which is
a type of reciprocating motion) vibrational modes which modulate the lengths of axial Te—xO

bonds between TeO: quasimolecules.

The Raman spectrum of a-TeO- features in the low-wavenumber region three strong lines
followed by a much less intense peak. These modes are experimentally observed at 62, 122,
150 and 173 cm™ and are assigned to B, E (TO+LO), A1+B; and E (TO) modes respectively
(Fig. 1.9).

1.4.1.2. B-TeOz2 polymorph

Tellurite B-TeO: is the natural form of tellurium dioxide. It transforms irreversibly to
paratellurite a-TeO; at around 600 °C. This crystal has an orthorhombic symmetry and belongs
to the Pbca space group with the following lattice parameters: a = 12.035 A, b = 5.464 A and
c=5.607 A [61].

Each tellurium atom is coordinated with four oxygen atoms constituting two equatorial bonds
(1.877 and 1.927 A) and two longer axial bonds (2.070 and 2.196 A). Hence, it is important to
note that the bond lengths of Te-O equatorial and axial bonds in B-TeO, are not as
homogeneous as in a-TeO; crystal. Detailed structural information (bond lengths and angles)
on the B-TeO: crystal lattice is given in Table 1.2.

Bond length (A) Bond angle (deg.)
Te—O(1) 1.877 O(1)eq-Te—0(2) 101.15
Te—q0(2) 1.927 O(1)eq-Te—axO(1) 78.13
Te—0(1) 2.196 O(1)eq-Te—axO(2) 90.06
Te—0(2) 2.070 O(2)eq-Te—axO(1) 90.03

O(2)eq—Te—axO(2) 89.67
O(1)ax—Te—a0(2) 167.89
Te—O(1)aTe 101.88
Te—qO(2)a—Te 137.46

Table 1.2. Bond lengths and angles in the 3-TeO; crystal [61].
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As opposed to paratellurite a-TeO>, the crystal lattice of B-TeO- has a layered structure with
weakly bonded layers where the TeOs disphenoids share alternately corners and (Te—eqOax—Te)
edges (Fig. 1.11). The layers are situated along the b axis and separated by a distance of 3.07 A

[61]. The particularity of this crystalline polymorph of TeO; is that tellurium atoms are
O3

. Te~  TTe -
connected via double “o< ° bridges.

\

o

Fig. 1.11. Projection of B-TeO; crystal lattice along the ¢ axis.

o @c

To a lesser extent, the quasimolecular viewpoint (TeO. quasimolecules instead of TeOs
disphenoids) for describing the crystal lattice can be applied as well for B-TeO2: compared to
a-TeO; crystal, it should be noted that the Te—eqOax—Te bridges are less asymmetric and thus,
from the crystal chemistry point of view, the concept of “framework-quasimolecule” duality

seems more or less relevant to describe B-TeO: crystal lattice.

Over the Raman spectrum of 3-TeO2, one can notice two major lines in the low-wavenumber
region that are both assigned to external vibrational modes. At higher wavenumbers (300-800
cm* range), four internal modes can be easily identified. These vibrational modes are observed
at 450, 595, 661 and 673 cm™ (cf. Fig. 1.14(b)).

It is important to note that the wavenumbers of stretching vibrational modes between - and a-
TeO2 polymorphs do not differ markedly. However, due to the exclusive presence of double
Te—eqOax—Te bridges in B-TeO2, more internal vibrations (of weak intensities) are observed in

the mid-wavenumber region 300-550 cm™: symmetric vibrations of Te—eqOax—Te bridges are
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observed 336 and 370 cm™, those of double Te—eqOax—Te bridges at 450 and 490 cm™ [64].
More than one symmetric stretching mode is observed beyond 600 cm™, and that is due to the
inequivalent bond lengths of equatorial Te—qO bonds.

1.4.1.3. y-TeO2 polymorph

As stated earlier, the metastable y-TeO> polymorph was discovered about 19 years ago at the
IRCER (formerly called SPCTS laboratory) via X-ray diffraction of recrystallized TeOz-rich
glasses in TeO2-WO3 and TeO»-NbO2 5 systems [62,63]. Later, well crystallized y-TeO> was
prepared by slowly heating pure TeO- glass up to 390 °C followed by annealing the sample for
24 hours at this temperature [64]. Recently, single crystals of y-TeO- in the form of colorless
needles were obtained and thus allowing a more accurate structural determination of this

compound [76].

This crystal has an orthorhombic symmetry and belongs to the P21212;1 space group with the
following lattice parameters: a = 4.8809 A, b = 8.5668 A and ¢ = 4.3433 A [63]. Again, this
structure can be described as corner-sharing TeOs disphenoids (Fig. 1.12(a)); however,
compared to a- and B-TeO2 polymorphs, the featured TeOs disphenoid has a much more
distorted geometry (Fig. 1.12(b)): one Te—O bond is essentially longer than the other three (thus
the polyhedron is referred to as TeOs+1) and when this bond is not considered, a chain-like
network organization appears and can be described as an infinite zigzag chain of TeOs units

along the c axis (cf. Fig. 1.13).

(@) (b)

@ e+
— — Qo

Fig. 1.12. (a) Three-dimensional lattice of y-TeO, and (b) representation of the basic TeOs.1 structural
unit. Bond lengths are given in A.
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Fig. 1.13. Chain-like organization of y-TeO> obtained when the longest axial bonds are not considered.

Another peculiarity of this polymorph (compared to a and B) is the presence of two types of
Te—O-Te bridges: highly asymmetric Te—qO(1)ax—Te (1.839 — 2.241 A) and nearly symmetric
Te—eqO(2)ax—Te (1.906 — 2.048 A) bridges (Table 1.3).

Bond length (A) Bond angle (deg.)
Te—0(1) 1.839 O(1)eq-Te—0(2) 100.36
Te—q0(2) 1.906 O(1)eq-Te—axO(1) 91.69
Te—O0(1) 2.241 O(1)eq-Te—axO(2) 93.14
Te—x0(2) 2.048 O(2)eq-Te—axO(2) 75.60

O(2)e—Te—axO(2) 78.68
O(1)ax—Te—aO(2) 154.28
Te—qO(1)acTe 131.6
Te—qO(2)aTe 125.18

Table 1.3. Bond lengths and angles in the y-TeO; crystal [76].

In the following, we briefly recall the vibrational properties (revealed by Raman spectroscopy)

of each TeO, polymorph along with those of pure TeO- glass.

1.4.2. Structure of pure TeO2 glass

Mirgorodsky et al. [64] have reported a thorough study of the vibrational and structural
properties of a- and B-TeO2 polymorphic varieties. The Raman spectral features of these
crystals along with those of the then newly discovered y- [62,63] and &- [62,64] TeO-
polymorphs were closely examined to clarify the plausible relationships with the interatomic

bonding and the general structural features of pure TeO> glass network.

Another significant step in revealing the characteristics of the structural organization, at both

short- and medium-range order, in TeO2-based amorphous and crystalline materials was
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initiated by Champarnaud-Mesjard et al. [63] via a lattice-dynamics study of the y-TeO:
structure. This study has delivered a fresh viewpoint over the structural network of TeO: glass
that was presumed to hold a chain character promoted by the potential presence of symmetric
Te—-O-Te bridges.

The Raman spectra of TeO, polymorphs and TeO: glass are jointly presented below in Fig.

1.14. External vibrational modes are observed in the low-wavenumber region below 300 cm™.

Intensity

260 M‘iﬂ 660 B!I:lﬂ 10;90
‘Wavenumber (Cm-l)

Fig. 1.14. Raman spectra of (a) a-TeO,, (b) B-TeO, (c) y-TeO, (d) 3-TeO, and (e) pure TeO- glass.
Taken from [64].

Unlike o-, B- and 8-TeOy, the y-TeO: crystal lattice features a remarkably intense peak in the
mid-wavenumber region (300 <v < 550 cm™) (Fig. 1.14(c)) which represents the signature of a
slightly different type of Te-O-Te bridges within the three-dimensional network of this
polymorph, namely assigned to the symmetric stretching of nearly symmetric Te—O—Te bridges
[63]. In the high-wavenumber region (v > 550 cm™), the observed sharp and intense peaks are

due to the stretching vibrational modes of equatorial Te—qO bonds.

By comparing the Raman spectra of the different TeO2 polymorphs to that of pure TeO> glass
(Fig. 1.14(e)), it can be suggested that the structural features of y-TeO are the closest to those
featured by the disordered network of TeO2 glass. Thus, one can argue that the amorphous
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network of TeO, features a more or less pronounced chain-like character as in y-TeOz. The
structural similarities between these two phases were validated at short-range order but also
revealed at medium-range order using X-ray total scattering [77].

In the following sections, we briefly review the previous works on the equilibrium and non-

equilibrium diagrams of the three binary systems TeO»-TiO2, TeO2-WO3z and TeO2-NbO2s.

1.5. Description of crystalline and amorphous compounds in binary TeO--
TiO2, TeO2-WO3, TeO2-NbO2 5 and ternary TeO,-TiO2-WO3 and TeO»-
NbO25-WOs3 systems

1.5.1. Equilibrium and non-equilibrium phases in binary TeO2-TiO2 system

1.5.1.1. System at equilibrium state

The equilibrium phase diagram of binary TeO2-TiO> was determined by Yamanaka et al. [78].
They confirmed the existence of only one oxide in this system, namely TiTesOg phase
corresponding to the composition 75Te0,-25TiO> as first reported by Meunier et al. [79].
Another more recent study by Udovic et al. [80] also reported that TiTezOs is the only

compound from TeO»-TiO- system which is stable in air.

In the following, we describe the crystal structures of TiO2 (rutile and anatase) and TiTezOs
phases. ldentifying their characteristic structural features is a key step to reveal the glass
structure in both TeO2-TiO2 and TeO2-TiO2-WOs3 systems discussed in Chapter 1V.

a) Rutile and anatase TiO2

The two most common polymorphs of titanium oxide are the stable rutile and metastable
anatase. The latter transforms irreversibly to rutile upon heating above 600 °C [81]. Brookite is
another metastable polymorph of which the preparation process is comparatively more complex

[82]. In the following, we only focus on the structural characteristics of rutile and anatase forms.

Both rutile (space group P4>/mnm [83]) and anatase (space group l41/amd [84]) are tetragonal
in structure. Both crystal structures consist of TiOs octahedra, sharing two edges in rutile and
four in anatase [82]. In both structures, each oxygen atom is tri-coordinated by titanium atoms

making Ti—-O<ZX! the only existing type of bridges which we simply refer to as Ti—O-Ti bridges
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in the rest of this manuscript. These structures are illustrated in Fig. 1.15(a) and (b). More data

regarding their physical properties are listed in Table I.4.

@

1920 A
" °

2.008 A

(b)
Az

1.923AY )
u/ 1.923 A
1.968 A [

Fig. 1.15. Crystal lattice of (a) TiO- rutile and (b) TiO; anatase. Insets (top left): bond lengths within
the TiOs octahedron.

Property Rutile Anatase
Crystal system Tetragonal Tetragonal
Space group P42/mnm 141/amd
Formula units (2) 2 4
: a=4.5922 A a=3.7640 A
Lattice parameters
c=2.9576 A c=9.4610 A
Unit cell volume 62.37 A® 134.04 A3
Calculated density (g.cm) 4.12 3.83
Measured density (g.cm™) 4.250 * 3.894 *
Measured band gap (V) 318 3.28
Refractive index (at A = 550 nm) 2.75° 2.54°

Table 1.4. Properties of rutile and anatase TiO, polymorphs. References: *, § and ° from [85], [86] and
[87] respectively.
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The anatase to rutile phase transformation is reconstructive in nature, i.e., the transformation
involves the breaking and reforming of Ti—O bonds [88]. This is in contrast to a displacive
transformation, in which the original bonds are distorted but retained. The study of this
transformation is usually performed using Raman spectroscopy [89]. The reason is that the
Raman spectra of anatase and rutile TiO2 polymorphs (cf. Fig. 1.16(a) and (b)) exhibit distinct
features which can therefore be used for qualitative and quantitative analysis.

810
145
445
234
~ (a)
=
g
=
‘o
o
E 640
5 399 516 (b)
5
o N
125
470
(c)
650
566 72\5 7/50

100 200 300 400 500 600 700 800
Wavenumber (cm™)

Fig. 1.16. Superimposed Raman spectra of (a) TiO- rutile, (b) TiO anatase and (c) TiTesOs. The
spectra of TiTesOs and TiO, were reproduced from [71] and [90] respectively.

The Raman spectrum of rutile features four Raman active modes (Aig + Big + Bog + Eg) and
shows three major bands at 234, 445 and 610 cm™ (Fig. 1.16(a)). The Raman spectrum of
anatase corresponds to six Raman active vibrational modes (A1g + 2B1g + 3Eg) [91] and features
a very intense peak in the low-wavenumber region at ~145 cm™ and weaker bands at ~399,
~516 and ~640 cm™ (Fig. 1.16(b)). In contrast to rutile where all four fundamental Raman
modes are purely oxygen-atom vibrations (titanium atoms do not move), only the mode Axq (at

~516 cm™) is predicted to be the pure oxygen vibration in anatase [91].
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b) Crystalline TiTesOs phase

i) Description of the crystal structure

The winstanleyite TiTesOg crystal (space group 121/a3) has a fluorite-type structure with

a=10.965 A and Z = 8 [92]. More data on its crystallographic and physical properties are listed

in Table 1.5. The crystal lattice (Fig. 1.17(a)) contains interconnected polyhedra of regular TiOe
octahedra (Ti—O of 1.955 A) and TeO4 disphenoids (Te—qO and Te—xO of 1.867 A and 2.113
A respectively). The corner-shared TeO4 disphenoids constitute a 3D network within which

TiOs octahedra are embedded to support the cohesion of the crystal edifice by sharing their

corners with TeO4 disphenoids via nearly symmetric Te-O-Ti (1.867-1.955 A) bridges.

(a)

@ e+
@ T+
L 1%

2113 A
3 1.867 A

2113 A

Fig. 1.17. (a) Projection of the cubic cell of the TiTesOs crystal lattice along the c axis, and (b)
environments of titanium (regular octahedron) and tellurium (disphenoid) cations.

Property Winstanleyite
Crystal system Cubic
Space group 121/a3
Formula units (2) 8
Lattice parameters a=10.965 A
Unit cell volume 1318.34 A3
Calculated density (g.cm=) 5.45
Measured density (g.cm=) 557 *
Refractive index (A is not available) 2.34*

Table 1.5. Properties of winstanleyite TiTesOs crystal. * From [93].
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ii) Analysis of the Raman spectrum

The Raman spectrum of powdered TiTezOg sample is given in Fig. 1.16(c) from [71]. Its mid-
to high-wavenumber region is dominated by the band centered at around 470 cm™ followed by

a less intense one at 650 cm™. Weaker bands are observed at around 566, 725 and 750 cm™.

To assign the origin of the observed bands, Soulis et al. [94] have calculated the Raman
spectrum of this compound and suggested that the dominant band at 470 cm™ is likely to
originate from symmetric vibrations of Te—O-Ti bridges. Given the high intensity of this band,
these bridges are expected to be highly symmetric where the Te-O (1.867 A) and Ti-O
(1.955 A) bonds are chemically indiscernible.

1.5.1.2. System at non-equilibrium state

In the next pages, we review, based on reported experimental data, the preparation conditions
of binary TeO»-TiO. glasses accompanied with some of their physical properties (thermal
stability, density, optical indices, etc.). It is important to stress that despite our strict data
selection, we only offer an overview and more details for both the preparation and properties’
measurement conditions can be found in the cited works. For instance, we do not indicate the
wavelength of light at which the refractive indices of glasses have been measured nor by which
means (e.g., by ellipsometry or from the transmission curves). Unfortunately, experimental
details such as the wavelength of measurement are infrequently cited by the authors.

The binary (100-x)TeO2-xTiO2 system seems to support only a limited glass-forming domain
with a TiO2 molar content of not more than 20% as reported by several studies (cf. Table 1.6).
Moreover, involving fast-quenching methods (e.g., ice or fast-roller-quenching) proved to be
mandatory in order to obtain “TiO2-rich” glass compositions with 15% < x < 20%. We will
reconsider this poor glass-forming ability within the frame of our structural investigation of
binary TeO.-TiO: and ternary TeO.-TiO2-WOs glasses ( Chapter 1V).

In general, the structure and properties of all glasses are firmly ruled by the thermal history
(conditions of melting, quenching and relaxation processes) during which the glass is first
solidified from the supercooled liquid and then eventually relaxed (and continues to relax) by
releasing the internal stresses. In other words, for the same melt composition, operating under

different experimental conditions results in structurally distinct glasses in which the main
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structural configurations (e.g., connection style between polyhedra, correlations at the medium-

range structure, bond network density, etc.) could vary accordingly.

In Table 1.6, one can notice that from one study to another, various quenching methods have
been applied to prepare TeO,-TiO> glasses, i.e., these reported glasses have solidified from
practically the “same” melt compositions but at different cooling rates: from roughly 10%-102

°C/s by air quenching to over 10°-10° °C/s using the fast-roller quenching method.

Apart from quenching, the other major factor is melting that is governed by three main
parameters, namely, the temperature, time and mixing frequency, which jointly guarantee the

desirable homogeneity of glass melts.

Regarding the melting conditions of TeO.-TiO2 melts, one can notice that their batches have
been melted at different temperatures ranging from 720 to 950 °C (Table 1.6). Generally, the
commonly adopted melting temperature for TeO,-based glass systems lies within the range of
800-900 °C. In fact, raising this temperature within the same chemical system by many authors
can be explained by the necessity of dissolving any possible heterogeneous regions. Although
the contribution of the other two parameters (melting time and mixing frequency) to the melt’s
overall homogeneity is as much important as that of the melting temperature, it can be seen
from Table 1.6 that in some studies, they were relatively underestimated by either melting
during quite short time periods (e.g., 10 min) or without mixing/stirring the melt (at least not
explicitly mentioned in their reports). Moreover, the batch weights and the crucible’s

composition are two key parameters that are not always communicated by the authors.
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Glass-forming Melting Melting | Mixing Snerehirel e Crucible’s
Authors | domain (mol.% | temperature time (during method compasition
of TiOy) (°C) (min) | melting) P
Kim and Quenching onto a brass 0 At
Yoko 3 con?iggi tions) 800-900 10 N/A mold at room (?OA’QL:D,[
[41] P temperature P
Sabadel 7-20
et al. . 900-950 120 Yes Fast-roller-quenching Au or Pt
(4 compositions)
[95,96]
10-15 . .
Udovic et (2 compositions) Air quenching
900 10 N/A
al. [57] 5 18 L
(4 compositions) Ice quenching
Pt
. Casting onto a preheated
Vlélr:agas 10 brass plate at 400-440
o 720-840 30 Yes °C and further cooled at
Navarro | (1 composition) 3 °C/min down to room
[97] temperature
Soulis et 5-18 .
al.[94] | (4 compositions) 800 30 N/A Ice quenching Au

Table 1.6. Preparation conditions of binary (100-x)TeO,-xTiO- glasses reflecting their thermal
histories from different works found in the literature.

The given experimental data on Table 1.7 suggest that adding TiO2 from 5 mol.% to 15 mol.%

results in the following trends:

Increase of the glass transition temperature by approximately 15 % [53,57,98].

Increase of the thermal stability by almost 50 % [53,57,98].

Marginal density decrease by less than 3 % [41,94,99]. This trend can be explained by

the lower molar mass of TiO2 (79.9 g.mol™) compared to that of TeO2 (159.6 g.mol™?).

Slight increase of the linear refractive index by 1.4 % from 2.147 to 2.176 [41].

Increase of the third-order nonlinear optical susceptibility ¥ by 17 % [41]. Among

other transition-metal oxides MOy, TiO2 contributes the most to ¥ response in binary
TeO2-MOx (cf. Fig. 1 in [41]).

1 We refer to this technique as melt-fast-quenching (MFQ) — cf. Chapter I11.
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1o Class Thermal Optical Linear T:(I):lolli-r?ggf r
content | transition . Density p | band gap | optical .
Glass system « temperature | stability (@.omS) e I optical
Tq (°C) AT (°C) ' ) susceptibility
0)
(mol.%) Eq (eV) index n £ (esu)
5.52 [99]
5 313 [57] 48 [57] | 5.56 [41] - 2.147 [41] | 14.2*103 [41]
5.57 [94]
5.43 [99]
5.50 [41]
10 335 [57] 62 [57] 2.88[97] | 2.164 [41] | 15.8*107° [41]
Binary 5.46 [97]
(100-X)TeOx- 547 [94]
XTI0 5.36 [99]
5.47 [41]
15 356 [57] 71 [57] 536 [57] - 2.176 [41] | 16.6%10% [41]
5.39 [94]
5.31 [99]
18 372 [57] 74 [57] - - -
5.33 [94]
5 321 53 5.54 - - -
(95-x)TeO,-
5Zn0O- xTIO, 10 347 73 5.43 2.75 2.082 8.8*1013
[53]
15 368 83 5.44 - - -

Table 1.7. Physical properties of binary (100-x)TeO,-xTiO- glasses and TeO--rich ternary (95-x)TeO--
5Zn0- xTiO; glasses.

1.5.2. Equilibrium and non-equilibrium phases in binary TeO2-WOs3 system

The phase diagram of binary TeO2-WOs3 system was determined by Blanchandin et al. [62]
using differential scanning calorimetry and high-temperature X-ray diffraction, and an eutectic
was detected at 622 + 5 °C at 22 mol.% of WOs. The results of this study indicate that there
exist no crystalline phase within the equilibrium TeO2-WO3 system; and such a compound has
never been identified in the preceding works.

In the following, we briefly describe the crystal structure and the features derived from the

Raman spectrum of the monoclinic y-WO3 phase.
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1.5.2.1. System at equilibrium state
a) y-WOs phase
i) Description of the crystal structure

The y-WO3 phase crystallizes in the P121/n1 space group with the following lattice parameters:
a=7.30A,b=753A, c=7.68A and p = 90.90° [100]. More crystallographic data are jointly
listed in Table 1.8. The structure contains two crystallographically distinct W atoms; each is
surrounded by six O atoms to form slightly distorted WOs octahedra (cf. Fig. 1.18). There are
12 different W—O bond lengths: 4 short (1.84-1.86 A) and 8 longer (1.90-2.01 A) bonds (cf.
Table 1.9).

Property v-WOs3
Crystal system Monoclinic
Space group P121/n1
Atoms per unit cell (2) 8
a=7.30A
Lattice parameters b=753A
c=7.68A
Unit cell volume 422.11 A3
Measured density (g.cm) 7.16 g.cm?

Table 1.8. Properties of the y-WOs phase.

Fig. 1.18. Representation of the crystal lattice of y-WOs.

Mohammed Reda ZAKI | PhD thesis | Université de Limoges | 2018 40

(@) 5Y-NC-ND | mE|



Bond length (A)

wW1-01 1.899
W1-02 1.852
W1-03 1.843
W1-04 2.013
W1-05 1.975
W1-06 1.919
wW2-01 1.855
wW2-02 1.913
W2-03 1.861
W2-04 1.985
W2-05 1.924
W2-06 1.962

Table 1.9. Bond lengths in the y-WO3 phase.

i) Analysis of the Raman spectrum

The Raman spectrum of y-WOs3 crystal is presented in Fig. 1.19. The low-wavenumber region

features a band at approximately 275 cm™ which corresponds to the bending vibrational mode
of WOe octahedra [101]. At higher wavenumbers, two relatively broad bands at 719 and 808

cm™ are observed; they correspond to symmetric and asymmetric stretching vibrations in W—

O-W bridges respectively [101].

275

Raman intensity (a.u.)

719

808

100 200 300 400

500

600

Wavenumber (cm™)

Fig. 1.19. Raman spectrum of y-WOs3 crystal reproduced from [102].
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1.5.2.2. System at non-equilibrium state

The binary (100-x)TeO2-xWO3 glass system seems to support a relatively large glass-forming

domain in which increasing WO3z content results in an overall improvement of the thermal and

optical properties [41,62]. Glasses were successfully prepared with WO3 content ranging from
5 to 30 mol.% as highlighted by most of the conducted studies (Table 1.10). Moreover, TeO»-

rich glass compositions containing less than 5 mol.% in WO3z have been achieved by means of

fast quenching techniques [62].

Glass-forming

Melting

Melting

Mixing

. . . hi li ible’
Authors domain (mol.% | temperature time (during Quen(r:n;?k?é;oo 'ng Cgrrnuc;; ;osn
of WO3) °C) (min) | melting) P
Sekiya et al. 5-30 .
[103] (6 compositions) 850-950 15-30 Ice quenching
Casting onto a stainless Pt
Shaltout et 5315 800 30 steel plate at room
al. [104] (7 compositions)
temperature
Kim and 10-30 Quenching onto a brass 506 Au-
- 800-900 10 mold at room
Yoko [41] | (3 compositions) doped Pt
temperature
N/A
Rapid casting onto a
preheated brass mold at
Blanchandin 2.5-30 850 30 60 °C and quickly
et al. [62] (7 compositions) quenched by pressing
into thin sheets of
~1.5 mm thick.
Charton et 5-32.5 - Pt
al. [105,106] | (7 compositions) 900 15 Ice quenching
Upender et 10-40 Casting onto a stainless
al. [107] (4 compositions) 800-950 30 Yes steel plate
Kaur et al. 10-25 Casting onto a brass
[108] (4 compositions) 800-850 30 N/A block

Table 1.10. Preparation conditions of binary TeO»-WOs glasses reflecting their thermal histories from
different works found in the literature.
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The experimental data given in Table 1.11 suggest that adding WO3 from 5 mol.% to 30 mol.%

results in the following trends:
e Increase of the glass transition temperature by approximately 11 % [104].
e Sharp increase of the thermal stability from only 18 °C to 80 °C [104].

e Slight density increase by over 4 % [41]. This trend can be explained by the higher
molar mass of WO3 (231.8 g.mol™) compared to that of TeO, (159.6 g.mol ™).

e Fairly constant behavior of the linear refractive index with a value of 2.12 [41,109].

e Increase of the third-order nonlinear optical susceptibility ¥ by approximately 12 %
from 14.2*10°% (10 mol.%) to 15.9*10°** (30 mol.%) [41]. Mufioz-Martin et al. [109]
investigated the effect of various oxides on the nonlinear optical performance of
80Te02-15WO0O3-5MOx glasses (Table 1.11). Their results confirm the expected increase
of ¥® when other lone electron pair holders such as Bi and Pb atoms are incorporated

within the glass network.
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Third-order

B Class Thermal Optical Linear nonlinear
content | _transition .| Density p | band gap | optical )
Glass system temperature | stability s . optical
X T, (°C) AT (°C) (g.cm™) | energy Eq | refractive SUscentibllit
(mol.%) g V) index n o y
™ (esu)
5 333[104] | 18[104] - 3.49 [110] - -
5.82 [108]
10 323[107] | 37[107] 573 [41] 3.43[110] | 2.122[41] | 14.2*103 [41]
3.40[110] | 2120 12+4*10
15 347 [104 43[104] | 5.90[108 ) T
[104] [104] L108] 3.30[109] | [109] [109]
Binary
(100-x)TeO2- 359 [104] | 72[104] | 5.99 [108] 2.124 [41]
XWO3 20 3.38[110] | 92120 | 14.8*10%3[41]
343[107] | 67[107] | 5.89 [41] ;
[109]
25 370[1041 | 44 [104] | 6.05 [108] | 3.38 [110] - -
369 [104] | 80[104]
30 5.98 [41] | 3.32[110] | 2.126 [41] | 15.9*103 [41]
367 [107] | 89[107]
(95-x)TeO,- 2.120 13
XWO3-5TiO2 - - - 3.32[109] [l0g] | %+3*107[109]
(95-x)TeO,- 2125
XWO;- - - - 3.41[109] [100] 7+3*103 [109]
5Nb,0s
(95-X)TeOZ' 13
XWO;- - - ~ | 3.44[109] %i%)g]) ﬂffggl]o
5Ta,0s
15
(95-x)TeO,- 2090
XWOs- - - - 3.45[109] [109] 6+2%1013 [109]
5La,03
(95-x)TeO,- 13
XWOs- - - - 3.42 [109] %i%)‘;(]) 13if3910
5Bi.0: [109]
(95-X)TeO,- 2.120 13+4*10°13
XWO3-5PbO - - - [ 3341109] | pq) [109]

Table 1.11. Physical properties of binary (100-x)TeO.-xWO; glasses and TeO--rich ternary (95-
X)TeO,- xXWOs- 5MO, (M =Ti, Nb, Ta, La, Bi and Pb) glasses.
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1.5.3. Equilibrium and non-equilibrium phases in binary TeO2-NbO25 system

1.5.3.1. System at equilibrium state

Over the last 40 years, several studies have been conducted on this binary system; they
collectively revealed the existence of the three following crystalline phases Nb>TesO13
(2NbO2:5:4Te02), Nb,TesO11 (2NbO25:3TeO2) and NbgTeO17 (6NbO25:TeOz) [111-113].
Among these studies, one significant contribution was achieved by Blanchandin et al. [114]
who determined the phase diagram under equilibrium and non-equilibrium conditions for the

TeOy-rich part of the binary TeO2-Nb2Os system.

In the following, we describe the crystal structures of each of the above-mentioned compounds
along with that of H-Nb2Os phase, and recall their vibrational properties as revealed by Raman

spectroscopy.

a) H-Nb20s phase
1) Description of the crystal structure

The niobium pentoxide H-Nb2Os phase (H for high temperature or Hohen temperaturen in
German) named by Schéafer et al. [115] crystallizes in the P12/m1 space group with the
following cell parameters: a = 21.153 A, b = 3.823 A, ¢ = 19.356 A and p = 119.80° [116]. Its
crystallographic data and other few physical properties are listed in Table 1.12. This crystal
structure is characterized by the large Nb—O bond length distribution making the coordination

sphere of Nb atoms considerably asymmetric (Fig. .20 and Fig. 1.21).

Property H-Nb2Os
Crystal system Monoclinic
Space group P12/ml
Formula units (2) 14
a=21153 A
Lattice parameters b=3.823 A
c=19.356 A
Unit cell volume 1358.40 A3
Calculated density (g.cm?) 4.40
Measured band gap (eV) 3.85*

Table 1.12. Properties of H-Nb,Os crystal. * From [117].
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Fig. 1.20. Projection of the structure of H-Nb,Os along the b axis.

Two NbOQ, tetrahedra connected
via edge-sharing
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2339A

> 013 & 2281 A
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1.830 A

Fig. 1.21. Representation of the 15 distinct NbOy polyhedra in H-Nb,Os crystal. For a faster reading,
bond lengths shorter than 1.85 A are given in orange; those ranging between 1.85 and 2 A in blue and
the ones longer than 2 A in black. Top-right: two NbOj, tetrahedra sharing one edge though the
structure contains only one crystallographically distinct NbO, tetrahedron.

ii) Analysis of the Raman spectrum

The Raman spectrum of crystalline H-Nb2Os is given in Fig. 1.22(a). In the low-wavenumber
region, a broad band centered at 260 cm™ due to the vibrations of Nb atoms within NbOx

polyhedra. The high-wavenumber region features a broader band over the 500-800 cm™ range
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with three main contributions at ~545, ~620 and ~670 cm™* along with an intense peak at 990
cmL. The latter is due to the stretching vibrations of the shortest Nb—O bonds (shorter than 1.85
A, given in orange in Fig. 1.21). The three bands at 545, 620 and 670 cm™ correspond to
stretching vibrations of relatively longer No—O bonds (between 1.85 and 2.1 A) [94].

