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Impacto potencial da pesquisa

Vidros com aplicacBes magneto-dpticas vem se tornando cada vez mais procurados por
pesquisadores e empresas, sendo uma promessa significativa para Vvarios avancos
tecnoldgicos, com impactos potenciais que abrangem diversos setores. Em primeiro
lugar, a exploragdo destes vidros pode impulsionar as tecnologias de comunicagéo. Os
rotadores Faraday, dispositivos que giram a polarizacdo da luz na presenca de um campo
magnético, sdo componentes integrais em sistemas de comunicacao optica. Ao melhorar
as propriedades magneto-6pticas dos vidros, os pesquisadores podem abrir caminho
para redes de comunicacao éptica mais eficientes e rapidas. Isto poderia levar a melhores
taxas de transmissao de dados, reducao de perdas de sinal e aumento de largura de banda,
atendendo a crescente demanda por comunicagdes mais rapidas e confiaveis. Também
tem implicagcGes profundas para o desenvolvimento de tecnologias de sensoriamento.
As propriedades magneto-Opticas desses vidros podem ser aproveitadas na criagdo de
sensores magnéticos/elétricos altamente sensiveis. Esses sensores podem encontrar
aplicacdes em diversos campos, incluindo diagnosticos médicos, monitoramento
ambiental e processos industriais. Atualmente vidros magneto-0pticos apresentam-se
como um possivel substituto dos monocristais utilizados comercialmente, devido as
caracteristicas isotropicas, o processo de producdo mais simples e a possibilidade de
producdo de fibras Opticas. Para esse fim, varias matrizes vitreas que suportem altas
concentragOes de terras-raras sem induzir cristalizacdo vem sendo sintetizadas e
estudadas. Vidros borogermanato vem se mostrando uma boa alternativa, porém o0s
reagentes e a sintese desses vidros elevam o custo. Esta tese de doutorado teve como
objetivo sintetizar a caracterizar diferentes sistemas vitreos mais baratos, um
borotungstato contendo terras-raras e outro fosfato contendo manganés visando obter
respostas magnéticas proximas aos monocristais e vidros germanato comerciais.



Potential research impact

Glasses with magneto-optical applications have become increasingly sought after by
researchers and companies, holding significant promise for various technological
advances, with potential impacts that span diverse sectors. Firstly, the exploration of
these glasses can boost communication technologies. Faraday rotators, devices that
rotate the polarization of light in the presence of a magnetic field, are integral
components in optical communication systems. By improving the magneto-optical
properties of glasses, researchers can pave the way for more efficient and faster optical
communication networks. This could lead to better data transmission rates, reduced
signal losses and increased bandwidth, addressing the ever-growing demand for faster
and more reliable communication. Moreover, the research has profound implications for
the development of advanced sensing technologies. The magneto-optical properties of
these glasses can be used to create highly sensitive magnetic/electrical sensors. These
sensors can find applications in a variety of fields, including medical diagnostics,
environmental monitoring, and industrial processes. Currently, magneto-optical glasses
are a possible replacement for commercially used monocrystals, due to their isotropic
characteristics, the simpler production process and the possibility of producing optical
fibers. To this end, several glass matrices that support high concentrations of rare earths
without inducing crystallization have been synthesized and studied. Borogermanate
glasses have proven to be a good alternative, but the reagents and synthesis of these
glasses increase the cost. This doctoral thesis aimed to synthesize and characterize
different cheaper glass systems, a borotungstate containing rare earths and another
phosphate containing manganese, aiming to obtain magnetic responses close to
commercial monocrystals and borogermanate glasses.
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Quando a educacéo néo ¢ libertadora, o sonho do oprimido € ser o opressor.

When education is not liberating, the dream of the oppressed is to be the oppressor.
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Paulo Freire (1921-1997)

Citacdo atribuida a Paulo Freire no livro “Comecando bem, frases e pensamentos ”, de Carlos H. Biagolini (2009).

A frase ndo esta presente na obra "Pedagogia do oprimido", trata-se de um resumo das ideias do autor
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Resumo

O estudo e preparacdo de novos materiais magneto-opticos tem ganhado atencédo
significativa devido as suas potenciais aplicacbes em varios dominios tecnoldgicos.
Vidros que suportam altas concentracdes de ions paramagnéticos estdo sendo muito
procurados para esses fins, devido as propriedades inerentes que podem ser impostos
aos vidros como alta janela de transmissdo, altos indices de refracdo, facil sintese e
modelagem, todas propriedades interessantes para sistemas Opticos e inerente isotropia.
Esta tese de doutorado investiga o dominio da ciéncia de materiais, investigando a
sintese e ampla caracterizacdo de dois sistemas vitreos, um borotungstato contendo
primeiro térbio e posteriormente um estudo estendido a outros lantanideos, e um sistema
de fosfato de antiménio contendo manganés. O objetivo geral desta pesquisa é sintetizar
materiais inovadores que possuam atributos magneto-6pticos elevados e interessantes,
com énfase especifica em seu potencial utilidade em dispositivos que aproveitem o
efeito Faraday. O estudo apresenta diferentes experimentos para determinar as
caracteristicas térmicas, oOpticas, luminescentes, estruturais, magnéticas e magneto-
dpticas dos sistemas propostos, garantindo um conhecimento aprofundado de diferentes
técnicas, conceitos e métodos, importantes para aumentar o crescimento cientifico em
quimica e fisico-quimica de materiais ndo-cristalinos. Foram obtidos excelentes valores
de constante de Curie, até 6.77 emu.Oel.mol?, valores maiores que relatados na
literatura, e constante de Verdet de 124 rad.Tt.m™ 632.8 nm para amostra com 27.5
%mol de Th.0s, comparaveis a vidros e monocristais comerciais, e -55.1 rad. T-t.m*
para a amostra 30%mol de MnQO, valores inéditos para esse tipo de rotador Faraday. Ao
examinar o impacto de composi¢des variadas nas propriedades estruturais, opticas e
magnéticas dos materiais resultantes, esta tese contribui para uma compreensdo mais
profunda da interacdo entre metais de transicdo, terras raras e 0 comportamento
magneto-optico de vidros. Além disso, a tese avalia a capacidade dessas composicdes
de vidro em exibir rotacdo de Faraday. Os insights obtidos com essa pesquisa ndo apenas
avancam no conhecimento fundamental sobre a influéncia desses ions paramagnéticos
na resposta magneto-optica, mas também abrem caminho para o design e a realizagdo
de novos materiais magneto-6pticos. Como resultado de investigagdo rigorosa, esta tese
de doutorado contribui significativamente para a compreensdo cientifica e
desenvolvimento pratico de materiais preparados para moldar a perspectiva de
aplicagdes magneto-opticas.
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Résumé

L'étude et la préparation de nouveaux matériaux magnéto-optiques ont fait I'objet d'une
attention particuliére en raison de leurs applications potentielles dans divers domaines
technologiques. Les verres qui supportent de fortes concentrations d'ions paramagnétiques sont
largement recherchés a ces fins, en raison des propriétés inhérentes aux verres telles que
I'isotropie, la fenétre de transmission éleveée, les indices de réfraction élevés, la synthése et la
modélisation faciles, toutes des propriétés intéressantes pour les systemes optiques. Cette these
de doctorat étudie le domaine de la science des matériaux avancés, en étudiant la synthése et la
caractérisation compléte de deux systémes vitreux, un borotungstate contenant d'abord du
terbium et plus tard une étude étendue a d'autres lanthanides, et un systeme de phosphate
d'antimoine contenant du manganese. L'objectif global de cette recherche est de synthétiser des
matériaux innovants qui ont des attributs magnéto-optiques élevés et intéressants, avec un
accent particulier sur leur utilité potentielle dans les dispositifs qui tirent parti de I'effet Faraday.
L'étude présente différentes expériences pour déterminer les caractéristiques thermiques,
optiques, luminescentes, structurelles, magnétiques et magnéto-optiques des systémes
proposés, garantissant une connaissance approfondie des différentes techniques, concepts et
méthodes, importants pour accroitre la croissance scientifique en chimie et physique chimique
des matériaux non cristallins. D'excellentes valeurs de constante de Curie ont été obtenues,
jusqu'a 6,77 emu.Oet.mol, valeurs supérieures a celles rapportées dans la littérature, et une
constante de Verdet de 124 rad.T-X.m™ 632,8 nm pour un échantillon de 27,5 % mol de Tb2Os,
comparable aux verres et monocristaux commerciaux, et -55,1 rad.TX.m™ pour I'échantillon a
30%mol MnO, des valeurs sans précédent pour ce type de rotateur de Faraday. En examinant
I'impact de différentes compositions sur les propriétés structurelles, optiques et magnétiques
des matériaux résultants, cette these contribue a une compréhension plus approfondie de
I'interaction entre les métaux de transition, les terres rares et le comportement magnéto-optique
des verres. De plus, la these évalue la capacité de ces compositions de verre a présenter une
rotation de Faraday. Les connaissances acquises grace a cette recherche font non seulement
progresser les connaissances fondamentales sur I’influence de ces ions paramagnétiques sur la
réponse magnéto-optique, mais ouvrent également la voie a la conception et a la réalisation de
nouveaux matériaux magnéto-optiques. Fruit de recherches rigoureuses, cette thése de doctorat
contribue de maniére significative a la compréhension scientifique et au developpement