260
620 670
990
545
890 (a)
670
630
610
T 440
s 720 b
< (b)
(%2}
g 680
C
g
E
&
440 700
( 815 (c)
720
(d)

100 200 300 400 500 600 700 800 900 1000
Wavenumber (cm)

Fig. 1.22. Superimposed Raman spectra of (a) H-Nb,Os, (b) Nb,TesO13, () Nb,TesO11 and (d)
NbsTeO;7 recorded at room temperature. Reproduced from [94].

b) Nb2TesO13 (2NbOz2s : 4TeO2)
i) Description of the crystal structure

This compound crystallizes in the P-1 space group with the following cell parameters: a = 7.561
A b=12697 A, ¢c=12.736 A, a = 116.050°, B = 90.192° and y = 90.031° (cf. Table 1.13 for
more details) [118]. It contains eight (four) crystallographically distinct Te (Nb) atoms. As
shown in Fig. 1.23, 6 out of 8 Te environments are TeOz trigonal pyramids; the remaining two
are slightly closer to the intermediate TeO3+1 configuration. Since the extended bonds in the

latter units are considerably long, viz. 2.200 and 2.245 A, they can practically be ignored from
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the chemical viewpoint and thus transforming the four-membered chain in Fig. 1.23(b) into two

Te20s units. This means that despite the considerable amount of O atoms brought by adding

Nb2Os, not all TeO4 units are being transformed into TeOs ones. Hence, the Nb>* cation should

be considered as an intermediate cation.

Property Nb;TesO13
Crystal system Triclinic
Space group P-1
Formula units (Z) 4
a=7.5609 A
Lattice parameters b=12.697 A
c=12.736 A
Unit cell volume 1098.44 A3
Calculated density (g.cm®) 5.29
Measured density (g.cm) 5.50 *

Table 1.13. Properties of Nb2TesO13 crystal. * From [118].

This crystal structure can be alternatively described as being composed of two types of layers:

the first contains interconnected NbOs octahedra via corner-sharing which are also connected

to TeOs units via Te—O—Nb bridges; where the second type consists of the previously mentioned

TeoOs units.
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Fig. 1.23. (a) Projection of the crystal structure of Nb,TesO13 and (b) the atomic environments of the 8
crystallographically distinct Te atoms (for the purpose of clarity, neighboring Nb atoms are not
presented within the crystal lattice).

i) Analysis of the Raman spectrum

The Raman spectrum of Nb2Te4O13 crystal (Fig. 1.22(b)) is dominated by the high-wavenumber
intense band centered at ~670 cm™ and emerging among the several relatively weak bands over
the 580-750 cm™ range. The mid-wavenumber range features a weaker band positioned at 440

cm?,

As briefly stated earlier, Soulis et al. [94] have calculated the Raman spectrum of this
compound indirectly, i.e., via the consideration of the two structural layers (NbOe+TeO3 and
Te20s). Their results suggest that the 400-450 cm™ range which is dominated by the band at
440 cm is due to the symmetric stretching of Te—O—Te bridges (1.934-2.029 A) and highly
symmetric Te—~O—Nb (1.890-1.916 A) bridges. At higher wavenumbers, the more intense bands
in the 600-700 cm™ range are attributed to stretching vibrations of highly asymmetric and

almost terminal Te—~O———Nb (1.890-2.078 A) linkages. The weaker bands observed above 700
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cm™ are assigned to stretching vibrations of the highly asymmetric Nb—-O— — —Nb (1.797-

2.128 A) linkages.

c) Nb2Te3011 (2NbO2s : 3TeO2)

1) Description of the crystal structure

This compound crystallizes in the P2:2:2 space group with the following lattice parameters:
a=7.700 A, b = 15.700 A, ¢ = 3.979 A (cf. Table 1.14 for more details) [111]. Its crystal
structure hosts two (one) crystallographically distinct Te (Nb) atoms (Fig. 1.24). Besides, not

all TeO4 disphenoids are converted into TeOs trigonal pyramids as a result of adding Nb2Os

oxide, and instead of Te20s units in Nb2Te4O13, this structure accommodates TesOs units (cf.

Fig. 1.25).

Property Nb,Te;On
Crystal system Orthorhombic
Space group P2,2,2
Formula units (2) 2
a=7.700 A
Lattice parameters b=15.700 A
c=3.979 A
Unit cell volume 481.02 A3
Calculated density (g.cm®) 4.98

Table 1.14. Crystallographic data of Nb,TesO1; crystal.
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2014 A 2.195 A

1884 A
o

Fig. 1.24. (a) Projection of the crystal structure of Nb2TesO1; and (b) the existing structural units of

TeOs, TeO4 and NbOes.
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Fig. 1.25. Representation of the TesOs unit in the Nb,Te3Ou;: cell.

i) Analysis of the Raman spectrum

The Raman spectrum of Nb2Tez01: crystal (Fig. 1.22(c)) is dominated by a sharp and intense
band centered at approximately 680 cm™ and accompanied with a shoulder at 700 cm™. A much
weaker band at 815 cm™ is also observed in the high-wavenumber region. The mid-

wavenumber range features a relatively intense band positioned at ~440 cm™™,

Results of Raman spectrum calculation [94] suggest that the band at 440 cm™ is due to
symmetric stretching vibrations of Te—O-Te (1.844-2.103 A) bridges from Te3Os units, along
with those from the nearly symmetric Te—O—Nb (1.859-1.954 A) bridges. Stretching vibrational
modes of the shortest Te—O bonds (1.838 A) result in the intense band at 680 cm™. And finally,
the high-wavenumber band at 815 cm™ is attributed to stretching vibrations of the shortest Nb—
O bonds (1.796 A).

d) NbsTeOi17 (6NbO2s5 : TeOz2)

The accurate crystal structure of this oxide has not been solved yet. However, using X-ray
powder diffraction, Khodyakova et al. [119] suggested the following lattice parameters:
a=1757 A, b=17.36 A and c = 3.97 A in the orthorhombic crystal system.

The Raman spectrum presented in (Fig. 1.22(d)) was also obtained from a powdered sample of
NbeTeO17[94] and is dominated by an intense band centered at ~720 cm™ and emerging among
the several relatively weak bands over the 550-780 cm™ range. It is also characterized by the
absence of the mid-wavenumber band (at 440 cm™ in the Raman spectra of both Nb,Te4O13 and

Nb,>Te3O11 compounds) which might indicate that symmetric (or nearly symmetric) Te-O-Te
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and Te—~O-Nb bridges are unlikely to exist [94]. Moreover, the intense band at ~720 cm™
suggests the presence of terminal Te—O (<1.84 A) and Nb—O (<1.80 A) bonds.

1.5.3.2. System at non-equilibrium state

Several studies have been conducted on the binary (100-x) TeO2-xNbO2 5 system uncovering its

glass-forming domain with a NbO2s molar content of not more than 33.4-40% (cf. Table 1.15).

In addition to their physical properties, the structural features of TeO2-NbO: s glasses have been

extensively investigated by various techniques: X-ray and neutron diffraction (see e.g., [120]),

X-ray absorption spectroscopy [121] and IR [122] and Raman [94,108] spectroscopies.

The experimental data given in Table 1.16 suggest that a continuous increase of the NbOzs

molar content from 5 to 33.4 % results in the following trends:

Continuous increase of the glass transition temperature by more than 26 % [108,123].

Sharp increase of the thermal stability AT to over 140 °C at 18.2 mol.% of NbO.s;
however, a reduction of AT is observed upon continuous adding [108,123]. In contrast,
Hayakawa et al. [124] report a thermal stability of only 57 °C at 18.2 mol.% of NbO2s.

Slight density decrease by approximately 5.6 % [41,108]. This evolution can be
explained by the relatively low molar mass of NbO2s (132.9 g.mol™) compared to that
of TeO; (159.6 g.mol™).

Marginal increase of the linear refractive index from 2.23 to 2.26 suggesting a rather

steady evolution [123].

Two studies reported contradicting evolutions of the third-order nonlinear optical
susceptibility y®: according to one, ' slightly decreases by 11 % from 13.2*10* (9.5
mol.%) to 11.7*10 (33.4 mol.%) [123], while the other suggests an increase of 12 %
from 14.3*1012 (18.2 mol.%) to 16.1*10%3 (33.4 mol.%) [124].
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lass-formi Melti Melti Mixi . .
G ass_ orming ¢iting ? 'ng |X|_ng Quenching/cooling Crucible’s
Authors domain (mol.% | temperature | time (during method composition
of NbO2s) (°C) (min) | melting) P
Kim and 10-30 800-900 10 Quenching onto a brass 5% Au-
Yoko [41] | (3 compositions) mold at room temperature doped Pt
9.5-33.4 * Quenching between two
Iif;tlh?{ggij . 850-1000 30-40 preheated graphite plates
: (5 compositions) and annealed at T4-30 °C
N/A Quenching by flattening
525 b brass block
| (7 compositions) etween two brass blocks
Blanchandin separated by a brass ring Pt
et al. [114]
25 800 30
(1 composition)
N Ice quenching
Soulis et al. 9.5-40
[94] (4 compositions)
. Casting onto a preheated
V','\::?/gsr fond 9.5-26.1* 790840 20 Ves | brass plate at 400-440 °C
[97] (3 compositions) and further cooled at 3
°C/min down to 20 °C
Lin et al. 5.8-334* Casting onto a cold
[125] (5 compositions) 750-850 15-20 stainless steel plate Al
Casting onto a carbon
Hayakawa 18.2-33.4 * mold, annealed at 400 °C
etal. [124] | (2 compositions) 900 60 N/A for 4 h, and then cooled Al20s
down to 20°C
Kaur et al. 9.5-334* .
[108] (4 compositions) 800-850 30 Casting onto a brass block Pt

Table 1.15. Preparation conditions of binary TeO»,-NbO, s glasses reflecting their thermal histories
from different works found in the literature. * To compare the available data, we have converted the
mol.% in Nb,Os reported by the authors into mol.% NbO: s for the purpose of clarity.
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Third-order

NbO2s Glass Thermal Optical Linear nonlinear
content | transition . Density p | band gap | optical )
Glass system temperature | stability s i optical
X T, (°C) AT (°C) (g.cm™) | energy Eq | refractive Slscentibllit
(mol.%) g V) index n ; y
% (esu)
25 313[114] | 47 | 570[114] _ _ _
' [114] '
~43
5 ~327 [114] [114] - - - -
~ ~71 *10-13
10 335 [114] [114] - - 2.126 [41] | 14.1%10'3 [41]
~81
15 ~349 [114] [114] - - - -
~365 [114] ~95 r13
20 [114] - - 2.182[41] | 16.1%10%3 [41]
~98
25 383 [114] (14 | 530 [124] - - -
Binary 30 - - - - 2.192 [41] | 16.9%10°% [41]
(100-x)TeO-- 5.52 [97]
xNbO2s 330 [108] | 97[108] | 13.9%10°13
9.5* 5.53 [108] - 2.23[123] ;
326 [123] | 56[123] [123]
5.52 [123]
357 [108] | 143[108] | 5.41[97] 11.8*10%
2.24[123] [123]
18.2* 357 [123] | 164 [123] | 5.43[108] | 3.14 [123]
2.04[124] | 14.3*107%°
442 [124] | 57[124] | 5.40 [123] [124]
5.33 [97]
387 [108] | 135[108] 11.3%1013
26.1* 5.33 [108] | 3.09 [123] | 2.22 [123] ;
392 [123] | 108 [123] [123]
5.34 [123]
416 [108] | 125 [108] 11.7%10%
5.23 [108] 2.26 [123] [123]
33.4* 426 [123] | 92[123] 3.06 [123]
5.20 [123] 2.06 [124] | 16.1*107%°
497 [124] | 77[124] [124]

Table 1.16. Physical properties of binary (100-x) TeO»-xNbO. 5 glasses. * To compare the available
data, we have converted the mol.% in Nb,Os reported by the authors into mol.% NbO. s for the
purpose of clarity.
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1.5.4. Previous works on TeO2-TiO2-WOs3 and TeO2-NbO25-WOs glassy systems

In this section, we review the reported works on ternary TeO2-TiO2-WOs3 and TeO2-NbO2 s-
WO3 systems which represent the experimentally investigated materials in this work (cf.
Chapters IV and V). It is important to note that no crystal compound has ever been reported in

any of these two ternary systems.

1.5.4.1. On the ternary TeO2-TiO2-WOs3 glassy system

Safonov [126] investigated the phase equilibria in the TeOz-rich part of this ternary system
within the range of 55-100 mol.% in TeO. by means of differential thermal analysis, visual
polythermal analysis and X-ray powder diffraction techniques. Furthermore, TeO2-TiO2-WOQO3
glasses were prepared by casting the melts into metal molds in order to determine the stable
glass formation boundaries. It is important to mention that this paper does not report any
properties of those glasses. The established equilibrium and non-equilibrium phase diagram is

given below in Fig. 1.26.

TiO,

mol %

Fig. 1.26. Ternary phase diagram in the TeO»-TiO>-WO3 system with detected features such as the
eutectic E; and E; points. Taken from [126].

Another systematic study by Imaoka and Yamazaki [37] on the glass formation ability of over
100 TeO2-based systems reported the glass-forming domain in the TeO,-Ti02-WO3 system as

shown in Fig. 1.27. Again, this work does not report any properties of those prepared glasses.
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Fig. 1.27. Glass-forming domain in the TeO,-TiO2-WOQj3 system (cf. shaded area in blue).
Reproduced from [37].

To the best of our knowledge, the only glass composition in the ternary TeO»-TiO2-WO3 system
of which physical properties were measured, is 80TeO2-5Ti0,-15WO3 by Mufioz-Martin et al.
[109]. They investigated the structure by Raman spectroscopy and both linear and nonlinear
optical properties by spectroscopic ellipsometry and degenerate four-wave mixing technique
respectively. These properties were compared with those from other compositions belonging to
the 80TeO2-5RxOy-15W0O3 system with R = Nb, Ta, La, Bi and Pb. For instance, by comparing
their Raman spectral features (Fig. 3.11 in [109]), Mufioz-Martin et al. addressed the similarity
between the Raman spectra of 80TeO2-5RxOy-15WO0O3 glasses (R = Ti, Nb and Ta) and that of
the binary 85TeO,-15WOs glass. The linear and nonlinear optical properties reported for this

set of glasses are given in Table .11 in section 1.5.2.2.

Another investigation of close glass compositions was reported by Fares et al. [127] who
studied the effect of adding WOs on the structural, thermal and optical properties of the Nd-
doped quaternary (89-x)TeO2-10TiO2-xWO3-1Nd>03 system with x =0, 10 and 20 mol.%. The
authors argue that adding WOs results in (i) breaking the Te—O-Te bridges and (ii) improving

the optical properties by increasing the linear refractive index.

1.5.4.2. On the ternary TeO2-NbO25-WOs3 glassy system

So far, there have been only a few studies devoted to revealing the physical properties of these
glasses. In fact, aside from few investigations on the specific compositions described below,
there is no reported systematic study within this ternary glass system. Carreaud et al. [128] and

Dai et al. [129] recorded the Raman spectra of 75Te02-20NbO25-5W0O3 and 72TeO2-18NbO2 5-
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10WO3 glass compositions along with their thermal and linear optical properties (cf. Table
1.17). In addition, Mufioz-Martin [109] measured the linear and nonlinear optical properties of
the 80TeO2-5Nb20s-15W0O3 composition (converted to 76.3Te0,-9.4Nb0.5-14.3WO03 to

enable comparison with the other compositions — cf. Table 1.17).

Composition Ty (°C) | AT (°C) | Refractive index
75Te02-20NbO25-5WO;3 [128] 375 153 2.211~*
72Te02-18NbO25-10WO3 [129] 380 175 2.2116 8§
76.3Te02-9.4Nb025-14.3WO0s [109] - - 2.125 #

Table 1.17. Glass transition temperature T, thermal stability AT and linear refractive index for glass
compositions in the ternary TeO,-NbO25-WO3 system. The labels *, § and # correspond to the
following wavelengths of measurement: 1900 nm, 532 nm and 1500 nm respectively.

1.6. Conclusion

In this first chapter, we recalled some fundamental concepts in the field of glass science and
reviewed, in a general fashion, the literature on early research relative to the family of TeO»-
based glasses, i.e., their glass-forming ability, structural, physical properties and technological
applications. We have also described the crystal structures of TeO2 polymorphs (o, p and v)

along with the structural features of the pure TeO> glass.

In addition, we summarized the reported literature on both crystals and glasses from the binary
TeO2-TiO2, TeO2-WO3 and TeO2-NbO2 s systems by describing (i) the crystal structures of
compounds isolated from each binary systems, and (ii) the preparation conditions, thermal,
structural and optical properties of the binary glasses.

According to the literature, adding TiO2 in binary TeO>-TiO glasses allows to enhance the
glass-forming ability and maintain the original structural organization of pure TeO: glass.
Hence, TiO2-containing TeO»-based glasses are of special interest since conserving the glass
network of pure TeO2 would probably ensure the high linear and nonlinear optical performances
[41]. Moreover, it has been reported that adding WO3 in binary TeO>-WO3 glasses improves
the thermal and optical (linear and nonlinear) properties [41,62]. Besides, adding NbO2s in
binary TeO.-NbO:2 s glasses enhances both the linear and nonlinear optical properties [41] and
increases the thermal stability [108,123] which is a crucial requirement in some optical glass

manufacturing processes, e.g., optical fiber drawing. An improvement of the network
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reinforcement and mechanical strength was also reported as a result of incorporating NbO2 s
within the TeO»-rich network [130]. Keeping all these facts in focus, we have embarked upon
investigating the two ternary TeO,-TiO2-WO3 and TeO2-NbO2 5s-WO3 systems (cf. Chapters 1V

and V respectively).

In the next chapter, we introduce the cationic field strength theory and systematically apply it
to TeO2-based materials with the aim of predicting structural tendencies and behaviors in binary

TeO»-based glass systems.
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Chapter Il.  Application of the cationic field strength theory to
TeOz-based materials

11.1. Introduction

At the beginning of the 20" century, Tammann [131], as one of the first scientists to show
curiosity about the structural organization in glasses, argued that glasses show substantial
similarities with strongly supercooled liquids. In 1926, Goldschmidt [132] derived empirical
rules for glass formation based on the criterion of cation-to-anion-radius ratio. Less than a
decade later, more investigators attempted to predict the glass structure. For example, the
significant work of Zachariasen-Warren [14,133] on the glass network represented a leap

forward in unlocking the short- to medium-range structure of the glass network.

In parallel to these universal theories of which the ultimate aim was to predict the glass
formation in all possible systems and explain its origins, more theories/models tried to establish
the existing relationships between the glass formation and composition by focusing on how the
melt’s composition affects the outcome of cooling. Two of these theories, developed by Dietzel
[20] and Sun [134] proved to be valid for a satisfying prediction of glass formation and network
structure especially in oxide systems. Using close concepts, namely, the cationic field strengths

and interatomic bond energies respectively, they often lead to very close conclusions.

First, we would like to make reference to Sun’s theory on bond energies and their contribution
to glass formation. Based on this concept, an analogy example for the two possible scenarios
(crystallization vs. glass formation) expected upon the melt cooling was delivered by Sun (cf.
page 278 in [134]). Inspired by that example, we provide in Fig. 1.1 a pictorial version to
emphasize the crucial role of strong bonds (simulated by the hands of soldiers) in the glass
formation. The presence of these strong bonds, unlike in the first case of handless soldiers,
makes the orderly arrangement (i.e., crystallization) more difficult by resisting the breaking of

linkages and therefore promoting the glass formation.
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« A troop of handless soldiers as seen from the sky...

1 Floating soldiers (atoms) 2 Equilibrium (crystallization)

o8 O o
QL e SO

2% ARRANGEMENT
= Q Q @ (COOLING BFLOW 9 QQQ

S
=
= MELTING POINT)

Solid sialo

«Now, half of the soldiers do have their both hands...

2 Non-equilibrium (giass formation)

[K-H. Sun, JACerS, vol. 30, 1947]

Fig. I1.1. lllustration depicting the two scenarios of crystallization and glass formation based on Sun’s
bond energy theory (see text).

We dedicate this chapter to Dietzel’s cationic field strength theory by applying it to TeO-based
materials. In the following sections, we start by giving an overview of the theoretical
background of the field strength concept. Then, we check its validity when applied to various
binary TeOz-based crystals and glasses with the ultimate aim of using this concept as a

complementary tool for the structural prediction of TeO»-based glasses.

11.2. On the concept of the cationic field strength

11.2.1. Background

While Goldschmidt considered only the ionic-size-ratio to predict properties such as the glass
formation, Dietzel [20] suggested a more advanced concept, the field strength (FS) of ions,
which enabled him to explain phenomena that could not be justified by Zachariasen-Warren’s

hypothesis alone.

Among all the other theories, the one suggested by Dietzel was the first to acknowledge the

ionic interaction in terms of interionic forces and the resulting effects (glass vs. crystalline
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compound formation, solid solution or immiscibility, etc.) during the solidification of the melt.
He concluded that the electrostatic field g/a? (with q being the charge), due to the modifier
cation (in SiO2-based systems) at a distance a close to the sum of the ionic radii of the cation

and anion (oxygen), correlates well with liquid immiscibility.

The energy of attraction U between a cation and an anion with ionic radii Rc and Ra and charge
numbers Zc and Z, can be expressed as follows (with k being the Coulomb’s constant and e the
elementary charge):

U= k (Zc Za ez)/ (Rc + Ra)

Using this quantity, the evolution of some properties as a function of the kind of cation within
a particular group (e.g., alkali or alkaline-earth cations) may be relatively well represented. This
IS not the case when comparing cations from different groups. For this reason, Dietzel
suggested, on the basis of Coulomb’s law, the FS concept to establish general dependencies

across the periodic table by using the quantity of field strength FS:
FS= Zc Za eZ/ (Rc + Ra)2

When considering only one system in which the anion is always the same (e.g., oxide systems)
then in addition to the charge e, the charge number Z. is also constant in the above equation,

and therefore, the FS of the cation can be calculated using the following formula:
FS = Zc/ (Rc + Ra)2

The FS magnitude increases with the charge number and decreases with the ionic radii. For
instance, the P-O bond is extremely stable due to both the high charge number of P (Z. = 5)
and the small bond distance (~1.57 A [135]). At the other extreme, the Cs—O bond is much
weaker because of the small charge number of Cs (Z¢ = 1) and the large bond distance (~3.1 A
to ~3.7 A [136]). In the same spirit, cations with high strengths are referred to as strong cations;
those with low strengths as weak cations [17]. The original strengths estimated by Dietzel can
be found in [20,137].

It is important to recall that there is an inner connection between the cationic field strengths and
the electronegativities. Since the latter do not always permit differentiating cations—especially
transition metal cations of which the electronegativities are almost equivalent, the field
strengths prove to be more useful as they show stronger differences between distinct cations

but also for the same cation as a function of its coordination number.
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The underlying idea is that, in a given system (e.g., binary oxide), each cation seeks to ‘shield’
itself from other cations. The FS is the measure of the strength of this shielding which is
achieved by surrounding the cation with anions. Dietzel correlated the field strength difference
between two cations (labeled AFS) with the phase relations in a number of binary and ternary

systems.

11.2.2. Application at equilibrium state

Based on the results of AFS obtained from several systems at equilibrium state, Dietzel
postulated three empirical rules which were validated later by several works. For instance,
Berkes and Roy [138] have established a correlation between AFS and the phase relations in
160 binary oxide systems with the aim of predicting features like the number of crystalline
compounds in a given system, the presence and extent of solid solutions and phase separations,
etc. The main results obtained from this study agree with Dietzel’s rules and can be summarized

as follows:

e The solid solution extent is at maximum when AFS =~ 0 and rapidly decreases with

increasing AFS (e.g., TeO,-TiO> system with the TiTesOs compound [79]);
e Phase separation, as a result of liquid immiscibility, tends to occur when 0.5 < AFS <1,

e The number of crystalline compounds increases with AFS (e.g., AFS is equal to 0.867

in the TeO2-T1Oo 5 [139] system where four compounds have been isolated).

11.2.3. Application at non-equilibrium state

The FS approach allows to predict the glass-forming ability of a given substance and the phase
relations within a given system by predicting behaviors such as compound formation, solid
solutions, immiscibility, etc. According to Dietzel, the network forming cations have high FS
values of ~1.3 to 2, the network modifying cations show lower values (0.1 to 0.4), and the

intermediates have in-between strengths comprised between ~0.5 and 1.2.

On the basis of these considerations, Dietzel formulated few basic rules with respect to the
behavior of melts during the cooling process, and thus unlocking explanations for some
phenomena that could not be interpreted on the basis of Zachariasen-Warren hypothesis. Those

rules can be expressed as follows:
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For AFS = 0, i.e., both cations have very close strengths, the competition for the anions
ends in segregation or dissociation into two separate pure phases. For instance, this is
the case for binary SiO2-B20O3 melts where AFS = 0.06 [19].

For AFS > 0.3, there is a trend towards compound crystallization during the melt
cooling. Moreover, at relatively higher AFS values, the tendency to form glasses
becomes more likely along with an increase of the number of the crystallizing

compounds.

For AFS > 1.3, glasses are readily obtained after melt cooling. For oxides, this is
particularly the case in several binary melts containing one of the best-known glass
formers, namely, B203, SiO2 and P2Os oxides.

11.3. Application to TeO2-based materials

To the best of our knowledge, there is no previously reported work dedicated to the applicability

of this concept in TeO2-based systems. Nonetheless, a close concept on the strength of cations

(weak vs. strong) has been commonly used in our laboratory for the last decade to classify

cations as to their structural roles within the Te—O-Te bond network [94,140]: for a modifier

oxide MOy added to TeO,, the M@ cation can be characterized as:

A weak cation, expressing a strong modifier oxide affecting the TeO>-rich network. The
Te** cation tends to attract the O% anions to the detriment of the weak cation, leading to
a structural depolymerization (occurrence of quasi-isolated TeOs units). This case

corresponds to an added cation with a FS weaker than that of Te**.

A strong cation, expressing a weak modifier oxide affecting the TeO2-rich network.
The added cation does not easily ‘give up’ its O% anions to the Te*" cation. In
consequence, the structural units around Te** remain more or less distorted TeOx units
(with only a weak depolymerization where only a small quantity of TeO4 units being
transformed into quasi-isolated TeOgz units) or even tend to some peculiar environments
such as TeOs or TeOg units (cf. Fig. 1.4). This case corresponds to an added cation with

a FS close to or superior to that of Te**, respectively.

In addition, the FS concept has been occasionally considered in some works on the structure of

TeO»-based glasses. For instance, McLaughlin et al. [47] supported their results obtained by
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neutron and X-ray diffraction techniques with a discussion on the decreasing FS of Li*, Na*
and K* cations respectively. Our goal is to first check the practicability of this concept in binary
TeO»-based crystals with the ultimate aim of using it as a complementary tool in the structural

investigation of TeO»-based glasses.

We calculated, using the equation in section 11.2.1, the FS of most of the cations participating
along with Te*" in the network of crystalline and amorphous binary TeO,-based materials. The
calculated FS of 61 cations are given in a periodic order in Fig. 11.2 with a value of 0.990 for
the FS of Te** cation. In general, our results agree with those originally reported by Dietzel in
[137] (cf. tables in pp. 52-53 therein).

As an approach for appropriate data analysis and interpretation, we only consider charge
numbers and coordination numbers (for ionic radii) that are the most common among
amorphous and crystalline TeO,-based materials. For instance, the 0%, Te** and Ti*" ions were
considered to be two-fold, four-fold and six-fold coordinated respectively and having the
following ionic radii: 1.35 A, 0.66 A and 0.605 A according to Shannon [141]. We intentionally
considered, for the Te** cation, the ionic radius associated with the four-fold coordination which

is widely regarded as the basic structural unit in these materials.
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Dietzel’s cationic field strength
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* lonic radii are extracted from: R. D. Shannon, Acta Crystallogr. Sect. A. 32 (1976) 751-767

Fig. 11.2. Field strengths of most of the cations known to form binary oxides when mixed with TeO,. The chosen cationic radii for the calculation of strengths correspond to
those associated with the most common coordination numbers of those cations as encountered in both amorphous and crystalline TeO,-based materials.
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11.3.1. Application to binary TeO2-based crystals

To verify whether the FS theory applies to TeO»-based compounds at the equilibrium
conditions, we checked the rule on the correlation between the number of crystalline
compounds and AFS (cf. section 11.2.2). To do so, we conducted a systematic search using the
inorganic crystal structure database ICSD (version 1.9.9 released in May 2017) to identify all
the crystal structures reported so far in binary TeO2-MxOy systems. The gathered results are
given below in Fig. 11.3. AFS are used to evaluate the relative strength of Te** cation with
respect to M®™* cations in each MxOy oxide; they were calculated using individual cationic
FS as follows: AFS = FS(Te*) — FS(M®@™X*),
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Fig. 11.3. Correlation between the number of crystalline compounds and AFS in 111 binary TeO,-
based crystal compounds.

In agreement with the previously outlined findings of Berkes and Roy [138], we found that the

number of crystalline compounds in 111 binary TeO2-MxOy systems increases with AFS (cf.
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Fig. 11.3). For positive AFS values, i.e., M@™* cations having weaker strengths than that of

Te**, the following three ranges can be distinguished:

e (0 < AFS < 0.2 where a maximum of only one crystal compound is reported to exist in

each TeO2-MxOy system;

e (.2 <AFS < 0.5 where a maximum of three crystal compounds were identified in each
TeO2- MxOy system;

e 0.5 <AFS <1 with a maximum of five compounds.

As shown in Fig. 11.3, there are only 4 cations (Ti*", Zr**, Hf** and Sn**) with FS close to that
of Te** cation (i.e., AFS = 0). In this range of AFS, the only 4 identified crystals belong to the
family of isomorphous MTe3Og (M = Ti, Zr, Hf and Sn) structures [79]. From a chemical
viewpoint, these structures can be regarded as solid solutions of MO in TeO> with a ratio of

1:3 respectively [94], and thus agreeing with the first rule of the FS theory (section 11.2.2).

Finally, the rule on the tendency of melts to demix or phase separate at higher AFS
(0.5 <AFS <1) also seems to be controlling the TeO»-based melts containing weak modifier

oxides such as TI>O where phase separation has been detected [58,139].

Furthermore, we have attempted to identify if there is any general correlation between the Te—
O coordination spheres in binary TeO»-based crystals and AFS. For this matter, we extracted
the sets of Te—O bond lengths for each binary crystal and then classified them in two simple
categories: relatively short and more covalent Te—O bonds of less than 1.94 A, and longer ones
exceeding 1.94 A with less covalent character. For each crystal, the average short and long Te—
O bonds are plotted against AFS in Fig. 11.4. Depending on the extent of AFS, at least two

tendencies can be distinguished; these are the following:

e Fornegative and close-to-zero AFS values (AFS <0.2), the two categories of Te—O bond
lengths show a rather steady evolution with a possible increase of the short (< 1.94 A)
bond lengths as AFS becomes more negative. This trend is reasonable since cations of
strengths higher than Te** (e.g., P%*, Mo®" and Nb®") are expected to win over the
competition on attracting O anions (against Te** cations) which results in the extension

of the average Te—O bond.
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e For 0.4 <AFS <0.9, a general decrease of short Te—O bond distances is observed with
increasing AFS values. This downward trend is accompanied with an increase of longer
Te-O bond distances, and thus depicting the effect of weak cations (e.g., Li*, K" and
TI*) in reducing the coordination number of Te** cation by readily giving away O

anions due to their weak strengths.
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Fig. I1.4. Evolution of the average Te—O bond length as a function of AFS in various binary TeO,-
based crystals belonging to families like MxTe20s, MxTe;0s and MxTeO3; compounds and others.

To gain more insight on the previously highlighted correlation, we focused our attention on two
families of binary TeO»-based crystals, namely MxTezOs and MxTeOs. Regarding the former,
among the 23 crystallographically distinct Te atoms gathered from the crystal data of this
family, 14 exist as TeO4 disphenoids, 5 as TeOz+1, 3 as TeOs and only one as a TeOs unit. For
each of the 14 disphenoids, we calculated the two average Te—qO and Te—xO bond lengths.
Their evolution as a function of AFS is presented in Fig. 11.5(a). For AFS values higher than
0.4, the average Te—eqO bonds become progressively shorter with increasing AFS as we go from
Cu,TesOg to PhoTesOg. In parallel to this, the average Te—axO bond lengths increase with AFS.
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The observed dispersion of Te—-O bond lengths in the vicinity of AFS = 0 can be explained by
the fundamental differences among Ti, Sn, Hf and Zr atoms—especially their
electronegativities, viz. 1.54, 1.96, 1.3 and 1.33 respectively (Pauling scale). With such a high
electronegativity, Sn is the closest to Te (2.1) which might explain the very close Te-O bond
lengths between a-TeO2 and SnTesOs structures. The evolution of the average Te-O (dteo
< 1.94 A) bond lengths from TeOs units in MxTeOs crystals (Fig. 11.5(b)) shows the same

downward trend with increasing AFS.
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Fig. 11.5. Evolution of the average Te—O bond length as a function of AFS in (a) MxTesOs and (b)
MxTeQs crystals.
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Finally, it appears that the cationic FS theory applies appreciably well to TeO.-based
compounds at equilibrium conditions. This is quite promising to further investigate the possible
correlations between this concept and fundamental properties of TeO»-based glasses such as

their glass-forming ability and structure.

11.3.2. Application to binary TeO2-based glasses

It is widely accepted that TeO. is only a conditional glass former requiring unconventional
processing (high quenching rates and very limited batch weights) in order to solidify into small
fragments of pure TeO> glass [46]. This difficulty in glass preparation is portrayed in Fig. 11.2
by the relatively low FS of Te** cation (0.990) compared to those of good glass-forming cations
such as B® (1.622), Si** (1.543) and P>* (2.164). Therefore, Te*" is considered as a member of
the category of intermediate cations between the glass formers and the modifiers (cf. section
1.2.4).

The good glass modifying cations are the ones having the lowest FS such as Cs* (0.105), Rb*
(0.114) and TI* (0.123) guaranteeing a AFS difference (with Te*") of at least 0.83 which,
according to the theory (cf. section 11.2.3), in the form of oxides are expected to increase the

glass-forming ability when they are introduced to TeO-based melts.

In the following, we present and discuss our results regarding the evolution of the glass-forming
ability in binary TeO.-based glasses as a function of AFS. The glass-forming domains, in terms
of the extent of molar content of the second oxide MxOy, are depicted in Fig. I1.6 for 31 binary
TeOz-based systems [37,41,54,142-147]. Some of the preparation conditions (melting time
and/or temperature) are mentioned whenever these pieces of information are found in the
references. However, we do not specify the used quenching technique since this information

was unfortunately either poorly described or unstated by most of the authors.

The extent of MxOy content from one binary system to another is clearly dissimilar illustrating
the variable glass-forming ability of binary TeO»-based melts. While adding MxOy (M = Sn, Zr,
Cr and Bi) oxides yields no glass at all, the incorporation of some of the weakest cations (in
form of oxides) such as Na* and TI" significantly extends the glass-forming domain with extents
of MxOy content ranging from 15 to over 50 mol.% as can be seen in the range of high AFS
values (Fig. 11.6). Intermediate-to-relatively-large glass-forming domains with MxOy extents

ranging between 5 and 30 mol.% are observed in the range of 0.1-0.7 in AFS.
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Fig. 11.6. Representation of the glass-forming domains of 31 binary TeO.-based systems as a function of the AFS difference (between Te*" and each M@™* cation). The inset
shows the evolution of the glass-forming ability in three sections (I, Il and IIT) of AFS, with N representing the sum of the number of glass samples (at intervals of 5 mol.%)
divided by the number of binary systems in each section. These data were curated from [37,41,54,142-147].
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Based on these results, it is still difficult to argue with certainty on the existence of a correlation
between the glass-forming ability of TeO»-based melts and AFS. This is mainly due to the
recurrent fluctuations among several glass-forming domains, e.g., in the AFS range of 0.45-
0.75. Nonetheless, it seems that there is a general trend towards larger domains at higher AFS
values as shown by the evolution of the index N in the inset of Fig. 11.6. In such a case, this
would suggest that the FS theory applies to TeO»-based glasses. In other words, the structural
evolution of TeO»-based melts upon cooling is governed by the contrast between the present

cations in terms of their FS.

Let us now discuss the expected structural evolutions in binary TeO-based glasses based on

the FS theory. We can organize these predictions in the three following distinct categories:
e Network modification by weak cations (AFS > 0.75)

The cations having the lowest FS are the ones expected to engender the largest cleavage of the
Te—O-Te bond network by transforming TeO4 units into TeOs ones with non-bridging oxygen
atoms. Typical modifying cations such as K*, TI*, Rb* and Cs* have the lowest FS with an
average of ~0.116. It is expected that these cations cause stronger impacts on the network of
Te—O-Te when compared to others like Li* and Na* of which the FS (0.194 and 0.156) are 67%
and 34% larger respectively. In this context, using neutron and X-ray diffraction techniques,
McLaughlin et al. [47] argued that, compared to Li* and Na* cations, adding K* results in a

stronger disruption of the network of binary TeO-based glasses.
e Immiscibility in binary TeO-based glasses (AFS = 0)

According to the FS theory, segregation or phase separation tend to occur when AFS is close to
zero. As previously outlined, this is the case in binary SiO2-B,0s3 glasses [19], but also in the
ternary SiO2-B203-MOyx (MOx = M0O3 and WO3) systems [148,149]. It is important to stress
that in these systems, all possible AFS values are close to zero, namely ranging between 0.035
and 0.079.

Based on our results (Fig. 11.2), the cations with the closest FS to that of Te** (0.990) are all
tetravalent M** and are the following: Sn** (0.961), Hf** (0.943), Zr** (0.934) and Ti*" (1.047)
where the maximum absolute! |[AFS| (JFS(Te*") — FS(M*"))) is less than 0.057. This means that
there is potential for phase separation to take place in binary TeO2>-MO2 (M = Sn, Hf, Zr and
Ti) systems. It is worthwhile to recall here that the FS theory predicts well their equilibrium

1 To include Ti** cation as it has a stronger FS than Te*".
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binary phase diagrams, where only one phase (per each) is detected, namely isomorphous
MTesOg that can be regarded as a solid solution. Therefore, according to the FS theory, a phase
separation is likely to take place in these glasses since the coordination requirements of both
Te* and M** cations can be much better satisfied if two phases existed in the glass network:
TeO2- and MO:-rich phases.

e Effect of transition-metal cations with higher strengths than Te** (4AFS < 0)

The cations falling into this category are the following: Nb>* (FS = 1.263), Ta>* (1.263), V°*
(1.526), W®* (1.578) and Mo®* (1.594). The higher their FS, the larger is the |AFS| difference
between each of them and Te*" (0.990) cation: it evolves from ~0.3 (in the presence of
pentavalent Nb®* or Ta"*) to ~0.6 (for hexavalent W®" or Mo®"). Based on the theory, larger
glass-forming domains can be available for large |AFS| differences. This is in agreement with
the reported literature on the glass-forming ability of TeO»-based glasses containing such
transition-metal oxides (TMO): glasses are obtained after substituting TeO2 (5 to 25 mol.%)
with NbO25 [114], 5 to 15 mol.% with TaO.5 [150], 5 to 30 mol.% with WO3 [103], and 5 to
40 mol.% with MoO3 [151].

Several structural studies on binary and ternary TMO-containing TeO»-based glasses
unanimously agreed that short, and thus strong, M—O bonds (M = W and Mo) exist in the glass
network along with TeO4 and TeOs+1 units [103,151,152]. The vibrational signature of these
bonds is manifested in the high-wavenumber region from the Raman spectra of TeO,-MOs3
glasses (MOs; = WO3 and MoOQs) with a sharp peak centered at around 925 cm™ that slightly
shifts to higher wavenumbers with increasing MOgz content as shown in Fig. 11.7 (cf. red and

blue vertical lines). This shift might indicate a decrease of the average M—O bond length.
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Fig. 11.7. Reduced VV-polarized Raman spectra of TeO,-based glasses containing WO3; and MoOs.
Reproduced from [152].
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On the basis of the FS theory, one would expect relatively few changes in the overall glass
structure upon adding these transition-metal cations since, like Te*", they are also considered
as intermediates from the glass formation viewpoint. However, having higher FS than that of
Te** is likely to result in the association of the MOy polyhedra to form their own domains which

could extend from medium- to long-range structure.

Finally, it is worthwhile to make reference to another strong cation, namely Te®* cation of which
the FS (1.645)! is 66% stronger than Te** (0.990). Both of these two cations coexist in crystal
structures like TesOg [153], Te20s [154], BaTe20¢ [49,155] or Cs2TesO12 [50,156]. These
structures are very interesting from the crystal chemistry viewpoint as they host unusual
environments of Te** cations (cf. ‘other units” in Fig. 1.4). To the best of our knowledge, TeOs-
containing TeO-based glasses (containing both Te® and Te* cations) have never been
experimentally obtained or reported in the literature so far. According to the FS theory, it is
expected that the structure of such glasses would feature TeV'O3 forming networks where Te**
cations would rather play the role of modifiers, and thus surround themselves with a larger
number of O% anions such as 5 or more (as opposed to the usual 4 in TeOs, 3+1 in TeOsz+ and
3in TeOgz units).

11.4. Conclusion

In this chapter, we introduced the theoretical background of the field strength concept and
attempted to apply this theory to the crystalline and amorphous TeO-based materials. At both
equilibrium and non-equilibrium states, the predicted behaviors (upon cooling) of a large
number of binary systems based on the cationic field strength difference AFS are found to be

in very good agreement with the experimental works reported in the literature.

One of the most significant results obtained by this theoretical approach is the predicted phase
separation in the glass structures of binary TeO2-MO; (M = Sn, Hf, Zr and Ti) systems into two
pure phases: TeO.-rich and MO--rich networks. This idea will be discussed in Chapter IV on
the study of binary TeO»-TiOz and ternary TeO,-TiO2-WO3 glasses.

In the next chapter, we summarize the experimental approaches to the study of pure TeOx,
binary TeO2-TiO; and ternary TeO2-TiO2-WO3 and TeO2-NbO2 5-WO3 glasses from the sample
preparation to the characterization and analysis processes.

1 While considering Te®* to be six-fold coordinated with an ionic radius of 0.56 A [141].
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Chapter II1.

structural data analysis

I11.1. Introduction

Glass preparation, characterization methods and

In this chapter, we review the experimental methods used to prepare and characterize the

properties of the different glass samples investigated in this work which include pure TeOo,
binary TeO,-TiO2 and ternary TeO2-TiO2-WO3 and TeO2-NbO25-WOs glasses. The two

preparation techniques used to obtain either glass pellets or fragments from these systems are

the conventional melting-casting (MC) and melting-fast-quenching (MFQ) respectively. We

also describe the different experimental techniques used to characterize the glass samples.

e Density measured by helium pycnometry and characteristic thermal properties (i.e., the

glass transition and crystallization temperatures leading to the thermal stability) using

differential scanning calorimetry.

e Structural properties including the glass-forming domain determination using X-ray

powder diffraction, short- to medium-range structure probing by Raman spectroscopy,

numerical analysis of the Raman spectra by a full-scale spectral decomposition, and

finally the crystallization behavior by high-temperature X-ray diffraction.

e Linear and nonlinear optical properties measured from the glass pellets to determine

specific characteristics such as the optical transmission window, linear refractive index,

third-order nonlinear susceptibility ¥, etc.

I11.2. Glass preparation

The characteristics of raw commercial powders used to prepare the investigated materials are

gathered in Table I11.1. Before using these substances, we first checked their chemical purities

by means of X-ray powder diffraction.

Composition Supplier Purity (%) Melting temperature (°C)
a-TeO; Alfa Aesar 99.99 733
TiO; Sigma-Aldrich 99+ 1843
WOs3 Alfa Aesar 99.8 1473
Nb,Os Alfa Aesar 99.999 1520

Table 111.1. Characteristics of the used raw commercial powders.
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The melting-fast-quenching (MFQ) technique can be useful to explore the glass-forming
domains owing to the higher cooling rate experienced by the glass melts and thus allowing to
check the “ultimate” extent of these domains. Moreover, batch mixtures of only few hundreds
of milligrams can be processed as opposed to the conventional melting-casting (MC) technique

which is based on casting of more important masses.

111.2.1. Pure TeOz2 glass

As opposed to the good glass-formers (e.g., SiO2 and P2Os), TeO: is only a conditional glass
former that can only be prepared from small batch weights [46]. Moreover, a fast-quenching

rate is required to obtain a totally amorphous and homogeneous glass from pure TeO> melt.

Pure TeO:> glass samples were prepared via the MFQ technique and using o-TeO> powder (cf.
Table I11.1). A small pinch (60 mg) of a-TeO- is mixed using a mortar and pestle, then melted
in brand-new Pt crucibles at 850 °C for 1 h in air atmosphere (using Nabertherm N7 furnace).
To obtain homogeneous and totally amorphous TeO: glass, the crucible was stirred three times
(once every 15 minutes) inside the furnace chamber and a severe quenching technique was
performed using an integral ice bath (also containing NaCl and ethanol) of which the
temperature is as low as -11 °C. This method was originally suggested by Kim et al. in [157].
A transparent pale-yellow glass fragment is obtained after dipping the bottom of crucible onto
a pre-made hollow at the ice bath’s surface. The thermal characteristics of prepared TeO> glass
sample were measured by means of differential scanning calorimetry (DSC, cf. section 111.3.2).
The curve (Fig. 111.1) was recorded from a small glass fragment (one from the batch shown in
the inset). It is found that pure TeO. glass exhibits a relatively moderate thermal stability of
~64 °C.
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Fig. 111.1. DSC curve measured from pure TeO- glass fragment. The inset shows the entire set of
prepared TeO, samples.

111.2.2. Binary TeO2-TiOz2 glasses

Binary (100-x)TeO.-xTiO2 (labeled TTx) glasses were systematically prepared from batch
mixtures of 400 mg under the same conditions described above for pure TeO> glass samples
using a-TeO2 and anatase TiO> (cf. Table 111.1).

Using the MFQ method, the glass-forming domain of binary TTx glasses has been extended to
x =15 mol.% whereas using the conventional melting-casting (MC) method resulted in an

extensive crystallization of TiTesOg abolishing thus the glass-forming ability.

111.2.3. Ternary TeO2-TiO2-WO3 and TeO2-NbO25-WO3 glasses

New (100-x-y)TeO2-xTiO2-yWO3 (labeled TTxWy) and (100-x-y)TeO2-xNbO25-yWO3
(labeled TNxWy) glasses (samples of ~0.4 g and pellets of ~2 g) were prepared using a-TeO,
anatase TiO2, WO3 and Nb2Os powders (cf. Table I11.1). In appropriate proportions, the raw
powders (dried separately by preheating at 90 °C) have been ground for 40 minutes using agate

mortar and pestle, put in Pt crucibles and finally melted at 850 °C for 1 h in air atmosphere.

In a first approach, the samples weighing ~0.4 g have been synthesized via the MFQ technique

in order to determine the glass-forming domain. The percent change in mass was checked
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before and after melting: a weight loss that is mainly due to the vaporization of TeO, reached a

maximum of 6.71 wt.% in TeO2-rich compositions (Table 111.2 and Table 111.3).

Mass (g)
Weight
sample Before | After | loss (g%)
melting | melting

TT5W5 0.3716 | 0.3493 6.00
TT5W10 0.3777 0.3584 511
TT5W15 0.3865 0.3700 4.27
TT5W20 0.3785 0.3653 3.49
TT5W25 0.3937 0.3821 2.95
TT10W5 0.3860 0.3695 4.27
TT10W10 0.3837 0.3668 4.40
TT10W15 0.3836 0.3649 4.87
TT10W20 0.3839 0.3741 2.55
TT10W25 0.3846 0.3765 211
TT15W5 0.3772 0.3601 453
TT15W10 0.3719 0.3612 2.88
TT15W15 0.3774 0.3667 2.84
TT15W20 0.3824 0.3707 3.06
TT15W25 0.3657 0.3509 4.05

Table I11.2. Recorded compositional-

dependence weight losses in TTxWYy glasses.
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Mass (g)
Weight
Sample Before | After | loss (%A))
melting | melting

TN5W5 0.3879 0.3641 6.14
TN5W10 0.3858 0.3599 6.71
TN5W15 0.3849 0.3674 4.55
TN5W20 0.3820 0.3698 3.19
TN5W25 0.3860 0.3682 4.61
TN10W5 0.3877 0.3683 5.00
TN10W10 0.3887 0.3681 5.30
TN10W15 0.3871 0.3724 3.80
TN10W20 | 0.3886 | 0.3737 3.83
TN10W25 0.3871 0.3661 5.42
TN15W5 0.3918 0.3712 5.26
TN15W10 0.3894 0.3748 3.75
TN15W15 0.3918 0.3757 411
TN15W20 0.3886 0.3762 3.19
TN20W5 0.3925 0.3777 3.77
TN20W10 0.3906 0.3793 2.89
TN25W5 0.3841 0.3691 3.91

Table I11.3. Recorded compositional-
dependence weight losses in TNxXWYy glasses.
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The glass pellets were prepared from batches weighing ~2 g. The particle-size distribution of
the batch mixture has been measured using Horiba Partica LA-950V2 analyzer, indicating a
volume mean diameter of ~3 um (cf. example for a TTxWYy sample in Fig. 111.2).
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Fig. 111.2. (2) Particle size distribution of raw oxide powders before grinding, and (b) example of
TT15W15 powder mixture after 40 minutes of grinding and before melting.

The batches were stirred three times during melting (once every 15 minutes spent inside the
furnace chamber) and, using the MC technique, quenched into a brass ring put over a preheated
brass block (at 150 °C). After cooling down from 150 °C, glass pellets were systematically
annealed at 15 °C below the glass transition temperature (Tg) for 12 h at a rate of 2 °C/min
(during both heating and cooling) using Ceradel Socor furnace. This step is crucial in order to
release the mechanical stresses resulting from thermal quenching. For the sake of consistency,

all heat treatments (melting and annealing) have been performed using the same two furnaces.

Finally, the prepared TTxWy (15 samples) and TNxWy (17 samples) glass pellets with an
average diameter of 8 mm were polished by PO.DE.O (French precision optics manufacturer).

Surface polishing is essential to acquire the desired optical quality at both facets for the linear
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and nonlinear optical measurements. The thickness of the double-side polished pellets is

comprised within the range of 1.44-1.47 mm.

I111.3. Characterization methods

111.3.1. Density and molar volume by helium pycnometry

Gas pycnometry is a very accurate method for measuring the density, or more accurately the
volume of solids. The volume measured is the amount of three-dimensional space which is
inaccessible to the used gas (e.g., helium), and thus density can be calculated as the ratio of
mass to volume. Densities of glass powder samples of 150 + 20 mg were measured by helium
pycnometry using Accupyc 11 1340 pycnometer from Micromeritics. A set of 10 measurements
were performed for each sample producing an average error less than 0.3%. All measurements
were carried out at room temperature (between 20 and 30 °C). By definition, the molar volume
is the volume occupied by one mole of a substance. Therefore, it can be calculated from the
molar mass and the volume of that substance which can in turn be obtained from the density.

111.3.2. Thermal properties by differential scanning calorimetry

The characteristic temperatures of glasses, namely the glass transition (Tg) and onset
crystallization (To) temperatures were measured with the aim to estimate the thermal range of
stability AT which is defined as: AT = To - Tq. The higher the thermal stability, the more stable

the glass is with respect to devitrification.

We measured these thermal characteristics by heat flux differential scanning calorimetry (DSC)
using NETZSCH STA 449 F3 Jupiter. About 25 + 5 mg of glass fragments were put into Pt
pans, and the measurements were performed under N2 atmosphere between room temperature
and 720 °C at a heating rate of 10 °C/min.

The Tg4 temperature is considered as the inflection point of the step change of the calorimetric
signal associated with this transition; and the To temperature as the intersection of the
extrapolated baseline and the extrapolation of the linear part of the first exothermic peak (cf.
Fig. 111.3). Both T and To temperatures were extracted using the equipment’s data analysis

software.
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Fig. 111.3. Hlustration showing how the glass transition and onset crystallization temperatures are
determined from DSC curves in this work.

111.3.3. Measurement of structural properties

111.3.3.1. Room-temperature X-ray diffraction

By means of X-ray powder diffraction (XRD), we performed both the amorphous state analysis
(for the glass-forming domain determination) and crystal phase identification. The theoretical
background of this technique can be found elsewhere (e.g., in [158]). It is worthwhile though
to recall its principle based on irradiating a sample with a monochromatic X-ray beam and

measuring the scattered intensities on a large (20) angular domain.

The XRD patterns were recorded from powder samples using Bruker D8 Advance
diffractometer with Bragg-Brentano geometry (copper Kq: wavelength of 1.5406 A, angular 20
range of 20-50° with a step of 0.02° and 1s per step).

111.3.3.2. High-temperature X-ray diffraction

The same setup described above (Bruker D8 Advance) equipped with the furnace HTK 1200N
from Anton Paar was used to record the XRD patterns upon heating. This furnace allows
performing measurements at high temperatures up to 1200 °C. The XRD patterns were recorded
at 30 °C and then from 430 °C to 580 °C with steps of 30 °C and a heating rate of 10 °C/min.

The final XRD pattern was eventually recorded at 30 °C after cooling.
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111.3.3.3. Raman spectroscopy

111.3.3.3.1. Principle of Raman scattering

When light travels through any type of medium except the vacuum, there is always a fraction
of the energy of incident light beam that gives rise to scattered light propagating along all other
directions through the medium. This scattered light is the result of an induced dipole moment

in the molecules by the oscillating electric field of the incident light.

The Raman scattering or Raman effect is one type of light scattering among others, like Tyndall,
Rayleigh, Mie and Brillouin effects. It corresponds to the inelastic scattering of a photon by
molecules which are excited to higher vibrational or rotational energy levels. The theory behind
this effect was originally predicted by A. Smekal in 1923 [159]. Only five years later, C. V.
Raman and his student K. S. Krishnan [160] discovered and showed that if light of a specific
frequency is travelling through any substance in gaseous, liquid or solid state, then the scattered
light not only contains radiations of the original frequency (elastic Rayleigh effect) but also of
some other frequencies which are generally lower but occasionally higher than the frequency
of the incident light. By the late 1930’s, Raman scattering had already become one of the
leading methods of nondestructive chemical analysis for both organic and inorganic materials

as each Raman spectrum serves as a fingerprint to be used for chemical analysis.

The inelastic Raman scattering effect can be either explained by the classical theory where the
light-matter interaction is viewed as a perturbation of the molecule’s electric field, or the
guantum mechanical theory based on the consideration of energy level diagrams. According to
the latter, an incident photon excites a vibrational mode towards a higher virtual energy state.
This state then decays into a real vibrational state. The energy difference between the initial and
final state represents a change of energy, or Raman shift, of the scattered photon (cf. Fig. I11.4).
If the final state is at a higher energy compared to the initial state, then the scattered photon will
have a lower frequency than the incident photon; this is called the Stokes shift. Otherwise, the
scattered photon will have gained energy and therefore an increase in frequency will be
recorded; and this shift to higher frequency is called the Anti-Stokes shift. Since the intensity
of the Stokes shifted light is much higher than the Anti-Stokes shifted light, most commercial

Raman spectrophotometers are configured to detect the Stokes shifted photons.
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Fig. I11.4. Energy-level diagram showing the energy states involved in the Raman scattering effect.

It is quite common to plot the Raman intensity with respect to the wavenumber ¥ (cm™) and not
the frequency v (s?). Accordingly, we adopted this convention to be consistent with the
literature. In fact, the wavenumber and frequency are proportional to each other, and are both
proportional to energy E (eV) via the following expression: v = E/h = 100 ¥ ¢, where h is the

Planck’s constant.

The vibrational frequency v is related to the force constant k and the reduced mass p of the
atoms involved in the motion by: v = (1/2r) (k/n)*? [161]. The force constant can be considered
as the strength of the spring in the ball-and-spring model for molecular vibration. This bond
strength is physically affected by a subtle balance of nuclear and electron repulsions and
electron-nuclear attractions. None of these is affected by nuclear mass and, therefore, the force
constant k is unaffected by isotopic substitution. From the previous expression, it can be noted

that larger force constants k are associated with higher wavenumber interatomic vibrations.

Let us now briefly recall some basics of the classical approach to the theory of Raman scattering
(more details can be found in [162]). According to this approach, the Raman effect is manifested
in a polarizability change of the molecule as a result of its interaction with the incident light.
This interaction leads to the inelastic light scattering, i.e., exchange of energy between the light
and the vibrations of the molecule. When a molecule is in an electric field E, the electron cloud

and nuclei become polarized resulting in an induced dipole moment P of which the size is
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controlled by the molecule’s polarizability a (having a unit of volume): P = o E, with P and E
being vector quantities. The polarizability o determines the degree of scattering from the
sample when subjected to the incident radiation. It is a measure of the degree to which the
electrons in the molecule can be displaced relative to the nuclei. In general, the polarizability
of a molecule is an anisotropic property, i.e., at equal distances from the center of the molecule,

it may have different magnitudes when measured from different directions.

The application of an electric field in one direction induces a dipole moment in the other

direction, thus the polarizability o is a tensor (matrix) and can be written as:

Uxx  Oyx  Ozx Uxx  Oyx  Ozx Ex
a=|0%y OQyy Oz And,[ Py | =%y Oyy Qzy || Ey

P, Uyxz Oyz Oz E,

)

Uxz Oyz Oz

For instance, oy is the dipole moment along the x-direction due to a unit electric field polarized

along the y-direction. The tensor for a totally symmetric vibrational mode can be expressed as

follows:
Oy O 0
o= 0 O(yy 0
0 0 ay

111.3.3.3.2. Measurement conditions of Raman spectra

The Raman spectra of the obtained glass samples were recorded at 532 nm (laser’s wavelength)
using inVia Reflex Renishaw spectrophotometer, and at 514 nm using T64000 Horiba Jobin—
Yvon spectrophotometer operating in triple subtractive configuration (1800 grooves/mm)
associated to a liquid nitrogen-cooled CCD detector. They were recorded using X50LWD lens
objectives with a spectral resolution of 2.5 cm™ along the 15-1100 cm™ wavenumber range
while focusing the laser beam (exposure time of 10 seconds) at a depth of approximately 2 um
from the top surface of the glass samples. Laser powers of 30 mW and 3 mW were considered
for bulk glass pellets and glass powders respectively. Half-wave plates and polarization
analyzers have been used to monitor the polarization (parallel or perpendicular) of incident light
and detect specific polarization components of the scattered light respectively. Under these

conditions, we have recorded parallel (VV)* and perpendicular (VH) polarized Raman spectra

1V and H refer to vertically and horizontally polarized light respectively. The first letter of each configuration
refers to the polarization state of the incident light; the second letter to that of the scattered or collected light.

Mohammed Reda ZAKI | PhD thesis | Université de Limoges | 2018 84

(@) 5Y-NC-ND | mE|



from pure TeO; and binary TTx glass samples, and VH polarized spectra from ternary TTxWy
and TNxWy glass pellets.

For each sample, three Raman spectra have been measured from three different spots; and a
very good agreement among the set of spectra was obtained which demonstrates a high degree
of topological homogeneity. As a reliable approach to study the compositional dependence of
the spectra, no baseline correction treatment was carried out on any of the measured Raman
spectra and the as-recorded intensities of each spectrum were divided by its total area.

111.3.4. Raman spectroscopic approach for the structural study of TeO2-based glasses

111.3.4.1. Background on the approach (for oxide materials)

The following factors affect the Raman spectra envelopes of compounds (in terms of intensity
and position of dominating bands): force constants accounting for the band positions, bond
polarizability variation and number of vibrating entities governing the band intensities. It can
be argued that the electronic polarizability variation induced by atomic vibrations correspond
to the resulting bond length changes. Therefore, the totally symmetric combination of
synchronous vibrations would generate the most intense band(s) in the Raman spectrum,
whereas the non-symmetric ones have to be comparatively weak. Depending on the bond
network nature of oxide compounds, three typical ‘structure-Raman spectrum’ relationships

can be distinguished:

e Island-type MnXOk structures featuring quasi-isolated XOx groups where all X-O
bonds are terminal ones. In this case, the dominant Raman band(s) would be associated
with synchronous stretching vibrations X—O bonds and present in high-wavenumber
region (above 600 cm™). Among the good examples illustrating this case are the spectra
from crystalline and amorphous TeO,-TI,O system: namely, the Tl,TeOz compound
(cf. Fig. 1 in [140]) and (1-x)TeO2-xTI20 glasses (cf. Fig. 1.5 for x = 0.5) respectively.

e Three-dimensional XO: frameworks featuring polymerized X-O-X networks with
practically identical bridging X-O bonds. Therefore, the dominant bands would be
related to totally symmetric stretching vibrations of X—O—X bridges via the motions of
oxygen atoms along their bisectors. These bands would dominate the mid-wavenumber
region 350-500 cm as in the case of the Raman spectrum of a-quartz SiO2 for example
(cf. Fig. 3in [163]).
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e Oxides of which the bond networks combine both X-O-X bridges and terminal X-O
bonds. This is typically observed in XO, structures with a chain-like character such as
v-TeO2 polymorph [63]. In this case, the characteristic Raman bands are both present in

mid- and high-wavenumber regions.

111.3.4.2. Polarized Raman spectroscopy: promising approach for a cooperative and

consistent structural description of TeO2-based glasses

111.3.4.2.1. Introduction

Inspecting the literature on the structure of TeO,-based glasses revealed an extensive
divergence of the measurement conditions of Raman spectra. In most studies, these “technical”
aspects were ignored when comparing Raman spectra recorded under different conditions. We
believe that such a variety of ways at probing the glass structure can be detrimental to the
understanding of these glasses’ structural features. Moreover, this could lead to disparities
between structural studies on the same glass compositions investigated under dissimilar
measurement conditions. As an illustration, we would like to consider the case of binary TeO,-
WOs glasses. As previously stated in section 1.5.4, there is a lot of controversy in the literature
regarding their network structures. We provide in Table I11.4 the experimental conditions under

which the Raman spectra were recorded from these glasses according to several authors.

Authors Laser’s Scattering configuration Cont_roll_ed Sample’s

wavelength (nm) (or geometry) polarization form

Sekiya et al. [103] 514.5 At 90° Yes Powder
Shaltout et al. [104] 514.5 Ba‘(”a(tsclast(tﬁ,;i”g N/A Bulk
Plotnichenko et al. [152] 514.5 At 90° Yes Bulk
Sokolov et al. [164] 5145 Backscattering Yes Bulk
Upender et al. [107] 488.0 Backscattering N/A N/A
Mirgorodsky et al. [165] 514.5 Backscattering No Bulk

Kaur et al. [108] 488.0 Backscattering No Powder

Table 111.4. Measurement conditions of the Raman spectra of glasses in binary TeO»-WO3 system.
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While some authors probed the “bulk” glass (often in the form of pellets), others analyzed the
powdered samples instead (after grinding the bulk using a mortar and a pestle). In addition, the
polarization state/direction of incident and scattered lights was not always controlled. In our
opinion, these technical differences might have contributed to the above-mentioned
controversy. Though, it is important to stress that other consequential factors have seemingly

contributed as well. Some of those factors are the following:

e Glass preparation: the melting conditions in terms of temperature and time could alter
the “targeted” or theoretical composition due to the rapid volatilization of TeO: at high
temperatures [166] (above 850 °C). The quenching and annealing conditions are also

important factors to be taken into consideration.

e Post-treatment of the recorded Raman spectra: baseline correction parameters as well as

the normalization and decomposition processes adopted for the structural investigation.

One should be aware that even if the composition is the same, the Raman spectrum recorded
from a glass pellet may show differences with that of the powdered form as a result of the
following factors: (i) uncontrolled polarization direction along the optical path of the scattered
light from the sample; and (ii) depending on several components of the spectrometer and their
relative orientation, such as the optical elements (mirrors, lenses, etc.) and the diffraction
grating system. Disregarding those factors leads to differences between the recorded Raman
spectra from the pellet and its powdered form since the latter is expected to scatter light in all
directions (i.e., diffuse reflection) and alter the polarization direction of the incident laser beam
as a result of multiple-scattering-induced change in polarization [167]. Therefore, it is essential
to control the polarization of both incident and scattered lights. This can be achieved, for
instance, by using (i) a polarized laser source (linearly polarized in our case) and (ii)
polarization analyzers, put in front of the entrance slit of the spectrograph, to allow only one
particular polarization component from the scattered light (e.g., either parallel or perpendicular
to that of the incident light) to be collected (cf. Fig. 111.5).
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Fig. I11.5. (a) lllustration depicting the linear polarization of a plane electromagnetic wave vertically
polarized as defined by the electric field vector. (b) Example of the measurement, in the backscattering
configuration, of the perpendicularly polarized (as to the incident beam) light scattered from a sample.

111.3.4.2.2. Polarized Raman spectra of pure TeO: glass

Since this section is largely devoted to the polarization effects on the Raman response, we
suggest to report and discuss here the polarized Raman spectra recorded from pure TeO2 glass
(cf. section 111.2.1 for glass preparation conditions) which is the simplest model for the family
of TeO-based glasses.

Let us now reconsider light polarization in the experimental context. When the incident light is
polarized, then the scattered light from the sample may retain the initial polarization (parallel
configuration), but it may also become depolarized (perpendicular configuration). The
depolarization ratio p is an important experimental observable which gives important

information for relevant vibrational mode assignment [162]. It is expressed as:

L _lvu

L, lyv

Where I, and 1. are the intensities of the scattered light polarized parallel and perpendicular to
the exciting light respectively. In the case of totally symmetric modes, p is equal to 0, and it
takes on values between 0 and 0.75 for non-symmetric vibrations. In short, the more highly
symmetric a vibrational mode is, the closer to zero p will be for the simple reason: since the
vibration is symmetric, the scattering tends to be also symmetric and the possibility for the

incident light to be depolarized is unimportant.
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The recorded parallel and perpendicular (VV and VH) polarized spectra from TeO2 glass are

averaged to their total-area and given in Fig. I11.6 along with the identified featured bands (A—

). The vibrational assignments of these bands is listed in Table I11.5.

Average Raman intensity (a.u.)

Analyzed TeO, glass (VH)
Te0, glass TeO, glass (VV)
fragment 29

— y-TeO, crystal

~682 cm™

—
50 100

I — T T ] — T T 1T
200 300 400 500 600 700 800 900
Wavenumber (cm™)

Fig. 111.6. Total-area averaged polarized (VV and VH) Raman spectra recorded from pure TeO- glass
fragment presented along with the Raman spectrum of y-TeO; crystal for comparison.

Band Wavenu_lm 2l Raman band assignments
(cm™)
A ~60 e The boson peak, due to an excess density of vibrational states [168].
¢ Intra-chain vibrations of Te-Te bonds (as in amorphous metallic t-Te)
B ~140
[169].
C ~230 —
b 475 e Symmetric stretching vibrations in nearly symmetric Te-O—Te bridges
(as in y-TeO,) [63,64].
E ~500 e Symmetric stretching vibrations in Te-O-Te bridges [63,64].
o Asymmetric stretching vibrations in nearly symmetric Te-O-Te
F ~605 . .
bridges (as in y-TeO,) [63,64].
G 660 e Asymmetric stretching vibrations in asymmetric Te-O-Te bridges,
and synchronous pulsations of TeO, quasi-molecules [63,64].
e Asymmetric stretching vibrations in asymmetric Te-O-Te bridges
H ~710
[63,64].
| ~770 e Asymmetric stretching of essentially covalent Te—,O bonds [63,64].

Table I11.5. Bands’ wavenumbers and vibrational assignments (according to the literature) of the

Raman spectra (VV and VH) of TeO, glass.
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To calculate the depolarization ratio p, we used the ‘raw’ intensities of as-recorded polarized
Raman spectra shown below in Fig. 111.7(a). As expected, the parallel polarized spectrum VV
IS more intense than the perpendicular polarized VH spectrum. The former spectrum is
dominated by the two highly polarized bands in the mid- to high-wavenumber region, namely

centered at ~450 cm™ and ~660 cm’.

Y,
— VH

Raman intensity (counts)
1.0x10* 1.5x10*
1 1

5.0x10°
|

@

T T T T T T T T T T T T T T T T T
50 100 200 300 400 500 600 700 800 900
Wavenumber (cm™)

0.8
064
0.4 -

0.2 1

Depolarization ratio p

0.0 —— T T - T T T T T T T T 1
50 100 200 300 400 500 600 700 800 900

Wavenumber (cm™)

Fig. I11.7. (a) Parallel VV and perpendicular VH polarized Raman spectra of TeO; glass fragment.
(b) Wavenumber-dependence of the depolarization ratio p with the values of minima and maxima in
the mid- to high-wavenumber region (300-850 cm™?).

The wavenumber-dependence of the ratio p presented in Fig. I11.7(b) is in good agreement with
the literature on pure TeO glass [170] and TeO-based glasses [144,171]. As previously
outlined, the more symmetric a vibration is, the closer to zero p will be. Two minima (close to
zero) and two maxima can be distinguished in the mid- to high-wavenumber region, which is
in harmony with the vibrational assignment in crystalline TeO.:
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e Minima at p’ = 0.06 and p = 0.08, corresponding to synchronous symmetric pulsation
of Te—qO bonds from TeO quasi-molecules (band G in Table I11.5) and symmetric

stretching vibrations of Te—O-Te bridges (bands D and E) respectively.

e Maxima at p=0.20 and p’ = 0.21, corresponding to asymmetric stretching vibrations of
Te—O-Te bridges (band F) and asymmetric stretching of Te—qO bonds (bands H and 1)

respectively.

Therefore, the calculated depolymerization ratio p approves the vibrational modes (Symmetric
vs. asymmetric) of the featured bands in the Raman spectrum of TeO> glass given in Table I11.5.
This result is very meaningful as it paves the way for consistent structural descriptions of Te—
O-Te bond network within the investigated TeO,-based glasses in this work, namely binary
TTx and ternary TTxWYy and TNxWYy glasses. It is worth noting that only VH polarized spectra
were recorded from TTxWYy and TNxWYy glasses while both VH and VV were recorded from
TTx glasses for the following reason: the Raman response of symmetric stretching vibrations
of Te-O-Te and Te-O linkages (at ~450 and ~660 cm™) is highly polarized and thus much
emphasized under the VV configuration. Therefore, it is more beneficial to use the
perpendicular VH configuration to effectively elucidate the signatures associated with vibrating
Ti—O, W-0 and Nb—O bonds in both ternary systems.

111.3.4.3. Raman spectral decomposition

By means of the spectral decomposition technique, we have studied the structural features and
compositional dependence of Raman spectra in pure TeO>, binary TTx and ternary TTxWy and
TNXxWYy glasses. This technique consists in fitting experimental Raman spectra by the addition
of bands (e.g., Gaussian functions) of which the position, width (FWHM: full width at half
maximum) and intensity can be either assigned fixed values or left free (unconstrained). At the

end of the fitting process, a Raman spectrum is generated from the sum of all the inserted bands.

As briefly stated earlier, prior to the decomposition process, in order to compare the as-recorded
spectra and meticulously track the compositional dependence of the structure, the Raman
spectra were systematically averaged to the total area, i.e., by dividing the intensity at each

wavenumber by the total area of the spectrum.

Using Focus 1.0 program [172], the total-area averaged Raman spectra were decomposed in the
entire wavenumber range (15-1100 cm™) using a log-normal distribution for the boson peak
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and Gaussian functions for the rest of the wavenumber range. The generated spectra are
considered as matching the experimental ones with ? values less than 0.05. The closer this
value to zero, the better the generated spectrum fits the experimental one.

A total of 9 bands were inserted in the spectrum of pure TeO. glass (Fig. I11.8), whereas 4
additional Gaussian functions were necessary to fit the larger envelopes featured by the Raman
spectra of TTxWy and TNxWYy glasses (cf. given examples in Fig. 111.9 from TT5W15 and
TN5W15 samples).

0s{ T,
N » Decomposition results/outputs:
AG@u) 11797 |a 0.0691
@ @) 37116 | xc 657
| w em?) 06355 |w 58
os{] ¢ A 0.0904 A 0.0309
| @ xc 140 x 1 o
|w % |w 55
! A 01056 | A 0.0579
‘9' @ xc 230 770 o
- ‘. | w 180 |w 80
| A 0.0574
i @ x 425
i \ | w 155
| : A 0.0302
- | @ xc 500
: \ |w 100
\ A 0.0683
Y (GIES 607
LY |w 73
02 \"w\
N @ @\\ i
O, 9 )}
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\ Y Best 32 = 0.018
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Fig. 111.8. Snapshot from Focus program showing both experimental (pink line) and generated (smooth

green line) Raman spectra of pure TeO; glass along with the inserted functions below the spectra. The

inset gives the resulting set of data obtained at the end of the fitting procedure. Parameters A, xc and w
correspond to the intensity, wavenumber and FWHM values respectively of the inserted functions.

Let us now focus on the content of the few suggested examples illustrating the spectral
decomposition process from pure TeOz glass (Fig. 111.8) and ternary TT5W15 and TN5W15
(Fig. 111.9) glass samples. With respect to the high-wavenumber bands (E-J), the origin of the
two bands B and C is less obvious though it is largely attributed to Te—Te interactions and
vibrational modes of heavy atoms (e.g., W and Nb) respectively. Therefore, the use of these
two bands is mostly technical but at the same time substantial to achieve good fitting quality at
their ends (or edges). For instance, let us consider the band B positioned at 140 cm™ in TeO-
glass and at 146.91 cm™ in ternary TT5W15 and TN5W15 glasses. Besides its justified presence
to account for the fairly weak shoulder laying in the 100-190 cm™ range, its position and
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relatively large width of 90 cm™ in TeO; glass (Fig. 111.8) and 100 cm™ in TT5W15 and
TN5W15 glasses (Fig. 111.9) contribute to a better fit of the band A (boson peak) by allowing
the log-normal function to correctly simulate its high-intensity profile. Likewise, the band C
extensively supports the low-wavenumber region (bands A and B) but also contributes to a
better fit of the band E which, along with band F, are two key bands as they collectively hold
structural information about Te—O—Te bridges.

In the perspective of elucidating the compositional dependence of Raman spectra, several
decisions regarding the state (fixed vs. unconstrained) of inserted bands’ parameters had to be
made. First and foremost, the intensities of inserted bands are never introduced as fixed values
but instead left free to be adjusted by the fitting procedure. Moreover, in wavenumber regions
where band shift and/or broadening can be visually detected with increasing transition-metal
oxide (TiO2, WO3 or NbO25) content, the inserted bands’ wavenumbers and/or widths were
respectively left unconstrained. This is the case for the bands A (boson peak), H and M (cf.
inset in Fig. 111.9). On the other hand, the bands C, E, G, | and K were assigned fixed
wavenumber and width values for the following reasons: first, their profiles do not suggest any
broadening or shifting behavior with composition (see e.g., Fig. 1V.10); and second, if left
unconstrained, these bands often lead to uncontrolled outcomes, e.g., unwanted drastic change

of their wavenumber or width in order to simulate other areas of the spectrum.

Among the glass compositions of each ternary system (TTxWYy and TNxWYy), we chose to keep
certain bands’ parameters fixed in order to appropriately fit the overall spectrum. For instance,
the bands F and L were introduced with unconstrained wavenumbers and fixed width values;
the bands D and J with fixed wavenumbers and unconstrained width values. These decisions
are in harmony with the ones discussed in the previous paragraph: let us consider the band F
for example. Along with band E, they collectively simulate the broad band recorded in the
~360-550 cm* range, and since we decided to insert the band E with fixed wavenumber and
width values, it is crucial to allow the neighboring band (F) to rectify and appropriately fit the
higher wavenumber of this region. For this purpose, we chose to introduce the band F with
unconstrained wavenumber value. Another example is the band J of which the two neighboring
bands (I and K) are both fully constrained. We chose to insert this band with fixed wavenumber
and unconstrained width values in order to account for the broad increase of intensity in the

~650-900 cm™* range upon increasing WOs3 content.
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Fig. 111.9. Snapshots showing the experimental and generated Raman spectra of (a) TT5W15 and (b)
TN5W15 glasses. The inset (top left) gives the evolution of the band M upon adding WO3; from
5 mol.% (TT5WS5) to 25 mol.% (TT5W25). Given the increase of FWHM ((1)—>(1°)) and shift to
higher wavenumbers ((2)—>(2’)), both the position and FWHM should be unconstrained for this band.

In regard to our decomposition approach, it is important to stress that if only a marginal shift of
one band or shoulder is visually observed (from the experimental spectrum) as a function of the
composition, then the wavenumber of that Gaussian function will be intentionally constrained.
This is crucial for an appropriate comparison between the bands’ relative evolutions (or ratios)

of different glass compositions.
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As outlined earlier, the fitting quality of spectra is judged by how close to zero the ¥ value is.
It can be noticed that unlike in pure TeO- glass, where this value is as small as 0.018, in ternary
TTxWy and TNxWYy glasses, it can be twice as high with values in the 0.030-0.048 range. This
can be briefly explained as follows: (i) more bands emerge upon adding transition-metal oxides,
and (i) bands in the high-wavenumber region become broader and thus complicate the process
of bands’ parameters assignment that is crucial for an accurate fitting. Nevertheless, 3> values
of around 0.05 are still considered fairly satisfying to study the compositional dependence of

Raman spectra.

111.3.5. Measurement of linear and nonlinear optical properties
111.3.5.1. Background and state-of-the-art

111.3.5.1.1. UV-Vis-NIR optical transmission spectra

Several optical properties can be determined from a material’s absorption spectrum ranging
from the ultra-violet (UV) to the near-infrared (NIR) region. The most fundamental property is
the spectral range over which the material is optically transparent. Besides, two main
characteristics can be deduced from the transmission spectra: (i) the UV optical absorption edge
featuring the short-wavelength end of the transmission window, and (ii) the refractive index n
which represents one of the fundamental properties because of its close relationship with the
polarizability of the constituent ions.

In principle, the refractive index increases with increasing electronic polarizability of ions and
with the presence of lone electron pairs. It can be obtained from the optical transmission data
in the transparent region using the following expression: T = 2n/(n?+1). It should be stressed
that this equation slightly underestimates the refractive index value since the multiple
reflections of light are neglected and most of the reflection is considered to occur at the two

air/glass interfaces (Fresnel reflection).

The optical absorption edge of a given material is associated with the optical transitions and
band gap which are governed by the chemical composition and structure (local order) within
this material. Therefore, the compositional dependence of the position of the absorption edge
can be used to study the structural evolution of the glass network. In this optical absorption
process, one photon of a particular energy excites an electron from an energy state to a higher

one. This phenomenon is described using the absorption coefficient a (in cm™) which represents
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the ability of the material to absorb light at a given wavelength. It can be estimated using the

following expression: a(A) = (1/d) In(Tmax/T(A)), where d is the sample thickness.

111.3.5.1.2. Optical absorption in amorphous materials

Fundamental (or band-to-band) optical absorption takes place as a result of the photo-excitation
of an electron between the two extended bands, i.e., from the valence to the conduction band
across the electronic band gap, given that Eq = E¢ - Ev (Fig. 111.10). Thus, the outcome of this
optical transition is a created electron in the conduction band and a hole in the valence band.
Two types of the fundamental optical transitions can be distinguished: direct and indirect
transitions. Both involve the interaction of an electromagnetic wave with an electron in the
valence band. In direct transitions, the momentum of electrons and holes is the same in
conduction and valence bands which is not the case for indirect transitions. The latter involve
simultaneous interactions with lattice vibrations (phonon-assisted transitions). A great deal of
book chapters and reviews have addressed the fundamental optical absorption behavior of
amorphous and crystalline solids (e.g., Chapter Il in [173] and Chapter VI in [174]).

b
o: Extended-to-extended state transition
e: Extended-to-localized state transition

e: Localized-to-extended state transition

Localized tail states |

(band tails) y
Valence . Conduction

band ] i o ; [ band

E E Energ;

v c

Density of states

Fig. 111.10. Schematic energy band diagram of disordered materials showing localized tail states
extending into the band gap; their density of states decreases exponentially into the band gap.

Aside from the typical scenario of fundamental absorption, the concept of band-tailing arises to
explain the involvement of localized states in the optical absorption of disordered materials.
Band-tailing refers to the condition where E, (valence band edge) and E. (conduction band

edge) are no longer well-defined cut-off energies, and extra electronic states (localized states)
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exist above Ey and below E. of which the density of states falls exponentially with energy away

from the band edges towards the fundamental band gap (cf. Fig. 111.10).

In principle, the deviations from perfectly ordered systems include narrowing of the band gap
and formation of localized states within band tails as schematically illustrated above. The edges
of the band gap clearly demonstrate the effects of the structural disorder on the electronic
structure of amorphous solids. These effects on the electronic structure are manifested in the
optical absorption edge, which can be interpreted in terms of two distinct regions: (i) Urbach

and (ii) Tauc regions.

Q) Sub-gap optical absorption—Urbach rule

The absorption of photons of energy less than the band gap energy (hv < Eg) in amorphous
solids involves the localized tail states. The absorption coefficient o depends on incident photon
energy exponentially giving rise to the so-called Urbach tail (an illustration is given in Fig.
[11.11 showing the absorption edges of TT5W15 glass — cf. Chapter V).

The exponential dependence of the absorption edge on incident photon energy (hv) is referred
to as Urbach rule. Urbach tails [175] were originally observed in a number of ionic crystals
satisfying the dependence: din(a)/d(hv) = -1/KT (where k is a constant) due to thermally induced
disorder. These band tails were also detected in substitutionally disordered materials and
radiation-damaged materials. Regardless of the nature of atomic disorder, i.e., structural (static),
vibrational (thermally induced) or due to the presence of chemical impurities, several studies
have suggested the additive character of disorder on the density of localized states and therefore
the magnitude of Urbach tails (cf. [176] for example).

In principle, Urbach energy Eu corresponds to the width of these band tails, thus estimating
their density. If we consider a set of glasses having close Eu values, then a close density of
states in their electronic structure is expected. As a rule, a highly disordered glass network
features a higher density of localized states in its electronic band structure, and thus having a
high Eu value.

In the Urbach region, the absorption coefficient o can be expressed by the following form:
In(a) = (hv/Eu) - C, where C is a constant. Therefore, Eu can be obtained from the slope of the

straight line of plotting In(a) as a function of the incident photon energy (hv).
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Fig. 111.11. Example of the optical absorption edge from TT5W15 glass showing the two characteristic
regions of optical transitions between localized and extended states (Urbach edge) and from extended
to extended states (Tauc absorption).

(i)  Optical band gap energy estimation—Tauc model

The second region of the absorption edge is referred to as Tauc region [177], and is assigned to
the electronic transitions between extended valence and conduction bands. In this region, the

absorption coefficient o can be expressed by the following form: (ahv)" = A (hv-Eg).

The value of the exponent r denotes the nature of the transition: r = %2 and r = 2 for direct and
indirect transitions respectively. The optical energy gap Eq is obtained by extrapolating the

linear part of Tauc plots (ahv)" as a function of the incident photon energy hv.

111.3.5.1.3. Wemple and DiDomenico single-effective-oscillator model

Wemple and DiDomenico analyzed the refractive index dispersion data below the interband
absorption edge in more than 100 widely different solids (crystals) and liquids [178]. According
to this model, the refractive index dispersion can be interpreted using the following equation:

1 E, (hv)?
n2—1 E; EyEy,

Where hv is the photon energy, Eo is the single oscillator energy and Egq the dispersion energy.
By plotting 1/(n?-1) as a function of (hv)? and fitting a straight line, oscillator parameters Eq
(dispersion energy) and Eo (single oscillator energy) can be determined.
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The dispersion energy Eq was first introduced by the same authors [179] in 1969. This energy
parameter can be used to describe the dispersion of the refractive index. Its usefulness in
measuring the average strength of interband optical transitions is essentially empirical. It was
found to obey the following simple empirical relationship in more than 100 ionic and covalent
crystals: Eq= B N¢ Za Ne, where  approaches 0.26 £ 0.04 eV and 0.37 £ 0.05 eV in ionic and
covalent crystals respectively. N¢ is the coordination number of the cation, Z, the absolute
charge number of the anion and Ne the total number of valence electrons per anion. It can be
established from the previous expression that, in mixed oxide glass systems, variations of Eg
result primarily from changes in ionicity (evolution of the parameter ) and/or average local

structure (evolution of the coordination number Nc).

According to Wemple and DiDomenico model, for incident photon energies E (E = hv) lower
than the optical band gap energy Eg, the refractive index dispersion can be interpreted using the
following equation:
1 E, E
n2—1 Eq EyE4
By plotting 1/(n>-1) as a function of E2 and fitting a straight line, the oscillator parameters (Eo

and Eq) can be determined.

111.3.5.1.4. Electronic polarizability of ions

The electronic polarizability of ions demonstrates the ease of deformation of their electronic
clouds by applying an electromagnetic field. In other words, it represents the displacement
magnitude of electrons to the electromagnetic field. It is closely connected to several physical
properties such as refraction, conductivity, ferroelectricity, electro-optical effect, optical

basicity and nonlinearity.

The electronic polarizability of ions can be modeled based on Hooke’s law potential energy:
o =e? Y (ni/ki), where e is the elementary charge and ni the number of electrons with binding
force constant ki. From the previous expression, one can notice that smaller force constants
contribute more to the electronic polarizability of ions than the tightly bound inner-shell

electrons.

In early 1939, Kordes [180] was the first scientist to apply the polarizability approach based on

the Lorentz-Lorenz equation [181,182] to conventional oxide glasses using measured values of
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the refractive index and density. In this equation, the molar refraction Rm has the dimension of
molar volume (cm3.mol?); when Avogadro’s number Na is introduced, the molar refraction Rw
can be expressed as a function of molar polarizability am (in A%): Rm = [(n>-1)/(n%+2)] Vm =
(4/3) t Na om = 2.52 awm.

In principle, the electronic polarizability of an ion varies from one compound to another (e.g.,
from the crystalline to the amorphous state) due to changing electronic structure and structural
environments. In this connection, the electronic polarizability of one free ion is different from

that of the same ion when coordinated to other ions in the condensed state.

Cations like B%*, Si** and P°* possess extremely low polarizabilities, namely, 0.002, 0.033 and
0.021 A3 respectively [183], and most of them have large positive charges. Their cationic field
strength values [20] are very large (cf. Fig. 11.2) and thus strongly affect the electron charge
density of their surrounding oxide ions. In this connection, glasses containing high
concentrations of classical glass-formers such as B2O3, SiO2 and P.Os show low oxide ion
polarizabilities (ao2-) and refractive indices. Among the conventional glasses, germanate
glasses have the highest refractive indices. In fact, Ge*" cation has a large polarizability of
0.137 A% [184] (higher than B®*, Si** and P°* cations), and therefore, it affects less the electron
charge density of the oxide ions, which explains the relatively higher electronic polarizability
of oxide ion in GeO; oxide. In contrast, the cationic field strengths of Te**, Sb** and Bi** are
much smaller. These cations possess very high polarizabilities (1.595, 1.111 and 1.508 A3
respectively [183]) and have strongly polarizable lone electron pairs in their valence shells
[184].

Following the polarizability approach developed by Dimitrov and Komatsu [183] which is
based on the Lorentz-Lorenz equation, the Eg-based electronic polarizability of the oxide ion

can be calculated using the following equation:
ooz- (Eg-based): aoz- = {(Vm/2.52) [1 - (Eq”*-0.98)/1.23] - Spoi} g

Where p and q are the numbers of cations and oxide ions in the chemical formula of the oxide
AyQq. The free-cation polarizability a; values of Te** (1.595 A%), Ti** (0.184 A®), Nb®" (0.242
A% and W8 (0.147 A%) ions were collected from [183].

Mohammed Reda ZAKI | PhD thesis | Université de Limoges | 2018 100

(@) 5Y-NC-ND | mE|



111.3.5.2. Linear optical properties

111.3.5.2.1. UV-Vis-NIR optical transmission

To evaluate the optical transmission of TTxWy and TNxWYy glasses, we measured the UV-Vis-
NIR spectra at room temperature from double side polished pellets of 1.44-1.47 mm in
thickness over a wide wavelength range from 300 to 3300 nm with a spectral resolution of 2 nm
using the Varian Cary 5000 spectrophotometer. As outlined in section 111.3.5.1, several optical
constants can be estimated from the recorded spectra, such as the refractive index, absorption

coefficient, optical band gap and Urbach energies.

111.3.5.2.2. Spectroscopic ellipsometry

Ellipsometry is an optical characterization technique for determining, among others, the
thickness and optical properties of materials [185]. In principle, an ellipsometric measurement

consists of the following five steps:

1. Alight beam is generated in a predetermined polarization state.

2. The beam is reflected from or transmitted through a sample having reflecting plane-
parallel surfaces, leading to an interaction that changes the polarization state of incident
light.

3. The polarization state of the reflected or transmitted beam is measured.

4. Parameters are determined that characterize the interaction in terms of the change in
polarization state.

5. From these parameters, information about the sample can be obtained.

Using the same samples (polished pellets), the refractive index dispersion was recorded by
means of spectroscopic ellipsometry using a phase-modulated ellipsometer (Horiba Jobin—
Yvon UVISEL) with a fixed 60° incidence angle. The state of the samples implies the existence
of “parasite” effects due to the back-surface reflection during the measurements (Fig. 111.12).
To bypass this reflected light, only areas close to the edge of the pellets were probed and the

reflected light was partly collected using a diaphragm.
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Fig. 111.12. Illustration showing the experimental condition to bypass back-reflected light.

From the measured dispersion curves of TTxWy and TNxWYy glasses (cf. Chapter 1V and V
respectively), we derived the refractive indices n. extrapolated to infinite wavelength using
Sellmeier’s dispersion formula [186,187]: n = (A + B/(1-C/A?) + D/(1-E/A?))"? where A—E are
fitting constants specific to each sample, allowing to determine n..= (A + B + D)*2. An
excellent fitting quality was achieved as demonstrated by the R? coefficients ranging between
0.9970 and 0.9999.

111.3.5.3. Nonlinear optical properties by Z-scan technique

The nonlinear optical measurements were conducted in collaboration with Professor
Tomokatsu Hayakawa from the Nagoya Institute of Technology (NiTech) laboratory in
Nagoya, Japan. The Z-scan technique was used to measure the third-order nonlinear

susceptibility x® of ternary TTxWy and TNxWy glasses.

This technique is based on measuring the transmitted light from the sample in order to extract
both the nonlinear refractive index and absorption coefficient. Further experimental details and

a comprehensive theoretical background are given by Sheik-Bahae et al. in [188].

The third-order nonlinear susceptibilities y® were measured from double-side polished glasses
employing the Z-scan technique, and using a comparative route in respect with the data
collected for a reference fused silica plate [189]. Pulses from regenerative Ti:sapphire laser
(Spectra Physics, Hurricane) at 800 nm were used at a repetition rate of 1 kHz and with ~90 fs
pulse duration. A lens (f = 200 mm) was positioned along the optical path (Z axis), and the glass
samples were moved forward and backward from the focal point (Z = 0 mm), namely along the
Z range between -25 mm and +25 mm at intervals of 0.5 mm (cf. Fig. 111.13). At each step, the
optical transmittance was measured with the optical power meter system (Newport 2930-C/818-
SL silicon photodiodes in the close and open configurations [188]). The Z-scan measurement
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is completed as the sample is moved away from the focal point (around which nonlinear

phenomena occur) such that the transmittance becomes linear since the irradiance on the sample

is low again.
Diaphragm
f|| Beam 200 mm) (close configuration)
s litter Sample 400 pm I
Laser AN |
=800 nm I
=0
4+——p
7 Focal 47

Fig. 111.13. Femtosecond Z-scan setup used to measure the third-order nonlinear susceptibility ¥®.

The optical measurement on each glass sample was repeated three times. Each consists in four
measurements: two at a power of 250 nW and two at 2 nW. The difference between the two (at
250 nW vs. at 2 nW) is whether a diaphragm (pinhole size of 400 um) is put before D2 detector
(close configuration) or not (open configuration). The close configuration can be used to extract
the nonlinear refraction from the nonlinear coefficient y of the transmitted light; whereas the
open configuration allows to evaluate the nonlinear absorption coefficient  since the detected
transmittance is insensitive to beam distortion and is only a function of the nonlinear absorption
[188]. In order to extract the nonlinear coefficient y, we corrected the baseline of the measured
raw Z-scans and removed the absorptive contributions using the following formula (with C
being a calibration factor):

Closezsonw  Opengnw

*
Opengsonw  Closeznw

y=

Let us now focus on how we obtain the real part of the third-order nonlinear susceptibility
Re(x®) giass for TTXWYy and TNxWy glasses. The same previously described procedure to obtain
the coefficient y has been applied on pure SiO2 glass which is therefore our reference material.

More details on how we obtained the real part of the third-order nonlinear susceptibility X( glass)

can be found in the literature (e.g., [190]) leading to the following expression:

2
Re(X®) grass = Re(xX®)sioz * <A¢>(gzass) Ioion)  Legs sion) .noz (glass)>
Ad)(SiOZ) Iy (glass) Leff (glass) Mg (sio2)
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With A¢ corresponds to self-phase modulation which is proportional to the difference ATp.v
(ATpv = 0.406 A¢p [188]) between maximum transmittance Tp (p for peak) and minimum Ty (v
for valley). lo represents the intensity of the incident laser beam, Lest the thickness of the sample
and no the linear refractive index measured by spectroscopic ellipsometry. For the third-order
nonlinear susceptibility of silica glass Re(x¥)sioz, we extracted its value from the dispersion
curve (Fig. 111.14) established by Milam [191] who reviewed over 30 reported nonlinear
refractive indices of silica glass at different wavelengths. Since we use a laser wavelength of
800 nm in our Z-scan measurements, we extracted the nonlinear refractive index of silica glass
at the same wavelength; as shown in Fig. 111.14, the obtained value is ~2.8 *10°*® cm?/W or
1.5 *10%* esu. However, in order to compare our normalized experimental ¥ values to other
TeO,-based glasses, we had to readjust the state-of-the-art values (often obtained by
considering a y¥sioz of 2.8 *10°** esu reported by Kim et al. [157]) by dividing them by 1.87
which is the factor between y®sio, obtained by Milam and Kim et al.. Such argumentation is
developed in detail in [189].
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Fig. I11.14. Nonlinear refractive index coefficient y dispersion of silica glass. Coefficients are plotted
in multiples of 10-* cm?/W. Adapted from [191].

From the measured Z-scan transmittance curves, the extracted peak-valley transmittance
change ATp.v (cf. example of TN15W20 in Fig. I11.15) was used to derive the & values for all

of the prepared glass samples.
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Fig. 111.15. Example of a measured Z-scan curve from the TN15W20 glass sample.

Finally, the estimated error of ¥® values take into account the standard deviation of the set of
the three extracted y coefficient values as well as the errors associated with the linear refractive

indices (measured by spectroscopic ellipsometry).

111.4. Conclusion

In this chapter, we summarized the experimental approaches to the study of pure TeO3, binary
TeO2-TiO2 and ternary TeO2-TiO2-WOs3 and TeO2-NbO25-WOs glasses. First, we described the
experimental conditions under which these glass samples were prepared via the two different
preparation methods of melting-casting (MC) and melting-fast-quenching (MFQ). The
characterization techniques used for the glass-forming domain determination and measurement
of density, thermal, structural and optical properties were described together with the
experimental conditions. As the structural understanding of the bond networks in these glasses
represents a very important part of this work, a detailed description of the Raman spectral
decomposition process was given and highlighted with a few examples. Moreover, the
fundamental background of the measured optical properties was outlined along with the

measurement conditions.
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Chapter IV. Synthesis, thermal, structural and optical
properties of new glasses within the TeO2-TiO2-WO3 system

1VV.1. Introduction

From the optical properties viewpoint, the high linear and nonlinear optical properties of TeO-
based glasses have been associated with the presence of the Te** lone electron pair [4-8] and
characteristic Te-O-Te bridges [3,9-11]. It was shown that adding transition-metal oxides of
empty d-orbital cations (e.g., TiO2, WOz and Nb20s) enhances the optical performance of
TeO>-based glasses, i.e., their nonlinear optical response reaching values of third-order

nonlinear susceptibility ¥ 10 to 50 times greater than those of silica-based glasses [3].

We have embarked upon studying dual-transition-metal oxide-containing TeO2-based glasses
within the ternary TeO2-Ti0,-WO3 system. To the best of our knowledge, only a handful studies
have investigated very close compositions to the TeO,-TiO2-WO3 system: Safonov [126]
attempted to determine its equilibrium and non-equilibrium phase diagram; Mufioz-Martin et
al. [109] prepared and measured the structural and optical properties of the glass composition
80TeO2-5TiO2-15WO0s3; and finally, an investigation of the same nature was performed on the
quaternary (89-x)TeO.-10TiO2-xXWO3-1Nd2O3 system by Fares et al. [127]. Our aim is to
elucidate the structural effects of TiO2 and WO3 on the TeOz-rich network in these glasses and

to establish relationships with their linear and nonlinear optical performances.

In this chapter, we report the glass-forming domain within the TeO>-TiO2-WO3 system and the
measured properties from the obtained glasses, namely, their densities, thermal characteristics,
structural and optical (linear and nonlinear) properties. These findings have been published in
the Journal of Non-Crystalline Solids [192].

IV.2. Glass-forming domain determination

Under the experimental conditions described in section 111.2.3, we have explored the glass-
forming domain within the (100-x-y)TeO2-xTiO2-yWOs3 system (TTxWYy). The amorphous
state of TTxWYy samples was checked by X-ray powder diffraction in order to determine the
glass-forming domain shown in Fig. 1V.1(a). It extends from x = 5 to 15 mol.% in TiO and

from y = 5 to 25 mol.% in WOs. In total, fifteen melt compositions have yielded transparent
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yellowish glasses. Upon increasing WO3 content, the color shifted to honey-brown, and

remained practically unchanged upon adding TiO> (cf. Fig. 1V.1(b)).
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Fig. IV.1. (a) Glass-forming domain obtained within the (100-x-y)TeO2-xTiO»-yWOs3 system (labeled
TTxWy) surrounded by the yellow frame. Blue and green colored squares and spots correspond to
partially crystallized samples in TiO, and WOs; respectively. (b) Photograph of the obtained glass

pellets in their final polished state. The relative positions of pellets are in accord with the black spots

in the glass-forming domain.

Crystals of y-WO3 [100,193] are detected in TTXW30 samples (Fig. IV.2). The corresponding
peaks become sharper and more intense upon adding TiO> suggesting an increase of the number
and/or average size of WOs-rich regions. At 20 mol.% of TiOy, crystals of rutile TiO2 phase
[83] are detected in TT20WYy samples without any trace of TiTesOg or anatase TiO2 phases.
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Fig. IV.2. X-ray diffraction patterns of the prepared TTxWy samples. Note that crystals of rutile TiO>
were detected in all samples containing 20 mol.% of TiO, (x = 20).

To evaluate the glass compositions in terms of molar ratios, the glass samples were analyzed
by energy dispersive X-ray microanalysis (EDS) using the Quanta FEG-450 scanning electron
microscope which provides only approximate quantitative analysis. The elemental analysis
results (Table IV.1) indicate that most of the obtained glass samples have close compositions

to the theoretical (or targeted) ones with the exception of TT10W25 sample where a relatively

strong difference is recorded.
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Sample Theoretical composition (mol.%o) szl io;nrr;%sllls/loon (L)
TGOZ Ti02 WOs T602 TiOz W03

TT5W5 90 5 5 89 5 6
TT5W10 85 5 10 83 4 13
TT5W15 80 5 15 81 3 16
TT5W20 75 5 20 76 4 20
TT5W25 70 5 25 67 5 28
TT10W5 85 10 5 85 8 7
TT10W10 80 10 10 80 10 10
TT10W15 75 10 15 75 9 16
TT10W20 70 10 20 70 9 21
TT10W25 65 10 25 60 7 33
TT15W5 80 15 5 81 12 7
TT15W10 75 15 10 80 10 10
TT15W15 70 15 15 68 13 19
TT15W20 65 15 20 63 13 24
TT15W25 60 15 25 61 12 27

Table IV.1. Comparison between the expected and measured TTxWy glass compositions.

IVV.3. Physical properties of TeO,-TiO2-WOs glasses

IVV.3.1. Density and molar volume

Using helium pycnometry, we have measured the densities of TTxWy glass samples (in
powdered form) and extracted molar volumes for each composition taking into account their
theoretical molar masses (cf. Table IV.2). Since very close trends of these properties are
observed upon adding TiO2 (or WO3) at different WOz (or TiO2) contents, we suggest to
consider TTxWS5 and TT5WYy sets of samples for the sake of simplicity. The density increases
with addition of WOs by approximately 6% from TT5W5 (5.59 g.cm™®) to TT5W25
(5.93 g.cm™). On the other hand, a density decrease by approximately 2% is recorded upon
adding TiO2 from TT5W5 (5.59 g.cm™) to TT15WS5 (5.45 g.cm™®). Therefore, the compositional
dependence of the density seems to follow the additive density rule: densities of raw oxides
TiO,, TeO2 and WOs are respectively 3.90, 6.13 and 7.16 g.cm™. The density evolutions in
TTxWy glasses are logically assigned to the higher molar mass of WO3 (231.8 g.mol™) and
lower molar mass of TiO, (79.9 g.mol™) than that of TeO2 (159.6 g.mol™?).
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Sample Density (g.cm) Molar volume (cm3.mol?)

TT5W5 5.586 = 0.003 28.50 £ 0.06
TT5W10 5.677 +£0.008 28.68 + 0.06
TT5W15 5.777 £ 0.007 28.81 + 0.06
TT5W20 5.764 + 0.006 29.50 £ 0.06
TT5W25 5.925 + 0.008 29.31 £ 0.06
TT10W5 5.529 + 0.009 28.08 £ 0.06
TT10W10 5.643 £ 0.010 28.15 + 0.06
TT10W15 5.748 + 0.008 28.26 + 0.06
TT10W20 5.799 = 0.006 28.64 + 0.06
TT10W25 5.860 = 0.004 28.96 £ 0.06
TT15W5 5.454 + 0.004 27.73 £ 0.06
TT15W10 5.535 £ 0.004 27.98 £ 0.06
TT15W15 5.623 £ 0.008 28.18 £ 0.06
TT15W20 5.682 £ 0.007 28.53 £ 0.06
TT15W25 5.757 £ 0.005 28.79 £ 0.06

Table IV.2. Measured densities and molar volumes of TTxWy glasses.

1VV.3.2. Thermal characteristics

The thermal properties of TTXWYy glasses were measured by means of differential scanning
calorimetry (DSC) to evaluate the compositional dependence of specific characteristics such as
the glass transition temperature T4 and thermal stability AT. The analyzed glass samples were

in powdered form and weighing ~20 mg.

The glass transition temperature Tq in TTXWYy glasses increases linearly upon adding either
TiO2 or WO3 (Tgmin)= 328 °C and Tgmax) = 426 °C). It increases by ~16% from TT5W5
(328 °C) to TT15WS5 (380 °C) and by ~15% from TT5WS5 (328 °C) to TT5W25 (376 °C) (cf.
Fig. IV.3 and Table IV.3). A step increase by 10 mol.% in TiO2 induced an overall rise of Ty
that is twice more consequential (increase by ~50 °C) than in the case of WO3 (increase by
~25 °C). We assign the Tg increase to the fact that Ti-O and W-O bonds have higher
dissociation energies compared to Te-O bonds, namely, 666.5 kJ.mol?, 720 kJ.mol* and 377

kJ.mol ™ respectively [194].
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sample Tgi(1C) Toi(;C) ATi(;C)
TT5W5S 328 359 31
TT5W10 341 377 36
TT5W15 355 393 38
TT5W20 365 403 38
TT5W25 376 417 41
TT10W5 353 398 45
TT10W10 364 410 46
TT10W15 376 428 52
TT10W20 389 443 54
TT10W25 399 456 57
TT15W5 380 418 38
TT15W10 391 430 39
TT15W15 405 445 40
TT15W20 414 466 52
TT15W25 426 474 48

Table 1V.3. Thermal characteristics of TTXWYy glasses measured by DSC.

It is worth pointing out that the thermal stabilities (AT = To - Tg), which reflect the ability of

the glass network to resist against devitrification upon heating above Tyg, are fairly moderate
among TTxWy glasses (ATmin= 31 °C and ATmax = 57 °C) with an average of 44 °C (versus

64 °C in pure TeO: glass, cf. Fig. I11.1). These thermal stabilities might represent a limiting

factor for the use of these glasses in the optical fiber technology, for which as an “experimental

standard”, a minimum value of 100 °C is needed. Adding TiO2 induces an increase of AT from

TT5WYy to TT10WYy glasses before a decrease in TT15WYy glass samples. It seems though that

AT is marginally improved with continuous increase in WO3 content.
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Fig. IV.3. DSC curves of TTxWYy glasses with glass transition Ty and onset crystallization To
temperatures given in bold and non-bold typefaces respectively.

To identify the compounds crystallizing upon heating, we have performed high-temperature X-
ray powder diffraction (cf. section 111.3.3.2 for more details) on the 70TeO,-15TiO2-15WO3
glass composition (TT15W15). The recorded XRD patterns are superimposed in Fig. I\V.4. The
first crystals start to appear at a temperature of 460 °C, i.e., 55 °C higher than the T4. The
identified crystallizing compounds are a-TeO, and TiTesOs. Upon heating, the peaks
corresponding to these compounds become more intense, and thus suggesting their increasing
crystallization extents. Moreover, WOz g3 phase appears at 490 °C and persists up to 550 °C
before transforming into y-WO3 phase at 580 °C. These crystallization events and phase

transformations coincide with the exothermic events recorded on the DSC curve (Fig. IV.5).
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Fig. IV.4. High-temperature XRD patterns recorded from TT15W15 glass sample.
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Fig. IV.5. DSC curve of TT15W15 with the identified crystal compounds.

IVV.4. Structural properties of TeO2-TiO2-WO3 glasses

1V.4.1. Background and state-of-the-art

It is well established that adding modifier oxides to TeO: glass induces the structural
transformation of TeOa4 disphenoids into TeOs trigonal pyramids, and therefore contributes to
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the short-range modification of the glass network [3,47,144]. This transformation is regarded
as a “structural depolymerization” since it reduces the network crosslinking density by breaking
Te—O-Te bridges. Moreover, it has been demonstrated that this transformation is accompanied
with a decrease of the nonlinear optical properties [3,45]. By means of Raman spectroscopy,
some authors claimed that adding WOz induces this structural transformation in TeO-based
glasses [127,195], which is not the case upon adding TiO> [96,99,140].

Adding TiO> to TeO- allows to (i) enhance the glass-forming ability and obtain homogeneous
glasses in the (100-x)TeO2-xTiO2 binary system with a glass-forming domain up to x =
18 mol.%, and (ii) maintain the original structural organization of pure TeO> glass [57,140].
Hence, TiO2-containing TeO»-based glasses are of special interest thanks to the positive role of
TiO2 in conserving the glass network of pure TeO, which contributes to the high linear and
nonlinear optical properties [41,45,53,99]. Most of the preceding studies [53,57,96] dealing
with the structure of TeO-TiO- glasses supported the existence of Te—O-Ti bridges replacing
the Te—O—Te ones in the glass network upon increasing TiO2 content. This idea is based on the
unique phase from the TeO»-TiO2 system, TiTesOg [79,92], which features interconnected TeO4
and TiOe polyhedra via nearly symmetric Te-O-Ti bridges with the following bond lengths:
1.867 A and 1.955 A respectively (cf. section 1.5.1.1).

With increasing WOs3 content in binary TeO2-WO3 glasses, the thermal and optical properties
are progressively improved [41,62]. These glasses have been extensively studied and the fact
that no crystalline phase, i.e. no “parent crystalline model”, has ever been identified in the
binary TeO2-WOs3 system led to considerable efforts for the understanding of their structural
features. Most of these studies focused on the tungsten local environment (to demonstrate
whether WO4 or WOe polyhedra exist in the glass network) using IR and/or Raman
spectroscopy techniques [103,104,196,197]; yet, despite many efforts, this basic information is
still obscure and controversial [107,108,164,165,195].

1VV.4.2. Structural effect of adding TiO2

According to Dietzel’s field strength theory (cf. Chapter Il), in binary oxide melts where the
two constituent cations have very close field strength (FS) values, a slow cooling rate (towards
crystallization) is expected to lead to a solid solution type of organization in the crystal,
whereas faster cooling/quenching rates (towards glass formation) would result in a phase

separation between the two pure oxide phases. It is very important to highlight that (i) the FS
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values for Te** (0.990) and Ti** (1.047) cations are very close, and that (ii) the only reported
crystal compound from binary TeO»-TiO> system, namely TiTesOs, is in fact a solid solution
of TiOz in TeO2 with a ratio of 1:3 respectively. Therefore, since the FS theory proves to be
valid for the equilibrium TeO.-TiO2 system, one would expect that it would successfully predict
the structure of binary TTx glasses as well. In other words, a phase separation within the glass
network could be predicted and thus resulting in TeOz-rich and TiO»-rich regions. The limited
experimentally-detected glass forming ability upon adding TiO2 (maximum of X = 15 mol.% in
both TTx and TTxWYy glasses) supports this predicted heterogeneous nature of the glass

networks.

To elucidate the structural effect of adding TiO., we first examine the TTx system before
rushing into the more complicated TTxWYy system given that: (i) identical glass forming ability
upon adding TiO2 (limited to 15 mol.%) is found in TTx and TTxWYy systems; (ii) the close
force constants of Te-O and Ti—O bonds (cf. Fig. 5 in [140]) would likely cause strong
overlapping of their corresponding bands in the Raman spectra of TiO2-containing TeO»-based
glasses.

e Binary (100-x)TeO2-xTiO> glasses (TTx glasses)

As detailed in section 111.2.2, binary TTx glasses were prepared using the melting-fast-
guenching (MFQ) technique. The recorded perpendicular (VH) and parallel (VV) polarized
Raman spectra are given Fig. V.6 and Fig. IV.7. Both sets of spectra show a Raman intensity
increase at ~445, ~615 and ~850 cm™ upon adding TiO2 from 2.5 to 15 mol.%. Moreover, an
intensity decrease of bands at ~660 and ~730 cm™ is observed from the VVV-polarized spectra.
The vibrational assignment of these bands is given in Table IV.4 (cf. section 1V.4.3);
particularly, that of Ti—O vibrations is based on the refs [198-200].
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Fig. IV.6. Total-area averaged VH-polarized Raman spectra of TTx glasses (x =0, 2.5, 5, 10 and 15).
The Raman spectra of nano-rutile TiO; is reproduced from [198].
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in [198] and shows Raman spectra recorded from rutile TiO, samples with different average crystallite

sizes ranging from 5 nm up to the bulk.
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Since the bands at ~660 and ~730 cm™ are associated with Te—O vibrations in TeO4 and TeOs3
units respectively, their decreasing number and/or polarizability change with addition of TiO>
suggests that no structural depolymerization takes place in TTx glasses (as opposed to a striking
depolymerization observed for example in TeO2-TI.0 glassy system [58] where a decreasing
Raman intensity associated with TeO4 units and increasing intensity relative to TeOs takes

place, cf. Fig. 1.5).

It appears that this decreasing number of TeO4 and TeOs units is compensated by an increasing
number of Ti-O-Ti bridges (at ~445 cm™ and ~615 cm™) and terminal Ti—O bonds (at ~850
cm™). The presence of Ti—-O-Ti and Ti—O linkages in the glass network is supported by the
features of the Raman spectrum of nano-rutile TiO> (cf. inset in Fig. IV.7). As highlighted in
the inset, the shoulder at ~850 cm™ is only detected from the few-nanometer-sized rutile TiO2
samples (cf. spectrum in orange) and absent in the bulk sample (spectrum in black). It is
associated with the antisymmetric stretching vibrations of Ti—O bonds from distorted TiOs.x
polyhedra at the surface of TiO2 nanoparticles [198,199]. Therefore, it seems that amorphous
“rutile-like” TiO-rich regions (of few nanometers) exist separately from the TeO»-rich network
and their number increases with increasing TiO2 content from 2.5 to 15 mol.% in TTx glasses
before an extensive growth takes place via the crystallization of rutile TiO2 at 20 mol.% detected

by X-ray powder diffraction.

A thorough search of the relevant literature yielded only a single and unanimously accepted
structural description of the TiO.-containing TeO»-based glasses [53,57,96,140,201,202] (and
above all, the binary TeO,-TiO> glasses [57,96,140]). This description is based on the
participation of symmetric Te—O-Ti bridges in the glass network by replacing the original Te—
O-Te ones. It was largely supported by the fact that these two bridges are chemically
indiscernible, thus explaining the insignificant changes in the Raman spectra upon adding TiO..
However, as expressed in the following, we provide here a new viewpoint regarding this

description.

Let us consider the symmetric Te—O-Ti bridges. The latter exist in the TiTesOg compound, and
their symmetric stretching vibrational mode gives rise to the most intense band at ~477 cm*
(cf. Fig. IV.6 and Fig. IV.7). If those symmetric Te—O-Ti bridges truly constituted the backbone
of the structural network in TTx glasses, then we would have recorded a significant intensity
increase at ~477 cm™* upon adding TiOz, which is clearly not the case when analyzing the
spectra of TTx glasses. Therefore, since the number of Te—O-Ti bridges does not increase with

addition of TiOz and since the vibrational signature of nano-rutile TiO is observed, we propose
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that the structure of the glass network is made of “rutile-like” TiO2-rich regions in a TeOz-rich

network implying a phase separation as initially predicted using the field strength theory.

e Ternary (100-x-y)TeO2-xTiO2-yWOs glasses (TTxWy glasses)

The Raman spectra of TTxWYy glasses upon adding TiO, are given in Fig. IV.8. A similar
spectral evolution, i.e. intensity increase at ~445, ~615 and ~850 cm is observed from TTxWy
glasses. Because of two overlapping bands at ~860 and ~925 cm™ due to vibrating W—O bonds,
the intensity increase at ~850 cm™ is less noticeable than from TTx glasses. It is important to
recall here that, same as in binary TTX, the glass-forming domain in TTxWY is limited to only
15 mol.% of TiO2. Hence, it seems that the influence of TiO2 on a network of either pure TeO>

(TTx system) or WOs-containing TeO» (TTxWYy system) is indifferent.

T T T T T T T T T T T

w—TT5Wy e TTIOWy === TT15Wy

Average Raman intensity (a.u.)

T T T T T T T T T T T

— T L T
15 100 200 300 400 500 600 700 800 900 1000
Wavenumber (cm™)

Fig. 1V.8. Evolution of total-area averaged VVH-polarized Raman spectra of TTxWYy glasses as a
function of TiO; content. The low-wavenumber (boson peak) and mid- to high-wavenumber regions
are supplied apart for more clarity.

From the above discussion, we argue that a phase separation between amorphous TeO»-rich and

amorphous “rutile-like” TiO»-rich regions occurs in TTxWYy glasses and very likely in TiO2-
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containing TeO.-based glasses. This interpretation is shared with a previous study [71] that

predicted phase separation in the 75Te0,-25TiO> glass composition.

1V.4.3. Structural effect of adding WO3

The evolving features of the Raman spectra of TTxWYy glasses with increasing WO3 content
(Fig. 1V.9) are in agreement with the reported studies on WOz-containing TeO»-based glasses
by Raman spectroscopy [103,108,195]. These studies have shown that three additional bands
(at ~360, ~860 and ~925 cm™) emerge at the spectra and increase in intensity upon adding WOs.

Since the same structural evolutions are observed from TT5WYy, TT10Wy and TT15Wy
samples, we suggest to focus on the set of TT5WYy for the sake of simplicity (Fig. 1V.10). One
can assume that substituting TeO, with WOs3 does not result in any significant change of the
glass network structure. This is particularly true for the Raman response within the ~400-800

cm* which is typically characteristic of the network of Te—O—Te bridges.

= TTXW10 ===TTXW15 TTXW20 TTXW25

T T T T T T

T

Average Raman intensity (a.u.)

Y'V\/O3

T T ‘ T T T T T T T T T T T T T T T T

15 100 200 300 400 500 600 700 800 900 1000
Wavenumber (cm™)

Fig. IV.9. Evolution of total-area averaged VH-polarized Raman spectra of TTxWYy glasses as a
function of WOj; content. The low-wavenumber (boson peak) and mid- to high-wavenumber regions
are supplied apart for more clarity. The Raman spectrum of y-WOs; is reproduced from [101].
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Fig. IV.10. Total-area averaged VH-polarized Raman spectra of TT5WYy glasses. The labels A-M

correspond to the inserted bands for spectral decomposition. Inset: measured Raman spectrum of pure
TeO; glass featuring the three major broad bands (E+F, G+H and 1+J).

The assignment of the Raman bands is given in Table 1VV.4. The origin of bands E-J (425-
772 cmY) is supported by previous pioneer works on the vibrational and structural properties
of the three TeO2 polymorphs (a [64], B [64] and y [63]). The other identified Raman bands (C-
D extending from 230 to 351 cm™ and K-M from 820 to ~934 cm™) are associated with the
vibrational response of distorted WQOs octahedra. The basis of the previous assignment is a
analysis of the vibrational (Raman spectra) vs. structural features that we conducted on a large
number of tungsten-containing oxides (metal tungstates for the most part, e.g., KaWO4 [203],
K2W3010 [204], KoW4O13 [205], Rb22W320107 [206], ZnWO4 [207], Sr2NiWOs [208]). A
similar approach has been previously undertaken on few tungstates by Sekiya et al. [103]. In
the low-wavenumber region, the band B is attributed to intra-chain vibrations of Te—Te bonds
(as in the amorphous metallic trigonal Te [169]) and the band A (boson peak) is linked to the

glass network at medium-range scale [168,209,210].
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Inserted | Wavenumber .
1 Raman band assignments
band (cm™)
A 44.0-45.6 The boson peak, ascribed to an excess density of vibrational states [168].
Intra-chain vibrations of Te-Te bonds (as in amorphous metallic t-Te
B 146.9 (fixed) ( P )
[169].
C 230 (fixed) Bending vibrations of WOg octahedra (as in y-WO3) [101].
D 351 (fixed) Bending vibrations of distorted WOs octahedra [101].
Symmetric stretching vibrations in nearly symmetric Te-O-Te
. bridges (as in y-TeO,) [63,64].
E 425 (fixed) . . . . .
Motions of oxygen atoms in O—Ti—O bridges along the ¢ axis (Eq mode of
rutile TiO,) [200].
F 501.8 —505.8 Symmetric stretching vibrations in Te—O-Te bridges [63,64].
Asymmetric stretching vibrations in nearly symmetric Te-O-Te
. bridges (as in y-TeO,) [63,64].
G 607 (fixed) . . i . . .
Motions of O atoms in O-Ti—O bridges perpendicular to the ¢ axis (A
mode of rutile TiO) [200].
Asymmetric stretching vibrations in asymmetric Te-O-Te bridges
H 657.9 - 660.4 ymmetri ng VIbrations in asymmetr e
[63,64].
Asymmetric stretching vibrations in asymmetric Te-O-Te bridges
I 715 (fixed) [63,64].
Symmetric stretching vibrations in W—O-W bridges (as in y-WQ3) [101].
J 772 (fixed) Asymmetric stretching of essentially covalent Te—,O bonds [63,64].
K 820 (fixed) Asymmetric stretching vibrations in W—O-W bridges (as in y-WOs) [101].
Stretching vibrations of W—O bonds in W—O-W bridges [103].
L 852.3 -863.1 Antisymmetric stretching vibrations of Ti—O bonds (B2g mode of rutile
TiO) [198,199].
M 925-934 e Asymmetric stretching vibrations of W—O bonds [101].

Table 1V.4. Wavenumbers and vibrational assignments of the inserted bands. Raman bands arising
from TeO; network and their assignments are highlighted in bold typeface. In the spectral

decomposition process, the wavenumbers of A, F, H, L and M bands were unconstrained and are given
herein as ranges from the set of TT5WYy glasses with increasing y.

In the following, we mainly concentrate on the structural evolutions with increasing WOs3
content (at constant TiO2 content) based on the Raman spectral decomposition results (cf.
section 111.3.4.3 for more details on the decomposition process).

As can be seen in Fig. 1V.10, the features shown by the set of vibrational modes of Te—-O bonds
in asymmetric and nearly symmetric Te—O—Te bridges (bands E-J), compared to those of pure
TeO- glass, have only been slightly modified in terms of their bands’ profiles, positions and

intensity ratios upon increasing WO3s content. The key information with respect to the
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crosslinking of Te—O—Te bridges within the glass network is contained within the 400-550 cm™
range (bands E and F). In this region, the intensity barely decreases suggesting that the network
of Te—O—Te bridges has been only slightly modified. Thus, it seems that adding WOz does not

considerably alter the original structural features within the network of Te—O-Te bridges.

In order to exclude the compositional effect, we have calculated the normalized intensities of
the decomposed bands E—H by dividing their areas by the TeO. molar content (attributed to
vibrations of Te—O bonds) and those of the bands D and K—M by the WO3s molar content
(attributed to vibrations of W—O bonds). The compositional-dependence of the normalized
intensities of these bands in TT5WYy glasses is plotted in Fig. IV.11. As mentioned earlier,
almost the same revealed trends for TT5WYy are observed in TT10Wy and TT15WYy glasses as
well (cf. Table IV.5 for bands E-H). A more extended analysis of the effect of WOs on the
structure of TT5WYy, TT10WYy and TT15WY sets of glasses is highlighted in the section V.4.3
in comparison with (100-x-y) TeO2-xNbO25-yWO3 glasses (TNxWy glasses).

Vibrations of: | Te-O-Te, Ti-O-Ti ||  W-O-W, W-O
Band E (425 cm™) ||—8— Band D (351 cm™)
Band F (~504 cm™) || —@— Band K (820 cm™)

—»—Band G (607 cm™) ||—&— Band L (~858 cm™)

Band H (~659 cm™) Band M (~930 cm™)

N
ol
|

N
o
|

f

Normalized Raman intensity
|_\
ol
|

a1
1
\
\ 4
\ 4
\ 4

5 10 15 20 25
WO, content (mol.%)

Fig. IV.11. Compositional dependence of the normalized intensities of inserted bands for the
Raman spectral decomposition of TT5Wy glasses.
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Raman band normalized intensity

SHt@remples SEEIE Band E Band F Band G Band H
TT5W5 10.519 3.418 5.514 5.920

TT5W10 10.883 3.296 5.314 6.858

TT5Wy TT5W15 11.262 3.256 5.057 7.888
TT5W20 11.901 3.188 4.822 9.435

TT5W25 12.360 3.113 4,519 11.140

Intensity evolution (%) +17.50 -8.95 -18.04 +88.18
TT10W5 12.045 3.410 6.257 7.121

TT10W10 12.508 3.307 6.430 7.909

TT10Wy TT10W15 12.836 3.232 6.223 9.294

TT10W20 13.429 3.233 6.172 10.783
TT10W25 14.531 3.528 5.690 13.591

Intensity evolution (%) +20.64 +3.44 -9.05 +90.86
TT15W5 14.215 3.290 7.362 8.149

TT15W10 14.592 3.243 7.172 9.337

TT15Wy TT15W15 15.209 3.357 7.134 11.011

TT15W20 15.887 3.427 6.978 12.923
TT15W25 16.578 3.610 6.928 15.102
Intensity evolution (%) +16.62 +9.72 -5.90 +85.32

Table 1V.5. Decomposition results of bands E-H at the Raman spectra of TTXWYy glasses.

Regarding the TeOz-rich network, the evolution of the normalized intensities of bands E-G
suggests a minor structural modification of the glass network since the bands F and G seem to
be unaffected upon adding WOz3. The band E shows a moderate increase of its normalized
intensity that might be due to a slightly increasing number of nearly symmetric Te-O-Te
bridges. Given the relatively insignificant modification of the crosslinked network of Te-O-Te
bridges, and in agreement with the forthcoming discussion on WOs effect, we assign the
increasing intensity of bands I and J (attributed to vibrations of Te—O and W-O bonds) to an
increase of W-O-W bridges as in y-WQOz3. Since these two bands are highly interactive via
overlapping, we intentionally omitted their compositional evolutions from Table IV.5 and Fig.
IV.11. Increasing W-O-W bridges in the glass network upon adding WOg3 is also responsible
for the broadening of the band H (assigned to asymmetric stretching vibrations in asymmetric
Te—O-Te bridges) observed in Fig. IV.10, and which results in the increase of its normalized
intensity (Fig. IV.11). It is important to recall that the band H is inserted as a fully unconstrained
band, and therefore, increasing its width to correctly fit the observed broadening is expected to
result in a normalized intensity increase. The involvement of W—O-W bridges in the band H
makes it complicated to interpret the evolution of its normalized intensity upon adding WOs,

which is, therefore, disregarded in this work.

Mohammed Reda ZAKI | PhD thesis | Université de Limoges | 2018 123

(@) 5Y-NC-ND | mE|



Let us now consider the Raman bands D, K, L and M associated with distorted WOs octahedra.
The normalized intensity decrease of the bands D, L and M upon increasing WO3 content
implies that less and less short W—O bonds (shorter than ~1.80 A) exist in the network. In other
words, less and less uniformly dispersed WOs octahedra are directly connected to the glass
network. In fact, the normalized intensity increase of the band K suggests an increase of the
number of corner-sharing WOs octahedra as in y-WO3 (also supported by Sekiya et al. [103] in
TeO2-WO3 glasses). Therefore, it seems that the intensity increase of the large shoulder within
the ~660-820 cm™ range (cf. Fig. IV.10) arises from vibrating W—O-W bridges in the
continuously growing WOz-like regions upon increasing WO3 content. It is important to recall
that within this wavenumber range, symmetric and asymmetric stretching vibrational modes of
W-O-W bridges are expected in the y-WOs phase at around 715 and 820 cm* respectively (cf.
Raman spectrum in Fig. 1V.9). Moreover, the weak intensity increase in the 200-300 cm* range
is probably due to bending vibrational modes of WOs octahedra as observed in y-WO3 [101].
These findings are in agreement with the X-ray photoelectron spectroscopy (XPS) results [105]
that show a decrease of O1s binding energy in (100-x)TeO2-xWO3 glasses from x = 5 to 30
mol.%, indicating that oxide ions are more likely to participate within the glass network as

bridging ones.

Concerning the evolution of the band A (boson peak), the position of its maximum intensity
insignificantly red-shifts accompanied with an intensity decrease with addition of TiO2 or WO3
contents (cf. Fig. IV.8 and Fig. 1V.9). According to previous works [168,171], this evolution of
boson peak’s position and intensity could suggest a crosslinking density increase in the glass
network at the medium-range scale. This behavior is in agreement with the continuous increase

of the glass transition temperature upon adding TiO2 or WOsa.

Since the same compositional evolutions of structural features as revealed by Raman
spectroscopy are observed upon increasing WO3z content at different TiO2 contents with no
further emerging bands (Fig. 1V.9), it seems unlikely that Ti—-O-W bridges participate in the
crosslinking within the glass network.

From the above discussion, we argue that unlike the peculiar structural effect of TiO2 promoting
a phase separation within the amorphous glass network, the incorporation of WO3 results in
uniformly dispersed (throughout the glass network) WQOs octahedra which tend to form
amorphous WOzs-like regions before ending with crystallized y-WO3 at 30 mol.%. This might
explain why the addition of TiO2 and WOs results in relatively moderate thermal stabilities of

TTxWy glasses and relatively limited glass-forming domain.
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IV.4.3.1. The W®* local environment peculiarity

To the best of our knowledge, the fact that has never been brought to light in the literature is
the identical structural behavior of tungsten polyhedra in various glass-forming systems. The
supporting evidence for this statement is based on the comparison of reported experimental
results obtained by Raman and X-ray absorption spectroscopies on WOs-containing glasses in
the following glass-forming systems: B2Os-, P2Os- and TeO»-based systems. Upon adding
WQ3, all of these systems tend to share common vibrational properties as revealed by Raman
spectroscopy: the same vibrational modes specific to tungsten polyhedra are recorded at around
360, 860 and 930 cm™ in B,Os- (Fig. 2 in [211]), P2Os- (Fig. 4 in [212]) and TeO,- (Fig. 1 in
[103]) based systems. Using the X-ray absorption near edge structure (XANES), W®* cations
are found in distorted octahedral coordination environments in both P2Os- (Fig. 1 in [212]) and
TeO2- (Fig. 5 in [105]) based systems.

It is important to note that, given the fundamental difference among the cations (B**, P> and
Te*"), one would rather expect a set of variable coordination environments around W®"* cations
within the glass networks of each of these systems. According to Dietzel’s field strength theory
[20,213] (cf. Chapter I1), P>* cations have the highest field strength (FS) among all of the glass-
forming cations with a value of 2.164; those specific to B3* and Te** cations are 1.622 and 0.990
respectively. As for the “modifier” W cation, its field strength (1.578) leaves the door open
for a wide range of possible structural configurations within the respective glass networks of
each of those systems. However, despite the significant difference of the field strengths among
B%*, P5* and Te** glass-forming cations, W®* cations seem to exhibit identical structural features
in each of the B20s-, P.Os- and TeO»-based glasses. This suggests that the responsible factor
behind this particular behavior might be related to the intrinsic properties of W®* cations, and
particularly their high out-of-center distortion tendency that leads to the observed (by XANES)
distorted coordination environments. In fact, the bond network of nearest neighbors to
octahedrally-coordinaetd d° transition-metal cations is tightly correlated with the degree of such
distortions [214].

Taking all the above into consideration, we suggest the following hypothesis regarding the
common structural properties of W®* cations in the various glass-forming systems. In the same
manner as in TTxWYy glasses, the networks of B20s-, P20s- and TeO-based glasses feature
uniformly distributed WOs octahedra which tend to interconnect via corner-sharing and thereby
forming WOg-like regions especially at high WO3 contents.
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IVV.5. Linear and nonlinear optical properties of TeO,-TiO2>-WO3 glasses

In the following, we report the linear and nonlinear optical properties measured from double
side polished glass pellets in the TeO>-TiO2-WOs system. The set of optical parameters and

characterization techniques used here are introduced in section 111.3.5.
IV.5.1. Linear optical properties of TeO2-TiO2-WOs glasses

IV.5.1.1. Refractive index, optical band gap and Urbach energies by UV-Vis-NIR optical

transmission

IVV.5.1.1.1. Refractive index from the optical transmission spectra

By means of UV-Vis-NIR spectroscopy, we have recorded the optical transmission spectra of
TTxWYy glass pellets (1.44-1.47 mm in thickness) over a wide wavelength range extending from
300 to 3300 nm (cf. Fig. IV.12). The optical transmission spectra of 14 out of 15 glass samples
show a transparency over 75% in the 800-2600 nm range. Only the sample TT15W25 showed
a markedly lower transparency of ~68% in this region. This can be related to its peculiar
composition (richest in both TiO> and WOs3 oxides) at the boundary of the glass-forming
domain. The large absorption band onsetting at ~2800 nm is recorded in all of the samples. It
corresponds to the stretching mode of bound hydroxyl groups (R-OH), and both symmetric and

asymmetric stretching modes of H.O molecules [215].

As shown in the plots of the three sets of glasses (Fig. 1V.12), there is no clear transmission
evolution (in the 800-2600 nm range) as a function of the glass composition. In fact, the
transmission percentage is neither enhanced nor reduced upon adding WO3 but it rather slightly
fluctuates within a relatively narrow range of less than 1.5%. This is also the case with
increasing TiO2 content (see e.g., TTXWS5 glasses in Fig. 1V.13).

The refractive indices were extracted from the optical transmission data at A = 1.5 um using the
following equation: T = 2n/(n®+1). The refractive indices (nis) are listed in Table 1V.6. In
general, the results suggest a practically constant behavior of the refractive index upon adding
either TiO2 or WOs with high values ranging approximately from ~2.10 to ~2.15. This is in
agreement with literature as the refractive indices of bulk glasses belonging to three ternary
WO3-containing TeOz-based systems (containing each TiO2, Nb2Os and Ta20s) [109] also lie
within the previous range. It should be stressed that this equation slightly underestimates the
refractive index value since the multiple reflections of light are neglected and most of the

reflection is considered to occur at the two air/glass interfaces (Fresnel reflection).
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Fig. IV.12. UV-Vis-NIR optical transmission spectra of TTxWy glasses. Insets: (a) zoom-in plots of
the UV absorption edge; (b) compositional dependence of the refractive index nis extracted at 1.5 pm.
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Fig. IV.13. UV-Vis-NIR optical transmission spectra of TTxW5 glasses. Insets for TTxXW5: (a) zoom-
in plot of the UV absorption edge; (b) compositional dependence of ny s index extracted at 1.5 pm.

SEEE + 8.1510 Mo E 90%\2/3 Euo.(gc\)/z)

TT5W5 2132 2.195 + 0.015 2.880 0.105
TT5W10 2.127 2.188 + 0.011 2.842 0.105
TT5W15 2122 2.186 + 0.027 2.789 0.106
TT5W20 2.141 2.173 £ 0.019 2.764 0.105
TT5W25 2.118 2.191 + 0.020 2.744 0.107
TT10WS5 2112 2.185 + 0.030 2.843 0.100
TT10W10 2.123 2.197 + 0.014 2.812 0.103
TT10W15 2.128 2.182 + 0.024 2.776 0.103
TT10W20 2.133 2191 + 0.013 2.758 0.103
TT10W25 2.134 2.190 + 0.018 2.736 0.108
TT15W5 2.120 2.198 + 0.024 2.826 0.096
TT15W10 2.140 2.198 + 0.012 2.800 0.102
TT15W15 2.113 2.206 + 0.015 2.782 0.100
TT15W20 2.116 2.196 + 0.023 2.761 0.103
TT15W25 — 2.199 + 0.011 2.758 0.100

Table 1V.6. Refractive indices n1s and n«, optical band gap Eg and Urbach Ey energies of TTxWy
glasses.

The UV absorption edge red-shifts from 410-420 nm and across approximately 15-25 nm with
increasing WOs content (in TT5Wy, TT10Wy and TT15Wy glasses, cf. Fig. 1V.12(a)) implying
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a gradual decrease of the optical band gap energy Eg. Likewise, a minor red-shift is observed
from 410 to 420 nm upon adding TiO2 in TTXW5 glasses (Fig. 1VV.13(a)). The color evolution
of glass samples (described in section 1V.2) is in agreement with the detected red-shifts of the

absorption edge.

IVV.5.1.1.2. Optical band gap energy Eq

We have extracted the optical band gap energy Eq4 for all TTXWYy glasses from their respective
UV absorption edges. Based on the wavelength-dependence of the approximate absorption
coefficient (cf. Fig. IV.14(a)), we plotted (ahv)” versus the incident photon energy hv, which is
commonly known as Tauc plot, to estimate Eg (Fig. IV.14(b)). The Eg values lie in the range of
2.73-2.88 eV (cf. Table 1V.6).

Decreasing Eq upon adding WOs in different TeO»-based systems has been previously reported
[216,217]. In agreement with literature, a slight decrease of Eg in TTXWYy glasses is recorded
upon increasing WO3z content, namely from 5 mol.% (2.88 eV in TT5W5) to 25 mol.% (2.74 eV
in TT5W25). Upon adding TiO2, Eg tends towards a marginal decrease in WOsz-poor

compositions (TTxXWS5) and seems to remain constant in WO3-rich ones (TTXW25).
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Fig. IV.14. (a) Evolution of the approximate absorption coefficient as a function of the incident
wavelength in TTxWy glasses; (b) Tauc plot for the optical band gap energy E4 derived from the
absorption coefficient.
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1V.5.1.1.3. Urbach energy Eu

We also have extracted the Urbach energy Eu values. As explained in more details in section
111.3.5.1.2, Ey is characteristic of the width of the band-tails at the top of the valence band and
the bottom of the conduction band, thus estimating the density of localized states. A highly
disordered glass network features a higher density of localized states in the band gap and thus
having a high Euy value. The Ey value is obtained from the inverse of the slope of the straight

line by plotting In(a) against hv (cf. Fig. 1VV.15).

T T T 7 ;', J o T T T e }"
oy f?r y
47 [« TTBWS AL 41 [« TT10WS o 3.-"!
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TT5W25 y TT10W25

In(a) (cm™)
In (o) (cm™)

0.100+0.002 eV
0.103+0.002 eV
0.103+0.002 eV

0.105:0.002 eV 1
0.105:0.002 eV

0.106+0.002 eV EU

EU

-1 T T T T -1 T T T
22 24 26 28 3.0 22 24 26 28 3.0

Photon energy (eV) Photon energy (eV)

44 [« TT15W5 o /f.
* TT15W10 S
4 TT15W15 £
31 TT15W20
TT15W25

In (o) (cm™)

0.096+0.002 eV
0.102+0.002 eV

E, | 0.100£0.002 ev

. . . . . .
2.2 2.4 2.6 2.8 3.0
Photon energy (eV)

Fig. IV.15. Plots of In(a) versus hv for Urbach energy Ey determination of TTxWYy glasses.

For TTXWYy glasses, the Eu values are gathered in Table IV.6 and lie in the range 0.096—
0.108 eV. Ey is found to remain globally stable with increasing WOz content (~0.106 eV in
TT5Wy glasses). However, a slight decrease is observed upon adding TiO> at constant WOs
content (for instance from 0.105 to 0.096 eV in TTxXWS5 glasses). Ghribi et al. [98] recently
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reported the same behavior in (100-x-y) TeO2-xTiO2-yZnO glasses, namely decreasing Ey from
0.105eV (at x =5and y = 15) to 0.097 eV (at x = 10 and y = 15). It is also worth mentioning
that our estimated Euy values are very close to those reported in literature for WOz3-containing
TeO»-based glasses [109] of approximately 0.100 eV. Therefore, it can be argued that adding
TiO> to the TeO»-rich network does not induce any significant structural modification of the
glass network but instead, considering the compositional dependence of Evy, its incorporation
might slightly “lessen” the average structural disorder. In this connection, it is important to
recall that upon adding TiO2, we found the glass-forming ability to be substantially reduced due

to the crystallization of rutile TiO2 in TT20Wy samples.

IVV.5.1.2. Refractive index dispersion by spectroscopic ellipsometry

From the refractive index dispersion curves of TTxWy glasses (Fig. 1V.16) measured by
spectroscopic ellipsometry, we derived the refractive indices n. (cf. Table 1V.6) extrapolated to

infinite wavelength using Sellmeier’s dispersion formula as described in section 111.3.5.2.2.

The dependence of n, on TiO2 content suggests a steady evolution from an average value of
~2.19 in TT5WYy to 2.20 in TT15WYy glasses with the highest value (n» = 2.21) recorded from
the TT15W15 composition. Adding WOz results in a steady behavior with an average value of
~2.19 in TTXWS5 and TTxW25. A similar steady evolution of refractive indices is observed in
binary TeO-TiO2 and TeO2-WOs glasses [129] with n = 2.211-2.226 from 5 to 15 mol.% upon
adding TiO2 and n=2.211-2.219 from 10 to 30 mol.% upon adding WOs respectively.
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Fig. IV.16. Refractive index dispersion of TTxWYy glasses. Each dispersion curve corresponds to the
average of three measured from different spots on the same glass sample. Insets: compositional

dependence of the refractive index n...
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Kim et al. [157] have measured the wavelength-dispersion of the refractive index of pure TeO>
glass from 486.1 nm to 1000 nm using spectroscopic ellipsometry. Using the reported data (cf.
Table I. in [157]), we estimated the n. value using Sellmeier’s equation (Fig. I1V.17) for the
sake of consistency when comparing the linear optical response from TeO> glass to that of the
studied glasses in this work. The obtained n. value of 2.113 is slightly smaller (by ~4%) than
the average n. of 2.19 from TTxWYy glasses.

The refractive index of pure SiO2 glass was also reported by Kim et al.; it has a value of 1.439
(at A= 1900 nm). Thus, the average n. for TTxWYy glasses (2.19) is ~52.4% higher than that of
SiO; glass.

m  Pure TeO, glass — data from Kim et al. (1993)
—— Fit using Sellmeier's equation

2.24 1

2.22 1

2.20

2.18

Refractive index n

2.16

2.14

T T T T T T T T T T T
500 600 700 800 900 1000
Wavelength (nm)

Fig. IV.17. Refractive index dispersion of pure TeO- glass (data extracted from [157] and fitted using
Sellmeier’s equation).

It is very important to stress that the n.. values reported here are quite high in comparison to
other binary or ternary systems (e.g., less than 2.100! in TeO,-TiO2-ZnO glasses [98]) where
the structural depolymerization occurs upon modifying the TeO.-based glass network.
Moreover, the refractive index of TeO-based glasses tends to decrease upon this transformation
(e.g., in alkali-modified systems as shown in Table 1V.7) which is clearly not the case here for
TTxWy glasses upon adding TiO2 and WOz.

1 Also obtained by spectroscopic ellipsometry at & = 1450 nm.
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Authors (100-x) TeO2-xMyO system x (mol.%) Refractive index n
15.0 2.079
. 20.0 2.039
(100-x)TeO2-xLi,0O 250 199
Honma et al. 30.0 1.951
[218] 10.0 2.092
12.5 2.068
(100-x) TeO2-xNa,O 15.0 5042
20.0 1.988
49 2.110
9.4 2.050
(100-x)TeO2-xK20 12.9 2.005
o 15.6 1.964
Dimitrov and 173 1.925
K‘E;'ES“ 101 2.130
20.0 2.080
(100-x)TeO2-xZnO 30.0 2.030
40.0 1.982
45.0 1.954

Table 1V.7. Evolution of the refractive index in TeO»-based glasses where the transformation of TeOs
units into TeO3 ones takes place.

From optical transmission and ellipsometric measurements, the refractive index remains
practically constant upon adding TiO2 and WOz. This behavior is coherent with the results of
the structural analysis (cf. section 1V.4) that incorporating TiO2 or WO3 in the TeO2-rich

network does not markedly alter the inherent structural features of Te—O-Te bridges.

IVV.5.1.3. Bond network nature from the dispersion energy and electronic polarizability

By applying the single-effective-oscillator model of Wemple and DiDomenico [179] to the
refractive index dispersion data (cf. section 111.3.5.1.3), we extracted optical constants that are

closely connected with the bond network nature.

By plotting 1/(n?-1) as a function of (hv)? and fitting a straight line (Fig. 1V.18(a)), oscillator
parameters Eq4 (dispersion energy) and Eo (single oscillator energy) can be determined. In fact,
Eq was found to obey the following empirical relationship in more than 100 ionic and covalent
crystals [178]: Eq = B Nc Za Ne. Where B parameter approaches 0.26 + 0.04 eV and 0.37 + 0.05
eV in ionic and covalent crystals respectively, N¢ is the coordination number of the cation, Z,

the absolute charge number of the anion and Ne the total number of valence electrons per anion.
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Since the overall glass network structure (especially that of TeO.-rich network) is only slightly

altered upon adding TiO2 or WOz (section 1V.4), we consider the short-range N parameter in

TTxWYy glasses to be slightly increasing upon substituting TeO> with TiO> or WO3 since

globally, Te*" cations are four-fold coordinated while Ti** and W®* cations are six-fold

coordinated.

The Eq and Eo values lie in the range 26.11-30.37 eV and 6.93-7.99 eV respectively (Table
IV.8). The evolutions of the two parameters Eq and Eo with increasing WOz and TiO2 contents
are plotted in Fig. 1V.18(b) and Fig. 1V.19 for TT5Wy and TTxWS5 glasses.

Sample Eq (eV) Eo (eV) aoz- (Eg-based) (A%

TT5W5 30.371£1.116 7.992 £0.126 1.593 £0.048
TT5W10 28.523 + 1.355 7.556 £ 0.169 1.653 £ 0.053
TT5W15 28.792 £ 3.164 7.667 £0.233 1.727 £ 0.047
TT5W20 27.230 £ 2.289 7.360 £ 0.156 1.807 £ 0.052
TT5W25 28.669 + 2.066 7.599+£0.174 1.810 £ 0.055
TT10W5 27.583 £ 2.798 7.354 £0.190 1.564 £ 0.047
TT10W10 29.545 + 1.137 7.763 £0.132 1.682 £ 0.060
TT10W15 27.333 £ 2.545 7.317 £0.189 1.731 £ 0.055
TT10W20 26.519 + 0.851 7.022 £ 0.095 1.777 £ 0.066
TT10W25 26.106 + 1.138 6.927 £ 0.090 1.823 £ 0.046
TT15W5 26.851 £ 1.673 7.067 £0.119 1.669 £ 0.045
TT15W10 26.659 + 1.169 7.025+£0.115 1.717 £ 0.040
TT15W15 27.027 £0.834 7.048 £0.081 1.750 £ 0.046
TT15W20 27.132 £2.321 7.143 £0.162 1.797 £0.035
TT15W25 26.604 + 0.809 6.987 £ 0.080 1.813 £ 0.032
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Fig. IV.19. Evolution of oscillator parameters Eq and Eo upon adding TiO, in TTXWS5.

Both Eq and Eo are found to show an overall decrease with increasing TiO2 and WO3 contents.
From the above equation, it is rational to assign this trend to a decreasing 3 parameter. Hence,
we suggest that this evolution is associated with an ionic character amplification of the glass
network, which can simply be supported by the expected ionicity increase upon substituting Te

with Ti and W transition metals.

Following the polarizability approach developed by Dimitrov and Komatsu [183] described in
section 111.3.5.1.4, we calculated aop- for TTXWYy glasses (Table IV.8). The values are
comprised between 0o2-min) = 1.56 A% and 0i02-max) = 1.82 A3, It is found that upon adding WO3
from 5 to 25 mol.%, ooz- slightly increases from ~1.6 to ~1.8 A3 (cf. Fig. IV.20) while remaining
practically constant with addition of TiO>. This slight increase of ao2- values might indicate that

the overall glass network becomes slightly more “polarized”, and a little more ionic in nature.
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Fig. IV.20. Compositional dependence of the Eg-based oo- polarizability.

IV.5.2. Nonlinear optical properties of TeO2-TiO2-WOs3 glasses

As described in section 111.3.5.3, the third-order nonlinear optical susceptibilities ¥ have been
derived from the measured transmittance curves by the Z-scan technique and using equations
that involve several parameters such as those related to the laser source, samples’ dimension,
reference sample data, etc. The extracted ¥ values for TTxWy glasses (listed in Table 1V.9)
were normalized to the figure of merit of the reference sample that is silica SiO2 glass which is
the most commonly considered model. We consider the y®sio2 value of 1.5 *104 esu reported

by Milam [191] as explained in further detail in section 111.3.5.3.

First of all, it is important to stress that the extracted y® values for TTxWy glasses are very
high (x®min = 5.81 *102 esu and ¥®max = 7.97 *10°2 esu) with an average of 7.03 *10° esu
which is ~46.9 times higher than the reported x® for SiO> glass and only 1.07 times lower than
that of TeO; glass (7.54 *102 esu, adjusted from the reported 14.1 *102 esu by Kim et al.
[157]).
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Sample Normalized Re(x®) (esu)

TT5W5 6.35+ 1.45*10"®
TT5W10 6.63 +1.84 *10'13
TT5W15 5.81+1.33*101
TT5W20 6.28 +1.39 *10®
TT5W25 7.01+£1.95*101
TT10W5 6.51+1.61*10%®
TT10W10 7.14 +1.83 *101®
TT10W15 7.09+1.77 *10®
TT10W20 7.10+1.83*10"®
TT10W25 7.66 +2.17 *10®
TT15W5 6.74 + 1.62 *10®
TT15W10 7.92 +1.88*1013
TT15W15 7.46 +1.95*1013
TT15W20 7.97 +2.12*10"1®
TT15W25 7.77 +£2.00 *103

Table 1V.9. Normalized ¥® values of TTxWy glasses.

The evolutions of ¥® values with addition of WO3 and TiO; are plotted in Fig. 1V.21. With
such significant error bars of ~25% in average, it seems that ¥® remains practically constant in
all compositions. This is particularly the case when analyzing the sets of data with increasing

WOz content (Fig. 1V.21(a)). On the other hand, it appears that there is a slight upward trend

upon increasing TiO2 content (Fig. 1V.21(b)).
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Fig. IV.21. Compositional dependence of normalized ¥ values as a function of (a) WO;3 and (b) TiO;

contents.
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To assess the evolution of ¥ as a function of TiO, and WO; contents, we have calculated the
average values for each set of TTxWYy glasses with either TiO2 or WOz constant. These values
are listed below in Table 1V.10.

Set of samples Normalized Re(x®) (esu)
TT5Wy 6.42 + 1.59 *10*®
TT10Wy 7.10 +1.84 *10®
TT15Wy 7.57 +1.91 *10"®
TTxXW5 6.44 +1.56 *10%3
TTxW10 7.23+1.85*101%3
TTxW15 6.79 + 1.68 *10%3
TTXW20 7.12 +1.78 *10*®
TTXW25 7.48 +2.04 *10®

Table 1V.10. Calculated average x® values of TTxWYy glasses.

As mentioned earlier, adding TiO2 seems to contribute positively on the nonlinear response of
TTxWy glasses. In fact, the average value of ¥ increases by ~18% from 6.42 + 1.59 *1013
esu in TT5Wy to 7.57 + 1.91 *10% esu in TT15Wy. It is worthwhile to mention that in binary
(100-x) TeO,-xTiO2 glasses, the ¥ value increased by ~17% from x = 5 mol.% (7.59*107%3
esu) to 15 mol.% (8.88*10° esu) [41].

The average ¥ values also suggest that adding WOs results in an increase of the nonlinear
response by ~15% from 6.44 + 1.56 *107*® esu in TTXWS5 to 7.48 + 2.04 *10%3 esu in TTXW25.
Again, this is in agreement with the evolution in binary (100-x)TeO2-xXWOs3 glasses where an
increase by 12% was recorded from x = 10 mol.% (7.59 *1072 esu) to 30 mol.% (8.50 *10°3
esu) [41].

We assign the positive contributions to the nonlinear susceptibility x® upon adding TiO. and
WOs (illustrated in Fig. 1V.22) to (i) the possible influence of empty d orbitals of Ti* and W®*
cations through virtual electronic transitions from the filled valence band to the empty d- band
as reported by Lines [43], and (ii) to the slight structural modifications induced by adding either
TiO2 or WOs to the TeO»-rich network (cf. section 1V.4.) and thus conserving the original Te—

O-Te bridges contributing to the high nonlinear optical performance.

Our suggested structural effect of TiO2 within the glass network, i.e., phase separation into

amorphous TeO»-rich and amorphous TiO.-rich regions (of few nanometers) is also in
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agreement with the evolution of the nonlinear response of TTxWYy glasses upon adding TiOa.
In other words, the presence of such networks of Ti—-O-Ti bridges and unaltered Te—O—Te ones
could successfully explain these observations. In fact, using the degenerate three-wave mixing
technique, Adair et al. [220] reported the linear and nonlinear refractive indices of a large set
of compounds including some transition-metal oxides such as TiO2. The latter was found to
exhibit the highest nonlinear refractive index n, with a value of 55.8 *10*® esu which is over
49 times greater than that of SiO> (quartz) and two times higher than that of ZnO crystal (cf.
Table 1V in [220]).
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Fig. IV.22. Evolution of normalized ¥® in TTxWy glasses as a function of TeO, content.

In general, compared to other ternary TeO»-based glass systems such as the recently studied
TeO2-TiO2-ZnO glasses by Ghribi et al. [53,98], our TTXWYy glasses exhibit higher third-order
nonlinear susceptibilities y®, namely ~1.7 higher in average. Moreover, no matter the chosen
Isioz reference value to obtain @ for TTxWy glasses Table IV.9, the latter exhibit values that
are at least 3.3 times higher than those of TeO2-MO-R20 (M = Zn, Mg and R = Li, Na, K)
glasses reported by Castro-Beltran et al. [221], and where the fitting of transmittance curves
was used to obtain the nonlinear refractive index instead of normalizing using a reference

sample.
Globally, the nonlinear optical performance of TTxWYy glasses is in quite good agreement with

the structural interpretation established in section IV.4 which suggests only slight modifications
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of the glass network upon substituting TeO> with either TiO, or WOz3. Besides, the slight
increase of ¥® upon adding TiO, agrees with the central role of TiO, in maintaining the original
TeO2-based framework in TeO2-based glasses as previously reported by many others.

IV.6. Discussion and concluding remarks

New TeO»-based glasses have been prepared and investigated within the ternary (100-x-
y)TeO2-xTiO2-yWO3 system. Density, thermal, structural and optical properties of the prepared
glasses have been measured and analyzed as a function of TiO, and WO3 contents. The glass-
forming domain in this system incorporates fifteen compositions and extends from x =5 to 15
mol.% in TiO2 and from y = 5 to 25 mol.% in WOs. The prepared TTxWYy glasses exhibit
moderate thermal stabilities (ATmin)=31°C and ATmax =57 °C) and glass transition
temperatures that increase with addition of either TiO2 or WO3 (Tgminy=328 °C and
Tgmax) = 426 °C).

Interestingly, coherent correlations have been established between the structural features of

TTxWYy glasses and their measured optical (linear and nonlinear) properties.

The structural properties of TTxXWYy glasses were examined using Raman spectroscopy to
highlight the structural roles and effects of adding TiO2 and WO3 on the short- to medium-range
structure. We report the following structural trends:

e Globally, only minor structural modifications are taking place upon adding TiO> or
WOs3, (i) indicating that TTxWYy glasses collectively share common features of the pure
TeO: glass network and (ii) suggesting the absence of Te-O-Te bond network

depolymerization (i.e., the absence of induced transformation of TeO4 into TeOs units).

e Upon adding TiO2, we argue that a phase separation occurs between amorphous TeO»-
network and amorphous “rutile-like” TiO.-rich regions (assumed to be of a nanometric
size) in binary TTx and ternary TTxWy glasses, thus explaining the limited glass-
forming domain to only 15 mol.%. Therefore, it seems unlikely that hybrid Te-O-Ti
bridges build the bond network in these glasses. This idea of phase separation is also
supported by the application of Dietzel’s cationic field strength on the binary TeO»-TiO>

system.

e Upon adding WO3, we argue that (i) only a minor change affects the crosslinked
network of Te—O-Te bridges; (ii) at low WO3 contents, uniformly dispersed WOs
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octahedra exist in the glass network; and (iii) at higher WO3 contents, amorphous WO3-
like regions continuously grow before the crystallization of y-WO3 at 30 mol.% of WOs.
Let us recall that Sekiya et al. [103] have suggested the same scenario for TeO2-WO3

glasses.

These glasses possess high linear refractive indices with an average of ~2.19 (Nw(min) = 2.17 and
Neo(max) = 2.21) that remain practically constant upon adding TiO2 or WOs. The evolution of the
dispersion energy suggests a slight increase of the network’s ionicity upon substituting TeO2
with TiO2 and WOs, which is in agreement with the observed slight increase of the electronic

oxide ion polarizability.

The third-order nonlinear susceptibilities ¥ of TTxWy glasses were measured using the Z-
scan technique. The extracted x® responses are remarkably high, i.e., with an average of
7.03 *10°13 esu that is ~46.9 times stronger than the reported ¥ for conventional SiO> glass.
The obtained results show that continuous addition of TiO. and WOz might contribute
positively to the nonlinear response with an increase of ¥® by ~18% from TT5Wy (6.42
+1.59 *10 esu) to TT15Wy (7.57+1.91 *10%3 esu), and by ~15% from TTxWS5
(6.44 + 1.56 *102% esu) to TTXW25 (7.48 + 2.04 *10°%3 esu). Generally, the extracted y values
are higher than those reported for other TeO.-based systems especially the ones where the

structural depolymerization takes place (e.g., ZnO- or alkali-containing glasses).

As a perspective, we would suggest to (i) examine the evolving bond network nature of the
investigated glasses by deriving the splitting of the longitudinal optical and transverse optical
(LO-TO) modes by means of infrared reflectance spectroscopy, (ii) probe the existence of the
phase-separated “rutile-like” TiO2-rich regions using cryogenic transmission electron
microscopy and (iii) examine the origins of the positive contribution of TiO: to the nonlinear
susceptibility ¥® in the framework of the structural model proposed in this work. In other
words, it would be interesting to reveal to which extent the presence of nanosized amorphous
TiOo-rich regions in the glass network improves the nonlinear response of TiO2-containing
TeO»-based glasses.

In the next chapter, we approach, in the same spirit, the glass-forming domain exploration and
study of the structural and optical properties of the ternary TeO2-NbO2s5-WO3 glasses

accommodating NbO2 s instead of TiOx.
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Chapter V. Synthesis, thermal, structural and optical
properties of new glasses within the TeO2-NbO25-WOs3 system

V.1. Introduction

Following the same investigation approach of glasses reported in the previous chapter, we
examine a second ternary TeO»-based system containing NbO2s and WOz oxides. Aside from
a handful of structural and optical investigations on specific glass compositions [109,128,129],
there is, to the best of our knowledge, no reported systematic study on the TeO2-NbO25-WO3
glassy system (cf. section 1.5.4.2 for more details on the previous works).

In this chapter, we report the obtained glass-forming domain within the TeO2-NbO25-WO3
system and the measured properties from the prepared glasses, namely, their densities, thermal

characteristics, structural and optical (linear and nonlinear) properties.

V.2. Glass-forming domain determination

We have examined the glass-forming domain within the (100-x-y)TeO2-xNbO25-yWO3 system
(TNXWYy) under the experimental conditions outlined in section I11.2.3. The amorphous nature
of TNxWy samples was analyzed using XRD to elucidate the glass-forming domain given in
Fig. V.1(a). The longest compositional lines extend from x =5 to 25 mol.% in NbO25s and y =
5to 25 mol.% in WOs. In total, seventeen melt compositions have yielded transparent yellowish
glasses that shifted to honey-brown with increasing WO3s molar content and remained

practically unchanged upon adding NbO2 s (cf. Fig. V.1(b)).

Using X-ray powder diffraction, we detected the presence of WO2s3 (or WeO17) crystals
[222,223] in partially crystallized TNxW30 samples (Fig. V.2). This compound has been
detected previously from TT15W15 upon heating (cf. section 1V.3.2). At relatively high NbO2 5
content, crystals of NbeTeO17 [119] (cf. section 1.5.3.1) are detected in TN15W25, TN20W15,
TN25W10 and TN30WS5 samples.
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Fig. V.1. Glass-forming domain obtained in the (100-x-y) TeO2-xNbO2s-yWO; system (labeled
TNxWY) surrounded by the yellow frame. Blue and green colored squares and spots correspond to
partially crystallized samples in WO;s3; and NbsTeO;17 respectively. (b) Photograph of the obtained

glass pellets in their polished state.

The prepared samples were systematically analyzed by EDS in order to check their chemical
compositions. This technique provides only an approximate quantitative analysis. The results
(cf. Table V.1) show that the experimental glass compositions are generally in good agreement
with the theoretical ones with the exception of some sample compositions such as TN5W5,
TN5W25 and TN10W?25 where relatively strong differences can be noticed.
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Fig. V.2. X-ray diffraction patterns of the prepared TNxWy samples.

Sl Theoretical composition (mol.%) MIEEBUIREE io?r%gslr(tyloon (TR,
TeO, Nb02,5 WO3 TeO, Nb02_5 WO3

TN5W5 90 5 5 87 3 10
TN10W5 85 10 5 86 6 8
TN15W5 80 15 5 82 10 8
TN20W5 75 20 5 78 14 8
TN25W5 70 25 5 74 18 8
TN5W10 85 5 10 85 3 12
TN10W10 80 10 10 79 7 14
TN15W10 75 15 10 77 11 12
TN20W10 70 20 10 73 13 14
TN5W15 80 5 15 78 3 19
TN10W15 75 10 15 75 7 18
TN15W15 70 15 15 71 10 19
TN5W20 75 5 20 73 3 24
TN10W20 70 10 20 70 6 24
TN15W20 65 15 20 66 9 25
TN5W25 70 5 25 65 2 33
TN10W25 65 10 25 62 6 32

Table V.1. Comparison between the expected and measured TNxWYy glass compositions.
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V.3. Physical properties of TeO2-NbO25-WOs3 glasses

V.3.1. Density and molar volume

Using helium pycnometry, we have measured the densities of TNxWYy glasses and extracted
molar volumes for each composition by considering their theoretical molar masses. The
obtained values are jointly listed in Table V.2.

Sample Density (g.cm™) Molar volume (cm3.mol?)

TN5W5 4.667 + 0.007 34.68 = 0.06
TN10W5 4.870 £ 0.003 32.97 £ 0.06
TN15W5 4.815 + 0.004 33.06 £ 0.06
TN20W5 4,723 £ 0.005 33.42 £ 0.06
TN25W5 4,508 + 0.014 34.72£0.10
TN5W10 4,777 £ 0.004 34.64 £ 0.06
TN10W10 4,928 + 0.006 33.31+0.06
TN15W10 4.871 + 0.007 33.43+0.06
TN20W10 4.837 + 0.006 33.38 £ 0.06
TN5W15 4,993 + 0.004 33.87 £ 0.06
TN10W15 5.010 £ 0.014 33.49+0.12
TN15W15 4,962 + 0.005 33.54 £ 0.06
TN5W20 5.052 = 0.002 34.19 £ 0.06
TN10W20 5.061 = 0.007 33.86 = 0.06
TN15W20 4,928 + 0.002 34.50 £ 0.06
TN5W?25 5.153 = 0.006 34.22 £ 0.06
TN10W25 5.056 = 0.006 34.61 +0.06

Table V.2. Densities and molar volumes of TNxWYy glasses.

In general, the measured densities and molar volumes increase with WO3 and slightly decrease
with NbOzs. The density increase extent upon adding WO3 at constant NbO2s content varies
from one series of samples to the other. For instance, an increase by ~10% is recorded from
TN5WS5 (4.67 g.cm™) to TN5W25 (5.15 g.cm™®) and by ~4% from TN10WS5 (4.87 g.cm?) to
TN10W25 (5.06 g.cm). On the other hand, the density’s compositional dependence upon
adding NbO2.5 shows a peculiar behavior in TeO.-rich compositions as it first increases for
instance by ~4% from TN5W5 (4.67 g.cm™) to TN10WS5 (4.87 g.cm™®) before decreasing by
~7% to TN25W5 (4.51 g.cm™) as emphasized in Fig. V.3. This unexpected behavior in the
TeO»-richest compositions could be explained by their positions at the boundary of the glass-

forming domain.
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Fig. V.3. Density evolution of TNxWy glasses as a function NbO2 s content.

It can be argued that the compositional dependence of density follows the additive density rule:
densities of raw oxides NbOzs, TeO, and WOs are respectively 4.55, 6.13 and 7.16 g.cm™,
Thus, we assign the glass density increase upon adding WOs to the higher molar mass of WO3
(231.8 g.mol™t) compared to that of TeO (159.6 g.mol™?); and the decrease upon adding NbO2 5

from 10 to 25 mol.% to its lower molar mass of 132.9 g.mol™.

V.3.2. Thermal characteristics

The thermal properties of TNxWYy glasses were measured by DSC in order to evaluate the
compositional dependence of their glass transition temperatures Tq and thermal stabilities AT.

The analyzed glass samples were in powdered form and weighing ~20 mg.

As shown in Table V.3 and Fig. V.4, Tq increases linearly upon adding either NbO..5 or WOs3
(Tg(min) = 333 °C and Tg(max) = 403 °C). It increases by ~21% from TN5WS5 (333 °C) to TN25W5
(403 °C) and by ~15% from TN5WS5 to TN5W25 (381 °C). We assign the Tg increase to the
fact that W—O and Nb—-O bonds have higher dissociation energies compared to Te—O bonds,
namely, 720, 726.5 and 377 kJ.mol™ respectively [194].
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Sample Tgi( 1c:) Toi(lc) ATi(1C)

TN5WS5 333 393 60
TN1OWS5 348 397 49
TN15W5 366 432 66
TN20WS5 382 452 70
TN25W5 403 448 45
TN5W10 346 407 61
TNIOW10 | 362 414 52
TNI5W10 | 378 445 67
TN20W10 | 397 456 59
TN5W15 360 429 69
TN1OW15 | 374 428 54
TNI5SW15 | 387 447 60
TN5W20 370 426 56
TNIOW20 | 386 451 65
TN15W20 | 389 445 56
TN5W25 381 436 55
TN1OW25 | 393 462 69

Table V.3. Thermal characteristics of TNxWYy glasses measured by DSC.

The thermal stabilities AT of TNxWYy glasses (Table V.3) are relatively low with ATmin =45 °C

and ATmax = 70 °C. It appears that adding NbO2s or WOz does not significantly improve AT

from one TNXWYy composition to another. Having an average AT of ~60 °C, these glasses are

more stable against devitrification compared to TTxWYy glasses (section 1V.3.2) which have an

average AT of 44 °C.

By comparison, the thermal stabilities of TNxW5 samples are relatively lower than those

reported for binary TeO2-NbO: 5 glasses with values ranging between ~43 and ~98 °C according

to Blanchandin et al. [114]. However, by ignoring the weak first exothermic events after Tq on
the DSC curves of TN5W5, TN15W5 and TN20W5 samples (cf. Fig. VV.4), one could rather
assign higher thermal stabilities exceeding 100 °C to these compositions. This also applies to
other compositions such as TN5W10 and TN15W10.
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As previously outlined in section 1.5.3, Blanchandin et al. [114] investigated the equilibrium
and non-equilibrium phase diagram of the binary (100-x)TeO2-xNbO25 system. Using high-
temperature X-ray diffraction, they identified the crystallizing phases from the binary glasses
withx =2.5,5, 7.5, 10, 12.5, 15, 20 and 25 mol.%. The recorded sequence of exothermic peaks
from their DSC curves (cf. Fig. 3 in [114]) is in relatively good agreement with our ternary
TNXWS5 glasses (Fig. V.4(a)); whereas, the exothermic peaks of the latter are broader probably
due to a more disordered glass network, manifested by the presence of additional W-O
coordination polyhedra. Therefore, the crystallizing phases in TNxXW5 glasses can be safely
assigned in agreement with those crystallizing from binary (100-x)TeO2-xNbO2 5 glasses, i.e.,
d-, v- and a-TeO2 and then Nb>Te4O13 depending on the NbO2 5 content. For example, the 6-
TeO, phase which is the first to appear upon heating TeO»-rich compositions is likely to
crystallize from TN5W5 and TN10WS5 samples explaining thus the large number of exothermic
events (compared to TNXW5 with x = 15, 20 and 25).

Identifying the crystallization temperature and nature of tungsten oxide(s) (e.g., y-WOz and/or
WO:g3) solely from the DSC curves is a challenging task due to notable peak overlapping of
the recorded exothermic events; however, such pieces of information can be obtained by

performing high-temperature X-ray diffraction measurements on the glass samples.

V.4. Structural properties of TeO2-NbO25-WO3 glasses

V.4.1. Background and state-of-the-art

It is accepted among the previous investigators that adding NbOzs leads to the structural
depolymerization (transformation of TeOs disphenoids into TeOs trigonal pyramids via the
formation of intermediate TeOs+1 units) [108,121,125]. According to Berthereau et al. [121],
the predominant units in binary (100-x) TeO2-xNbO25 (x = 9.5, 18.2, 26.1, 33.4 mol.% 1) glasses
are TeO4 and TeOs+1 and the proportion of the latter increases upon adding NbO> s as revealed
by their extended X-ray absorption fine structure (EXAFS) measurements.

Hoppe et al. [120] investigated the structure of (100-x)TeO2-xNbO25 (x = 11.4, 18.2 and 30.5
mol.%) glasses by neutron and X-ray diffraction techniques. By determining the local
environments around Te and Nb atoms via the fitting of the first-neighbor peaks, the authors
argued that a structural transition from network-modifying (for x < 18.2 mol.%) to network-

1 Converted from original molar concentrations in Nb,Os to enable comparison with TNxWYy glasses.
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forming behavior (for x > 18.2 mol.%) takes place upon adding NbO- s with the formation of
Nb—O—Nb bridges.

By investigating the structure of (100-x)TeO2-xNbO25 (x = 9.5, 18.2, 26.1, 33.4 and 40 mol.%)
glasses using Raman spectroscopy, Soulis et al. [94] argued that the amorphous networks

contain three types of linkages, namely Te—-O-Te, Te-O—-Nb and Nb—O—Nb bridges.

Finally, two more recent studies by Lin et al. [125] and Kaur et al. [108] agree with the
previously described role of NbO2s in reducing the connectivity of Te—O—Te bond network by

transforming the TeO4 units into TeO3 ones.

V.4.2. Structural effect of adding NbO2s

In the following, we closely examine the Raman spectra to interpret the structural trends in
TNxWy glasses as a function of NbO2 5 content (at constant WOz content). To do so, we analyze
the evolution of the parameters of each band based on the spectral decomposition results (cf.

section 111.3.4.3. for details on the decomposition process).

The recorded spectra from TNxWYy glasses are jointly presented in Fig. V.5. Since the same
structural evolutions are observed from TNxW5, TNxW10, TNxW15, TNxW20 and TNxW25
samples, we suggest to focus on the set of TNxXW5 for the sake of simplicity (Fig. V.6). At first
glance, one can notice the important change in the ~535-725 cm™ range with a noticeable
intensity increase of the bands G and H from TN5WS5 to TN25WS5. Slight increasing of Raman
intensity is observed within ~200-400 cm™ and ~850-950 cm™ regions. On the other hand, in
the low-wavenumber region (< 100 cm™), an intensity decrease of the boson peak is recorded
along with an insignificant red-shift of ~6 cm™ from TN5WS5 to TN25WS5.

We assign in Table V.4 the observed Raman bands to their corresponding vibrational modes.
The assignment origin of the bands associated with vibrations of Te—O and W-0O bonds is the
same as in section 1V.4.3; that of the bands associated with bonds involving Nb—O bonds,
namely, Te—-O—Nb (band E), Te—O— — —Nb (bands G-H), Nb—O—-Nb (bands G—H) and shortest
Nb-O (band M) linkages is based on the vibrational properties of Nb2TesO13, Nb,Tez011 and

H-Nb2Os crystalline phases (cf. section 1.5.3.1 for their Raman spectra analysis).
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Fig. V.5. Evolution of total-area averaged VH-polarized Raman spectra of TNxWYy glasses as a
function of NbO2 s content. The Raman spectrum of H-Nb2Os is reproduced from Fig. 34 in [94].
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correspond to the inserted bands for spectral decomposition. Inset: zoom of the region 375-540 cm™.
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Inserted Wavemflm o Raman band assignments
band (cm™)
A 36.0 — 39.8 e The boson peak, ascribed to an excess density of vibrational states [168].
B 146.9 (fixed) | e Intra-chain vibrations of Te—Te bonds (as in amorphous t-Te) [169].
C 243.6 (fixed) | e Bending vibrations of WOs octahedra (as in y-WQO3) [101].
D 351 (fixed) e Bending vibrations of distorted WOs octahedra [101].
e Symmetric stretching vibrations in nearly symmetric Te-O-Te
. bridges (as in y-TeO,) [63,64].
E 425 (fixed) . L . .
e Symmetric stretching vibrations of Te—O—Nb bridges (as in Nb>TesO13 and
Nb,Tez011 [94]).
F 497.3 - 522 e Symmetric stretching vibrations in Te—-O-Te bridges [63,64].
e Asymmetric stretching vibrations in nearly symmetric Te-O-Te
bridges (as in y-TeO,) [63,64].
G 607 (fixed) e Stretching vibrations of highly asymmetric and almost terminal
Te—O———Nb linkages [94].
e Stretching vibrations of Nb—O in Nb—O—Nb bridges (as in H-Nb.Os [94]).
e Asymmetric stretching vibrations in asymmetric Te—-O-Te bridges
[63,64].
H 658.8 —661.1 | e Stretching vibrations of highly asymmetric and almost terminal
Te—O———Nb linkages [94].
e Stretching vibrations of Nb—O in Nb—O—Nb bridges (as in H-Nb.Os [94]).
e Asymmetric stretching vibrations in asymmetric Te—-O-Te bridges
| 715 (fixed) [63,64].
e Symmetric stretching vibrations in W—O-W bridges (as in y-WOs3) [101].
J 772 (fixed) e Asymmetric stretching of essentially covalent Te—qO bonds [63,64].
820 (fixed) e Asymmetric stretching vibrations in W—O-W bridges (as in y-WO3) [101].
L 852.3 - 845.9 | e Stretching vibrations of W-O bonds in W—O-W bridges.
e Asymmetric stretching vibrations of W-O bonds [101].
M 920.4 — 898.5

Stretching vibrations of the shortest Nb—O bonds [94].

Table V.4. Wavenumbers and vibrational assignments of the inserted bands. Raman bands arising
from TeO; network and their assignments are highlighted in bold typeface. In the spectral
decomposition process, the wavenumbers of A, F, H, L and M bands were unconstrained and are given

herein as wavenumber ranges from the set of TNxXWS5 glasses with increasing x.

The obtained decomposition results, namely, the wavenumber, width and intensity of each

inserted band, were used to calculate the bands’ areas for each decomposed Raman spectrum.

Then, the normalized intensity of each band is calculated by dividing the band area by the molar

concentration(s) of the oxide(s) of which the constituent ionic species are responsible for that

vibration (cf. Table V.4 for the assignments). We have calculated the normalized intensities of
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bands E, G and H by dividing their areas by the sum of TeO2 and NbO2s molar contents; those
of bands F, I and J by dividing their areas by TeO> content. The compositional dependence of
the normalized intensities in TNXWS5 glasses is plotted in Fig. VV.7. Similar band evolutions are
observed in other sets of TNxWy samples at constant WO3 content and increasing NbOzs

content.
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Fig. V.7. Compositional dependence of the normalized intensities of inserted bands for spectral
decomposition of TNxWS5 glasses (at constant WO; content).

Let us now focus on the decomposition results as a function of NbO2 s content from the mid- to

high-wavenumber range 400-1000 cm™.
e In the 400-550 cm™ region:

As can be seen in the inset of Fig. V.6, the intensities of the two bands E and F seem to evolve
in opposite directions. It can be seen from Fig. V.7 that while the normalized intensity of band
E slightly increases by ~10%, the band F remains practically constant. The same steady
evolution of band F which, unlike band E, is solely due to Te-O-Te bridges was observed in
TTxWy glasses upon adding WO3 from 5 to 25 mol.% (cf. Fig. IVV.11). Taking into account the
compositional evolutions of the two bands E and F, we argue that continuous adding of NbO2 5
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results in an increase of the number of Te-O-Nb and/or nearly symmetric Te-O-Te

bridges (as in y-TeO2).
e Inthe 550-800 cm™ region:

The normalized intensities of bands G and H increase by ~20% and ~45% respectively upon
adding NbO2 5 (Fig. V.7). To appropriately interpret the structural trend based on the evolution
of these two bands, it is important to consider the shape of the corresponding Raman band
(within the range of 535-725 cm, cf. Fig. V.5). A simple visual analysis indicates that its
intensity increases upon adding NbO-.s with no apparent band shift. From the viewpoint of the
TeOz-rich network in TNXWS5 glasses, the fact that this large band does not red-shift might
renounce any significant structural depolymerization. In the opposite case, i.e., when a weak
modifier cation such as TI* is incorporated within the TeO»-rich network, a significant red-shift
of this band is observed due to the simultaneous intensity decrease of the Raman band assigned
to Te—O bond vibrations in TeO4 units and increase of the one assigned to Te—O bond vibrations
in TeOz units (cf. Fig. 1.5). It is important to note that the stretching vibrations of Nb—-O-Nb
bridges are also observed in the 535-725 cm™ range (cf. Raman spectrum of H-Nb2Os in Fig.
V.5). Regarding the evolutions of bands | and J, their normalized intensities show marginal and
stronger upward (increase by ~23%) trends respectively (Fig. V.7). Therefore, we argue that
the evolution of bands G-J probably suggests both a slight structural depolymerization of
the Te-O-Te bond network and increasing number of Te-O-Nb and/or Nb—-O-Nb
bridges.

It is relevant to assess the evolution of Raman band ratios corresponding to the two ultimate
TeOs and TeOs structural units. In this spirit, Ghribi et al. [98] suggested to gauge the
depolymerization extent (ratio of TeOs/TeQOs) as a function of ZnO content in TeO2-TiO2-ZnO
glasses by calculating the following ratio of normalized intensities: (In + I)/(lc + I + 1;) where
the numerator holds the sum of intensity relative to bands due to stretching vibrations of Te-O
in TeOs units, and denominator to those in TeO4 units. We have calculated this ratio in TNxW5
glasses and the obtained results are illustrated in Fig. V.8. It is important to stress that the ratio
values do not quantitatively reflect the ratio of TeO3z/TeO4 but rather a qualitative evolution.
This can be explained by the following reasons:

e The Raman intensity is proportional to both the number of vibrating entities and the
extent of the polarizability change.
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e It is complicated to sharply distinguish TeO3z from TeOs+1 and TeOs units as there are
no clear-cut boundaries due to a large panel of slightly distinct intermediate units

demonstrating broad distributions of Te—O bond lengths.
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Fig. V.8. Evolution of the ratio (In + 1})/(Ic + In + 15) in TNXWS5 glasses. Inset: evolution of the same
ratio in (95-y)TeO.-5TiO2-yZnO glasses as a function of ZnO content as reported by Ghribi et al. [98].

The observed increase of the ratio (In + I})/(Ic + I + 13) in TNXWS5 glasses might indicate a
slight transformation of TeO4 into TeOs structural units. It is important to emphasize that this
ratio increase in our TNxWS5 glasses (by 4.4% from 10 to 25 mol.% NbO2s) is twice weaker
than in (95-y)TeO2-5TiO2-yZnO glasses upon adding ZnO from 10 to 25 mol.% (cf. inset in
Fig. V.8). This suggests that the structural effect of NbOas in depolymerizing the Te-O-Te
bond network of TNxWS5 glasses is weaker than that of ZnO; and very likely much weaker than
the influence of alkali or alkaline-earth oxides which strongly induce the structural
depolymerization of TeOs units into TeOs ones. Therefore, it can be argued that NbO2s has
only a weak depolymerizing effect on the TeOz-rich network by transforming TeOas into
TeOs+1 and TeOs units.

From the evolution of the Nb—O-Nb bond network, it seems that NbO.s demonstrates a
relatively close structural behavior as WO3 in a way that increasing its content from 5 to 25
mol.% results in an increase of the number of NbO2.s-rich regions until the crystallization of

NbeTeO17 at 30 mol.% of NbO2 5. As expressed in section 1.5.3.1, the structure of this compound
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has not been resolved yet; however, given the high NbO25:TeO: ratio (6:1), one can predict the
predominant contribution of Nb—O—NDb bridges in its crystal lattice. This shifting behavior of
NbO25 from a network modifier towards a network former as manifested by the presence of
NbO2s-rich regions is in agreement with the obtained results from binary TeO,-NbO2 s glasses
by Hoppe et al. [120].

e Inthe 800-1000 cm region:

It should be noted that the intensity of the shoulder centered at ~880 cm™ (cf. Fig. V.5) which is
due to stretching vibrations of the shortest (terminal) Nb—O bonds increases but very
moderately with NbO- 5. This means that its expected normalized intensity must rather decrease
since adding twice more NbO- s (e.g., from 5 to 10 mol.%) does not yield twice more intense
response in this region. This suggests that less and less terminal Nb—-O bonds exist at the
expense of Nb-O-Nb (bands G and H) and Te-O-Nb (band E) bridges. This is in total
agreement with the previously discussed evolution of these two varieties of bridges, i.e., their
number increase upon adding NbO..s. We omitted in Fig. V.7 the evolution of the normalized
intensity of this shoulder centered at ~880 cm™ for the two following reasons: (i) the shoulder
is strongly overlapping with the surrounding bands L and M, and (ii) due to the influence of the
band M (also due to the asymmetric stretching vibrations of W-O bonds) of which the
normalized intensity changes as a function of the molar ratio of TeO, to WO3 (cf. section 1V.4).
It is important though to keep in mind that the existence of terminal Nb—O bonds within the
glass network demonstrates the weak depolymerizing effect of NbO2s. In other words, not all
O? anions of NbO2 5 are being transferred to the Te—-O—Te bond network to induce the structural
depolymerization, but instead, according to Dietzel’s field strength theory (cf. Chapter Il for
more details), the Nb>* cations with a relatively high cationic field strength of 1.263 (compared
to 0.990 for Te**) form strong bonds with O% ions.

To sum up on the structural effect of NbOz:s, it can be suggested that it is simultaneously
manifested by (i) the weak structural depolymerization of Te-O-Te bond network and (ii) the

existence of NbO..s-rich regions upon adding NbO2s.

V.4.3. Structural effect of adding WO3: Comparison between TNW and TTW systems

The recorded Raman spectra of TNxWYy glasses with increasing WOz content are presented in
Fig. V.9. Similar intensity evolutions (upon adding WO3) are observed at different NbO2.5
contents. In comparison with TTxXWy glasses, the Raman spectral evolution as a function of
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WOz content is identical when comparing, for example, the TT5Wy and TN5WYy sets of glasses
(cf. Fig. V.10); however as expected, there are some differences in terms of Raman intensities
especially in the low- to mid-wavenumber region (~15-550 cm™). These discrepancies are
essentially due to distinct structural effects of TiO2 (in TT5Wy) and NbO- 5 (in TN5WYy) on the

short- to medium-range structure of the overall glass network.

‘—TNXWS mmm TNXW10 == TNXW15 TNxW20 TNxW25
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Fig. V.9. Evolution of total-area averaged VH-polarized Raman spectra of TNxWYy glasses as a
function of WO3 content. The Raman spectrum of y-WOs is reproduced from Fig. 2 in [101].
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Fig. V.10. Comparison between the spectra of TT5Wy and TN5WY glasses at different WO; contents.

To closely analyze the structural trends as a function of WO3 content in TNxWYy glasses, we
have examined the evolution of the decomposed bands’ normalized intensities. The obtained
results for TN5WYy glasses are given below in Fig. VV.11. Close tendencies are observed in other
TNXWYy sets of glasses (at constant NbO>.5) with increasing WO3 content (cf. Table V.5).

T T T T
Band E (425 cm™) | |—m—Band D (351 cm™)
Band F (~502 cm™) | |—@— Band K (820 cm™)

T
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Fig. V.11. Compositional dependence of the normalized intensities of inserted bands for spectral
decomposition of TN5Wy glasses.
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Raman band normalized intensity

SR S/ Band E BandF | Band G | Band H
TN5W5 9.709 3.088 5.682 5.474

TN5W10 9.796 3.100 5.483 6.205

TN5WYy TN5W15 10.066 2.995 5.375 7.114

TN5W20 10.363 2.933 5.181 8.356
TN5W25 10.923 2.870 5.139 9.626
Intensity evolution (%) +12.51 -7.06 -9.56 +75.84
TN10W5 9.960 2.791 5.951 6.039
TN10W10 10.127 2.719 5.805 6.866
TN10Wy TN10W15 10.420 2.712 5.792 7.904
TN10W20 10.830 2.642 5.781 9.086
TN10W25 11.270 2.646 5.821 10.438
Intensity evolution (%) +13.15 -5.21 -2.18 +72.83
TN15W5 9.981 2.907 6.240 6.626
TN15W10 10.207 2.873 6.213 7.547
TN15W15 10.441 2.973 6.268 8.624
TN15W20 10.570 2.785 6.185 9.721
Intensity evolution (%) +5.90 -4.19 -0.89 +46.73
TN20W5 10.359 2.717 6.537 7.282

TN15Wy

TN20Wy TN20W10 10.560 2.739 6.617 8.254
Intensity evolution (%) +1.94 +0.80 +1.22 +13.36
TN25Wy \ TN25W5 10.676 2.708 6.797 7.938

Table V.5. Decomposition results of bands E-H at the Raman spectra of TNxWYy glasses.

The evolutions of the normalized intensities of bands E-G suggest a minor structural
modification of the bond network of TNxWYy glasses (Fig. V.11) which is in agreement with
TTxWy glasses (cf. section 1V.4.3). While the bands F and G remain practically constant upon
adding WOg, the band E shows a slight increase of its normalized intensity that might be
associated with a slightly increasing number of nearly symmetric Te-O-Te bridges. As
previously highlighted in the section 1V.4.3, the increasing normalized intensity of the band H
(assigned to asymmetric stretching vibrations in asymmetric Te—O—Te bridges) is the result of
its broadening due to a number increase of W—O-W bridges in the glass network upon adding
WO3 which complicates the interpretation of this band. The evolutions of the normalized
intensities of bands D and K-M are also in accord with those observed for TTxWYy glasses
suggesting again a progressively reducing number of uniformly dispersed WQOs octahedra at the
expense of WOs-rich regions with increasing WOs3 content.

Mohammed Reda ZAKI | PhD thesis | Université de Limoges | 2018 161

(@) 5Y-NC-ND | mE|



V.5. Linear and nonlinear optical properties of TeO.-NbO25-WO3 glasses

In the following, we report and discuss the linear and nonlinear optical properties recorded from
double side polished glass pellets in the TeO>-NbO2s5-WO3 system. The set of optical
parameters and characterization techniques mentioned here are introduced in section 111.3.5.

V.5.1. Linear optical properties of TeO2-NbO25-WOs3 glasses

V.5.1.1. Refractive index, optical band gap and Urbach energies by UV-Vis-NIR optical

transmission

V.5.1.1.1. Refractive index from the optical transmission spectra

We recorded the optical transmission spectra from TNxWYy glass pellets (1.44-1.47 mm in
thickness) over a wide wavelength range extending from 300 to 3300 nm (cf. Fig. V.12). The
optical transmission spectra of 16 out of 17 glass samples show a transparency over 75% in the
800-2600 nm range. The exception is the sample TN5WS5 showing a slightly lower transparency
of ~73%, which might be due to its peculiar composition (richest in TeO) at the boundary of
the glass-forming domain. As for TTxWy glasses (cf. section 1V.5.1.1), the absorption band
onsetting at 2800 nm corresponds to the stretching mode of bound hydroxyl groups (R-OH),
and symmetric and asymmetric stretching modes of water molecules [215].

As shown in the plots of the five sets of glasses (Fig. V.12), there is no specific trend of the
optical transmission as a function of NbOs content. The transmission percentage is neither
enhanced nor reduced upon adding NbO:zs but it rather slightly fluctuates within a relatively

narrow range of less than 2%. This is also the case with increasing WO3 content (Fig. V.13).

The linear refractive indices were extracted from the optical transmission data at A = 1.5 pm
using the following equation: T = 2n/(n?+1). The refractive indices (n1.s) are listed in Table V.6.
Generally, the obtained results suggest a practically constant behavior of the refractive index
upon adding either NbO2 s or WO3s with high values ranging approximately from 2.06 to 2.12.
It should be stressed that because of the Fresnel reflection at the air-glass interface, the above
equation slightly underestimates the actual refractive index value, which will then be provided

from the ellipsometric measurements.
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Fig. V.12. UV-Vis-NIR optical transmission spectra of TNxWYy glasses. Insets: (a) zoom-in plot of the
UV absorption edge; (b) compositional dependence of the refractive index n. s extracted at 1.5 pm.
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Fig. V.13. UV-Vis-NIR optical transmission spectra of TN5WYy glasses. Insets: (a) zoom-in plot of the
UV absorption edge; (b) compositional dependence of the refractive index ni s extracted at 1.5 pum.

seimple £0.010 M Ego%\zlg Euo.(gglz)
TN5WS5 2116 2.142 % 0.008 2.920 0.114
TNIOWS 2.101 2.125 + 0.005 2.913 0.110
TNI5WS5 2.102 2.149 + 0.022 2.904 0.107
TN20WS5 2.104 2.129 + 0.019 2.897 0.106
TN25WS5 2,098 2.145 + 0.011 2.892 0.105
TN5W10 2.097 2.124 + 0.006 2.860 0.109
TN10W10 2.090 2134+ 0.024 2.855 0.107
TNI5W10 2116 2.127 % 0.019 2.850 0.104
TN20W10 2.064 2.149 + 0.008 2.847 0.104
TNSW15 2.089 2.132 % 0.006 2.832 0.108
TN10W15 2.057 2.140 + 0.011 2.827 0.107
TNI5W15 2114 2.124 + 0.008 2.822 0.105
TN5W20 2.107 2.128 * 0.006 2.802 0.108
TN10W20 2.095 2.116 + 0.008 2.800 0.106
TN15W20 2.107 2.138 + 0.012 2.796 0.107
TN5W25 2.100 2.136 + 0.023 2777 0.108
TN10W25 2.095 2.145 + 0.033 2.775 0.106

Table V.6. Refractive indices nis and n., optical band gap Eqy and Urbach Ey energies of TNxWy
glasses.

The UV absorption edge slightly red-shifts from 410-415 nm upon adding NbO2.5 in TNxXW5

glasses, and across narrower regions in WOz-rich compositions until it starts to marginally blue-
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shift in TNxW25 glasses (Fig. V.12) implying a gradual decrease of the optical band gap energy
Eg. Upon adding WO3 (for example in TN5WYy glasses, cf. Fig. VV.13), a stronger red-shift is
observed within a larger wavelength range (400-437 nm). The color evolution of glass samples

(described in section V.2) is in agreement with the detected red-shifts of the absorption edge.

We have also extracted both the optical band gap Eg and Urbach Eu energies for all TNxWy

glasses from their respective UV absorption edges.

V.5.1.1.2. Optical band gap energy Eq

Based on the wavelength-dependence of the approximate absorption coefficient o (Fig.
V.14(a)), we plotted (ahv)” versus the incident photon energy hv (commonly known as Tauc
plot) to estimate the E4 (Fig. V.14(b)). The Eq values lie in the range of 2.77-2.92 eV (cf. Table
V.6).

Adding NbO25 from 5 to 25 mol.% in TNxWS5 glasses results in a steady evolution of Eq from
2.92 eV to 2.89 eV. On the other hand, adding WO3 induces a slight decrease of 5% from
TN5WS5 (2.92 eV) to TN5W25 (2.78 eV). These evolutions of Eqg upon adding NbO25 and WO3
are in agreement with the literature on the TeO2-Nb20Os, TeO2-ZrO2-WO3 and TeO2-BaO-Nb20s
systems [123,216,217]. Similar to the effect of TiO2 in TTXWYy glasses, Eq seems to remain
fairly constant in WOz-rich ones (2.78 eV in TN5W25 and TN10W25).

V.5.1.1.3. Urbach energy Eu

The extracted values of Urbach energy Eu remained fairly stable (0.109 eV in TN5WYy glasses)
with increasing WOs content (Table V.6). However, a slight decrease (from 0.114 to 0.105 eV)
is observed upon adding NbO2.5 from TN5WS5 to TN25W5 (Fig. V.15(f)). Eu is characteristic
of the width of the band-tails thus estimating the density of localized states [175] (cf. section
111.3.5.1.2). A highly disordered glass network is characterized by a higher density of localized
states and thus having a high Eu value.
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Fig. V.14. (a) Evolution of the approximate absorption coefficient o as a function of the incident
wavelength in TNxWy glasses; (b) Tauc’s plot for the optical band gap derived from the absorption
coefficient.

It is worth mentioning that the estimated Euy values of TNxWYy are slightly higher than those
extracted for TTxWYy glasses (ranging between 0.104 and 0.114 eV vs. 0.096 and 0.108 eV
respectively). These values are very close to those reported in literature for NbO2s- and WOs-
containing TeO»-based glasses (ranging between 0.096 and 0.114 eV, see e.g., [109]).
Therefore, it can be argued that adding NbO..5, same as TiOz in TTXWYy glasses, might slightly
lessen the overall structural disorder of the glass network. However, this effect seems slightly
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stronger with TiO2 (inducing a decrease of Ey by ~9% from TT5WS5 to TT15WS5) than with
NbO:2 s (decrease by ~6% from TN5W5 to TN15W5).
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Fig. V.15. (a-e) Plots of In(a) versus hv for Urbach energy Eu determination of TNxWy glasses;
(f) evolution of Ey as a function of NbO; s content.
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V.5.1.2. Refractive index dispersion by spectroscopic ellipsometry

We have measured the wavelength-dispersion of the linear refractive index from TNxWYy glass
pellets (Fig. V.16) in the range of 350-830 nm, and derived the refractive indices n. (cf. Table
V.6) extrapolated to infinite wavelength using Sellmeier’s dispersion formula as described in
section 111.3.5.2.2,

Similar to the observed trend in TTxWYy glasses, the dependence of n., index on WO3 content
suggests a rather constant behavior (average value of 2.14 in TNxW5 and TNxW25). Moreover,
it seems that the refractive index remains practically constant upon adding NbOzs from an
average of 2.13 in TN5WYy glasses to 2.15 in TN25WYy (corresponding to the unique TN25W5
sample). A similar steady evolution of the refractive index in binary TeO2-NbO2s [129] is
observed with values of 2.214-2.216 upon adding NbO25 from 10 to 30 mol.%. With Nu(average)
of 2.134, these extracted n. for TNxXWy glasses are lower than those of TTxWy glasses
(Nw(average) OF 2.19), and ~3% lower than those reported for the binary glasses. It is very important
to stress that the n., values reported here are higher in comparison to other binary or ternary
systems (e.g., less than 2.100 in TeO2-TiO2-ZnO glasses [98]) where a more consequential

structural depolymerization occurs upon modifying the TeO,-based glass network.
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Fig. V.16. Refractive index dispersion of TNXWYy glasses. Each dispersion curve corresponds to the
average of three measured curves from different spots on the same glass sample. Insets: compositional
dependence of the refractive index.

V.5.1.3. Bond network nature from the dispersion energy and electronic polarizability

Using two models available in the literature, we have gathered more optical constants such as
the dispersion energy Eq and oxide ion polarizability ao- (Table V.7). It is interesting to
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evaluate how these optical constants evolve as a function of the glass composition to get further

insights into the short- to medium-range structure upon adding NbO2s and WOs.

Sample Ed (eV) Eo (eV) aoz- (Eg-based) (A%
TN5W5 28.221 £0.744 7.910 £0.105 2.002 £ 0.100
TN10W5 25.588 £ 0.320 7.332 £ 0.065 1.878 £ 0.090
TN15W5 25.911 + 1.743 7.213 +0.131 1.895 + 0.080
TN20W5 24,938 £ 1.212 7.097 £0.114 1.932 £0.085
TN25W5 25.716 + 0.677 7.188 + 0.076 2.023 £ 0.090
TN5W10 26.121 £0.304 7.477 £0.058 1.985 £ 0.065
TN10W10 25.666 + 1.975 7.269 +0.174 1.989 + 0.080
TN15W10 26.196 £ 1.232 7.485 £ 0.126 2.014 £0.070
TN20W10 25.824 + 0.321 7.179 £ 0.064 2.023 +£0.100
TN5W15 24.658 £ 0.331 7.004 £ 0.050 2.046 £ 0.060
TN10W15 25.739 £ 0.989 7.235+£0.116 2.031 +£0.060
TN15W15 23.905 £ 0.642 6.858 £ 0.093 2.050 = 0.065
TN5W20 24,927 + 0.268 7.113 £ 0.049 2.101 £ 0.060
TN10W20 25.882 + 0.539 7.488 £ 0.094 2.086 = 0.055
TN15W20 25.706 £ 1.031 7.244 £ 0.109 2.147 £ 0.055
TN5W25 25.599 + 1.613 7.234 £ 0.133 2.125+0.060
TN10W?25 27.089 £ 2.853 7.565 £ 0.231 2.165 £ 0.055

Table V.7. Optical constants of TNxWYy glasses.

The oscillator parameters Eq and Eo are obtained from the plots of 1/(n?-1) as a function of (hv)?
(Fig. V.17(a)) using the single-effective-oscillator model of Wemple and DiDomenico [179] as
explained in more details in section 111.3.5.1.3. As previously stated, E4 was found to obey the
following relationship in ionic and covalent crystals [178]: Eq =B N¢ Za Ne. Where B parameter
approaches 0.26 + 0.04 eV and 0.37 £ 0.05 eV in ionic and covalent crystals respectively, N¢ is
the coordination number of the cation, Z, the absolute charge number of the anion and Ne the

total number of valence electrons per anion.
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Fig. V.17. (a) Evolution of 1/(n?1) as a function of (hv)2 (b) Evolution of oscillator parameters Eq and
Eo upon adding WOs3 in TNXWS5 glasses.

The estimated Eq and Eo values lie in the range 23.91-28.22 eV and 6.86-7.91 eV respectively.
It appears that Eq slightly decreases in TNxWS5 glasses (cf. Fig. VV.17(b)) which might be related
to the following: (i) A slight decrease of the coordination number of Te*" cation upon adding
NbO:2s as a result of the transformation of TeO4 into TeOs+1 and TeOs units. This would be
connected to a slightly decreasing the coordination number N¢; however, at the same time,
adding NbOs would also contribute in increasing this parameter since Nb>* cations are six-
fold coordinated (versus four- or three-fold coordinated Te** cations). (ii) Increase of the bond
network’s ionicity when substituting TeO2 with NbO2s associated with a decreasing

parameter.

Based on the polarizability approach developed by Dimitrov and Komatsu [183], we calculated
the oxide ion polarizabilities aop- (cf. section 111.3.5.1.4). We found ao»- to increase upon adding
WO3 by ~6% from 2.002 to 2.125 A3 (Table V.7); adding NbOs is found to increase aoz- by
~8% from 1.878 A2 in TN10WS5 to 2.023 A% in TN25WS5 (cf. Fig. V.18). The extracted value
for TNSWS5 sample is higher than expected given that aoz- progressively increases with NbO2 s
from TN10WS5 to TN25WS5. This might be connected with the briefly discussed discrepancy in
section V.5.1.1.1.
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V.5.2. Nonlinear optical properties of TeO2-NbO25-WOs3 glasses

Using the Z-scan technique under the experimental conditions described in section 111.3.5.3, we
have derived the third-order nonlinear susceptibilities ¥ for the ternary TNxWy glasses (Table
V.8)) using Milam’s y®sioz value of 1.5 *10°* esu [191] as a reference. The TNXWYy glasses
exhibit ¥® values of 5.48 *10% esu in average (~29% lower than those in TTxWy glasses of
7.03 *10°3 esu in average). Nevertheless, it is important to note that the extracted ¥ values
are very high (x®¥min=4.75*10" esu and ¥®max =6.38 *1013 esu) with an average of
5.48 *10°12 esu which is ~37 times higher than the ¥® value of SiO2 glass (1.5 *102* esu [191])
and only ~1.4 times lower than that of TeO; glass (7.54 *10% esu [157]).

The compositional dependence of ¥ values as a function of NbO2s and WOs is given in Fig.
V.19. Their evolution upon adding NbO.s suggests a fairly constant behavior from
5.05 + 1.00 *10%3 esu in TN5WS5 t0 5.05 + 1.61 *10°%3 esu in TN25W5. Likewise, adding WO3
seems to maintain the x® values practically stable. This constant behavior with increasing WO3

content was observed in TTxWYy glasses as well (section 1V.5.2).
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Sample Normalized Re(3x®) (esu)

TN5W5 5.05+1.00 *10' 8
TN10W5 4.99+0.94 1013
TN15W5 5.66 +1.33 *10'®
TN20W5 6.24 +1.23 *10'3
TN25W5 5.05+1.61*10
TN5W10 5.33+1.17 *108
TN10W10 542 +1.16 *108
TN15W10 5.03 £1.05*108
TN20W10 6.38 +2.11 *10'3
TN5W15 5.62 +1.39 *10'13
TN10W15 482+1.11*10"
TN15W15 6.05+1.44 *10 3
TN5W20 4.75+0.95 *101®
TN10W20 5.27 +1.00 *10'13
TN15W20 540 +1.22 *1013
TN5W25 5.36 +1.23 *10'3
TN10W25 5.82 +1.05*101

Table V.8. Normalized ¥® values of TNxWy glasses.

To evaluate the x® dependence on the NbO,s and WOs contents, we calculated the average 5

values for each set of TNxWy glasses with either NbO2 s or WO3 constant (cf. Table V.9).

Set of samples Normalized Re(x®) (esu)
TN5SWy 522 £1.15*10%3
TN10WYy 5.26 + 1.05 *10*®
TN15Wy 5.54 +1.26 *1013
TN20Wy 6.31+1.67 *10*3
TN25Wy 5.05+1.61 *10*3
TNXW5 5.40 £1.22 *10*3
TNxW10 5.54 +1.37 *103
TNxW15 550 +1.31 *10*3
TNxW20 5.14 +1.06 *10*®
TNxW25 559 +1.14 *10:®

Table V.9. Calculated average yx® values of TNxWYy glasses.
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Fig. V.19. Evolution of normalized ¢ values as a function of (a) NbOs and (b) WO; contents.

It appears that adding NbO, 5 positively contributes to the ¥ in TNxWy glasses. In fact, the
average value of y® seems to increase by ~21% from 5.22 + 1.15 *10°* esu in TN5Wy to
6.31 + 1.67 *10°%3 esu in TN20WYy (cf. Table V.9). Such a positive contribution might be due
to an increase of Te—O—Nb and Nb—O—Nb bridges upon adding NbO- 5 as highlighted in section
V.4.2. The lower ® value of 5.05 + 1.61 *10™*® esu measured from TN25W5 sample might be
explained by its composition situated at the glass-forming boundary. It is worthwhile to mention
that the binary (100-x)TeO2-xNbO2 s glasses exhibit higher y® values ranging from 7.540 *10°
13 esu (x = 10 mol.%) to 9.037 *1023 esu (x = 30 mol.%) [41]. Moreover, a slight increase of
v® by ~4% is suggested upon adding WOs; from 5.40 +1.22 *10'% esu in TNXWS5 to
5.59 + 1.14 *10°3 esu in TNxW25 (Table V.9). This is in agreement with the evolution in both
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TTXxWy (from 6.44 + 1.56 *1023 in TTXWS5 to 7.48 + 2.04 *1071® in TTxW25) and binary (100-
X)TeO2-xWOj3 glasses (from 7.59 *10 2 esu at x = 10 mol.% to 8.50 *107 esu at x = 30 mol.%
[41]).

The overall evolution of the nonlinear response of TNxWYy glasses upon substituting TeO2 with
either NbO2s or WOs is shown in Fig. V.20. This positive contribution to the nonlinear
susceptibility ¥ could be explained by (i) the possible influence of empty d orbitals of each of
Nb®* and W®* cations via virtual electronic transitions to d-orbitals and to the conduction band
sp-orbitals as reported by Lines [43], and (ii) the slight structural modifications induced by
adding NbO2 5 and WOs to the TeO»-rich network. Nevertheless, it is very important to keep in
mind that these derived values are only approximate ¢ responses with significant error bars
of ~25% in average; thus, those discussed evolutions can also be considered as practically

steady.
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Fig. V.20. Evolution of normalized ¢® values as a function of TeO. content.

Generally, the evolution of the nonlinear optical performance of TNxWYy glasses is consistent
with the structural interpretations established in section V.4 suggesting that only relatively slight
modifications occur throughout the glass network with addition of either NbO2s or WOz. As
previously established, adding NbO- s induces only a slight network depolymerization towards

the TeOs+1 and TeOs units. Finally, the steady evolution of ¥ values upon adding NbO2s or
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WOz highly suggests the absence of any striking structural depolymerization of the Te-O-Te
bond network.

V.6. Discussion and concluding remarks

The glass-forming domain, density, thermal, structural and optical properties of (100-x-y)TeO»-
XNbO25-yWO3 glasses have been investigated and analyzed as a function of NbO25 and WO3
contents. The explored glass-forming domain holds seventeen compositions and extends from
X =5 t0 25 mol.% in NbO25 and y = 5 to 25 mol.% in WOs. The prepared TNxWYy glasses
exhibit moderate thermal stabilities (ATmin)= 45 °C and ATmax)= 70 °C) and glass transition
temperatures that increase with addition of either NbO2s or WO3 (Tgmin) =333 °C and
Tgmax) = 403 °C).

The average AT stabilities of TNxXWYy glasses are ~40% higher than those of TTxWYy (cf. section
IV.3.2). This improved thermal stability in the presence of NbO2s could be explained by the
active participation of NbOg octahedra in the Te—O—Te bond network (versus phase separation
of amorphous TiOz-rich regions in TTxWy glasses) as established from the Raman spectral

decomposition results reported in section V.4.2.
We report the following structural trends:

e The structural effect of incorporating NbOzs is demonstrated in both (i) a weak
structural depolymerization of the Te-O-Te bond network accompanied by an
increasing number of Te—~O—Nb and/or Nb—O-Nb bridges and (ii) existence of NbO2s-
rich regions upon continuous addition of NbOz s until the crystallization of NbsTeO17

compound which corresponds to a high NbO25:TeO: ratio of 6:1.

e Adding WOz results, at low WOs contents, in uniformly dispersed WOs octahedra
throughout the glass network, and at higher WO3 contents, in amorphous “WOs-rich”
regions that continuously grow prior to the crystallization of WO2g3 in TNxW30
samples. These trends are similar to those elucidated from TTxWYy glasses. This idea is
in agreement with the one proposed by Sekiya et al. [103] and recently highlighted in
the TeO,-TiO2-WO3 glassy system [192].

The revealed structural properties are consistently correlated to the measured optical (linear and
nonlinear) properties. The studied TNxWy glasses exhibit high linear refractive indices

(Noo(miny = 2.12 and Nnw(max) = 2.15) with an average n. of 2.13 which is ~1.5 times higher than the
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refractive index of SiO> glass and practically equal to that of TeO: glass. It is found that the
measured n. values remain practically constant upon adding either NbO2s or WOs. The
observed slight decrease of the dispersion energy upon adding NbO2.s might be connected with
(i) the slight decrease of the coordination number of Te** cation as a result of the weak structural
depolymerization (transformation of TeOs units into TeOs+1 and TeOsz ones), and (ii) an
increasing ionicity of the glass network upon substituting TeO. with transition-metal oxide
NbO25 (also suggested to be the case in TTxWYy glasses upon substituting TeO> with TiO2 and
WO0s).

The third-order nonlinear susceptibilities ¥ of TNxWYy glasses were measured by means of
the Z-scan setup. The extracted ¢® values are very high (x®min=4.75*10" esu and
Y®max = 6.38 *10°3 esu) with an average of 5.48 *10°2 esu that is ~37 times stronger than the
reported ¥ value for SiO; glass and only ~1.4 times lower than that of TeO> glass. Moreover,
they are found to remain practically steady with addition of NbO25 and WOs3: from TN5Wy
(5.22+1.15*108esu) to TN25Wy (5.05+1.61*10%esu), and from TNxXW5
(5.40 + 1.22 *10°%3 esu) to TNxW25 (5.59 + 1.14 *102 esu) respectively. Even though these
+® values are lower than those recorded from TTxWY glasses (average of 7.02 *10°3 esu), they
remain higher than those reported for other TeO.-based systems particularly those where a

significant structural depolymerization takes place (e.g., ZnO- or alkali-containing glasses).
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General conclusion

The present work represents a contribution to the structural description of TeO2-based
glasses via the Raman spectroscopic approach. The primary focus is laid on revealing the
structural and optical properties of new ternary glasses within the TeO2-TiO2-WOs3 and TeO»-
NbO.5-WO3 systems. We embarked upon investigating these systems for the following
reasons. In the literature, it is established that binary TeO,-TiO> glasses maintain the original
structural organization of pure TeO> glass and positively contribute to the linear and nonlinear
optical properties. Moreover, addition of WOz and/or NbO2 results in an improvement of
thermal and optical properties of TeO-based glasses.

In the perspective of providing fresh insights into the structural features of TeO-based
glasses, we applied the cationic field strength theory, one of the classical theories on glass
formation, to predict the structural behaviors in binary TeO»-based glasses based on the
criterion of the field strength difference AFS between the two constituent types of cations. A
number of 111 binary TeO.-MOy crystals and 31 binary TeOz-based glasses have been
considered in the framework of this study. Globally, these behaviors are found in good
agreement with the experimental works reported in the literature. One of the noteworthy results
obtained using this theoretical approach is the predicted phase separation in binary TeO,-TiO>

glasses into two pure phases: TeOz-rich and TiOz-rich networks.

We have prepared and examined new glasses in the form of pellets within the two ternary
TeO2-TiO2-WO3 (TTxWYy glasses with a total of fifteen compositions) and TeO2-NbO25-WO3
(TNxWy glasses with a total of seventeen compositions) systems. A special focus was dedicated
to the compositional-dependence of their structural and optical (linear and nonlinear) properties.
Interestingly, consistent correlations between the measured structural and optical properties are

established. The obtained insights are organized in the following illustration for both systems.

Mohammed Reda ZAKI | PhD thesis | Université de Limoges | 2018 178

(@) 5Y-NC-ND | mE|



m Chapter IV. Study of the ternary TeO,-TiO,-WO, glasses 15 samples

Linear (n) and nonlinear (x®) optical properties

Adding . | Adding
[ ] TiO, . wo,
. . x3
. P 5mol.% . P 5mol.%

Glass structure revealed
via Raman spectroscopy

‘ . P15 mol.% ™ P25 mol.%

less Symmetry of Te-O-Te more
-/ ¥

\
TeO,-rich network TiO,-rich regions ~ WO,-rich regions ~ NbQ, .rich regions  Dispersed WO, & NbO, octahedra

m Chapter V. Study of the ternary TeO -NbO, .-WO, glasses 17 samples

Acam Adany Linear (n) and nonlinear (x®) optical properties
° | NbO,, . wo,

° P 5mol.% . P 5mol.%

. p 25 mol.% ° b 25 mol.%

Glass structure revealed
via Raman spectroscopy

Using a Raman spectroscopic approach based on the full-scale spectral decomposition,
we elucidated the structural effects of adding TiO. and WO3 on the short- to medium-range

structure in TTXWYy glasses. The obtained results suggest the following structural trends:

e Globally, only minor structural modifications occur with addition of TiO2 or WOs. This
indicates that (i) these glasses commonly share features of the original TeO> glass
network and suggests (ii) the absence of any significant structural depolymerization of
the Te—O-Te bond network.

e Adding TiOz results essentially in a phase separation between amorphous TeO»-network
and amorphous “rutile-like” TiO2-rich regions (assumed to be of a nanometric size),
thus explaining the limited glass-forming domain to only 15 mol.%. Hence, it appears
unlikely that hybrid Te—O-Ti bridges construct the bond network in these glasses. This
idea of phase separation is also supported by the application of Dietzel’s cationic field
strength on the binary TeO»-TiO2 system. In a future work, we would like to confirm
the existence of such TiOz-rich regions using cryogenic transmission electron

microscopy.
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e Upon adding WO3, we argue that only a minor change affects the Te-O-Te bond
network. At low WOs content, uniformly dispersed WOs octahedra are expected to exist
in the glass network, and at a higher WO3 content, amorphous WOs-rich regions

continuously grow before the crystallization of y-WO3 at 30 mol.% in WOs.

The investigated TTxWYy glasses exhibit high linear refractive indices with an average of
~2.19 (Nw(min) = 2.17 and Nomax) = 2.21) that remain fairly constant with addition of TiO. or
WO:s. The estimated evolution of the dispersion energy supports a slight increase of the glass
network’s ionicity upon the substitution of TeO. with TiO2 and WOs, which is in agreement
with the moderate increase of the electronic oxide ion polarizability. The measured nonlinear
susceptibilities ¥ of TTxWy glasses are remarkably high, namely, with an average of
7.03 *10°13 esu that is ~46.9 times higher than the reported ¢ value for SiO; glass (1.5 *104
esu [191]). Furthermore, it seems that upon adding TiO2 and WOs, ¥ is slightly enhanced with
an increase by ~18% from TT5Wy (6.42 + 1.59 *103 esu) to TT15WYy (7.57 + 1.91 *103 esu)
and by ~15% from TTXWS5 (6.44 + 1.56 *10™ esu) to TTXW25 (7.48 + 2.04 *10°™ esu).

Along the same lines, we revealed the structural effects of adding NbO2 s and WO3 on the
short- to medium-range structural network in TNxWy glasses. The gained insights can be

summarized as follows:

e We argue that the influence of incorporating NbOzs is manifested in both (i) a weak
induced structural depolymerization of the Te—~O-Te bond network and (ii) occurrence
of NbO2s-rich regions with continuous addition of NbO.s until the crystallization of

NbsTeO17 compound which corresponds to a high NbO25:TeO ratio of 6:1.

e Adding WOs leads to (i) uniformly dispersed WQe octahedra throughout the glass
network (at low WOs contents), and (ii) amorphous “WOs-rich” regions (at higher WO3
contents). Such regions continuously grow until the crystallization of WO2.g3 in partially
crystallized TNxW30 samples. These structural trends are similar to those revealed from

TTXWYy glasses.

The prepared TNxWYy glasses also possess high linear refractive indices with an average
0f ~2.13 (Nu(min) = 2.12 and N.(max) = 2.15) that remain essentially constant upon adding NbO2 5
or WOz. The estimated slight decrease of the dispersion energy with addition of NbO2.5 might
be the result of (i) a slight decrease of the coordination number of Te*" cation due to the
transformation of TeO4 into TeOz+1 and TeOs units, and (ii) an increase of the bond network’s

ionicity when substituting TeO. with the transition-metal oxide NbO2s. Likewise, high
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nonlinear susceptibilities ¥ were recorded from TNxWy glasses with an average of 5.48 *1072
esu (slightly lower than TTxWy glasses) that is ~36.5 times stronger than the reported ¥ value
for SiO, glass. These ¥ values are found to remain practically steady with addition of NbO2s
and WOs: from TN5SWy (5.22 + 1.15 *10723 esu) to TN25Wy (5.05 + 1.61 *10°23 esu), and from
TNXWS5 (5.40 + 1.22 *10° esu) to TNxW25 (5.59 + 1.14 *10° esu) respectively.

Generally, the compositional-dependence of the linear and nonlinear optical properties of
TTxWy and TNxWYy glasses exhibits a practically steady behavior which agrees with the
established structural descriptions using Raman spectroscopy. Moreover, the extracted
values are higher than those reported for other TeO»-based systems especially the ones where a

strong structural depolymerization takes place (e.g., ZnO- or alkali-containing glasses).
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Synthése, structure et propriétés optiques de nouveaux verres a base d’oxyde de tellure
dans les systemes TeO2-TiO2-WOs3 and TeO2-NbO2,5-WO3

Ce travail est une contribution a la compréhension de la structure a courte et moyenne distance des
verres a base de TeO, via de nouveaux verres au sein des systémes TeO,-TiO-WO3 (TTxWYy) et TeO--
NbO.s5-WOs (TNxWY). De pertinentes corrélations sont révélées entre leurs propriétés structurales (en
utilisant la spectroscopie Raman) et optiques. Globalement, 1I’ajout de TiO2, WOs3 ou NbO25 n’engendre
aucune évolution structurale brutale. L’ajout de TiO- induit une séparation de phases entre les régions
amorphes riches en TiO, et le réseau riche en TeO,. Cette interprétation est en accord avec le
comportement structural prédit par la théorie de Dietzel sur la force de champ cationique. L’ajout de
WOs entraine I’apparition (i) d’octaédres WOs uniformément dispersés a travers le réseau des ponts Te—
O-Te (pour de faibles teneurs en WQOs) et (ii) de régions riches en WO; (pour des teneurs plus
importantes en WOs3). L’ajout de NbO.5 engendre (i) une faible dépolymérisation structurale du réseau
Te—O-Te et (ii) ’apparition des régions riches en NbO2s. Les verres étudiés sont dotés de forts indices
de réfraction linéaires (2.19 dans TTxWy et 2.13 dans TNxWy en moyenne) et de remarquables
susceptibilités non linéaires ¥ (7.03 *10* esu dans TTxWy et 5.48 *10*% esu dans TNxWy en
moyenne, i.e., ~47 et ~37 fois plus élevées que la valeur de ® du verre SiO,).

Mots-clés : verres a base de TeO- ; structure de verre ; propriétés optiques linéaires et non linéaires ;
spectroscopie Raman ; décomposition spectrale Raman ; théorie de force de champ cationique ;
transmission optique ; ellipsométrie spectroscopique.

Synthesis, structure and optical properties of new tellurium oxide-based glasses within
the TeO2-TiO2-WO3 and TeO2-NbO25-WO3 systems

In this work, we present a contribution to the understanding of the short- to medium-range structure of
TeO,-based glasses via new glasses within the TeO,-TiO,-WO3; (TTxWy) and TeO»-NbO5-WO3
(TNxWYy) systems. Consistent correlations are revealed between their structural (using Raman
spectroscopy) and optical properties. Globally, no striking structural evolutions take place upon adding
TiO2, WO3 or NbO,5. Adding TiO- results in a phase-separation between amorphous TiO,-rich regions
and TeOy-rich network, in harmony with the predicted structural behavior on the basis of Dietzel’s
cationic field strength theory. Adding WQOs; leads to (i) uniformly dispersed WQOs octahedra throughout
the Te—-O-Te network (at low WOs; contents) and (ii) amorphous WOgs-rich regions (at higher WO;
contents). Adding NbO- s engenders (i) a weak structural depolymerization of the Te—-O-Te network
and (ii) occurrence of NbO2s-rich regions. The investigated glasses exhibit high linear refractive indices
(averages of 2.19 in TTxWy and 2.13 in TNxWy) and remarkable nonlinear susceptibilities ©
(averages of 7.03 *101® esu in TTxWy and 5.48 *10%2 esu in TNxWYy, i.e., ~47 and ~37 times higher
than @ of SiO, glass).

Keywords: TeO;-based glasses; glass structure; linear and nonlinear optical properties; Raman
spectroscopy; full-scale Raman spectral decomposition; cationic field strength theory; optical
transmission; spectroscopic ellipsometry.
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