pratique de matériaux préts a fagonner les perspectives d’applications magnéto-optiques.
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Abstract
The study and preparation of new magneto-optical materials has gained significant
attention due to their potential applications in various technological domains. Glasses
that support high concentrations of paramagnetic ions are being widely sought after for
these purposes, due to the inherent properties of glasses such as isotropy, high
transmission window, high refractive indexes, easy synthesis and modelling, all
interesting properties for optical systems. This doctoral thesis investigates the domain
of advanced materials science, investigating the synthesis and comprehensive
characterization of two glassy systems, a borotungstate containing first terbium and later
an extended study to other lanthanides, and an antimony phosphate system containing
manganese. The overall objective of this research is to synthesize innovative materials
that have high and interesting magneto-optical attributes, with specific emphasis on their
potential utility in devices that take advantage of the Faraday effect. The study presents
different experiments to determine the thermal, optical, luminescent, structural,
magnetic and magneto-optical characteristics of the proposed systems, guaranteeing an
in-depth knowledge of different techniques, concepts and methods, important to
increase the scientific growth in chemistry and chemical physics of non-crystalline
materials. Excellent Curie constant values were obtained, up to 6.77 emu.Oe*.mol?,
values higher than those reported in the literature, and Verdet constant of 124 rad. T-t.m"
1 632.8 nm for a sample with 27.5% mol of Tb203, comparable to commercial glasses
and single crystals, and -55.1 rad.T-t.m for the 30%mol MnO sample, unprecedented
values for this type of Faraday rotator. By examining the impact of varying compositions
on the structural, optical, and magnetic properties of the resulting materials, this thesis
contributes to a deeper understanding of the interplay between transition metals, rare
earths, and the magneto-optical behavior of glasses. Furthermore, the thesis evaluates
the ability of these glass compositions to exhibit Faraday rotation. The insights gained
from this research not only advance fundamental knowledge about the influence of these
paramagnetic ions on magneto-optical response, but also pave the way for the design
and realization of new magneto-optical materials. As a result of rigorous research, this
doctoral thesis contributes significantly to the scientific understanding and practical

development of materials poised to shape the prospect of magneto-optical applications.
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Chapter I - Introduction

1. GLASSES

1.1. Brief history of the emergence of glassworking, glassmaking and
photonic glasses.

Looking at vitreous materials, from the most common and trivial to the
most technological niche, it's difficult to grasp the antiquity of the crafting and
production of this category of materials. Glass is one of the oldest materials to have been
processed by mankind. As natural materials, found in the environment, and due to their
characteristics of easy handling, being able to form excellent sharp flakes for making
knives, arrowheads and spears, natural glasses, especially obsidian, were used by
hominids for making tools from at least 500,000 years ago, during the Lower Paleolithic,
in what is now Kenya [1].

Our species, Homo sapiens, did not appear until 315,000 years ago, so the
art of manipulating glass predates humanity. With the expansion of Homo sapiens and
the exit from Africa to Eurasia (90,000 years ago), and the discovery of new sites
containing obsidian, this material continued to be used. During the Mesolithic (20,000 -
12,000 years ago) and Neolithic (12,000 - 7,500 years ago) periods, obsidian became
increasingly important due to its ability to form more complex tools, including finer and
sharper points, needles, hooks, knives, implements, jewelry, and various other items[2—
6].

Artificial glass, on the other hand, is a relatively modern development,
though still surprisingly old. Archaeological evidence suggests that non-crystalline,
glass-like materials called faience were used in ancient Egypt, Mesopotamia, and Syria
well before the production of glass itself [7]. Egypt's favorable preservation environment
means that most of the early, well-studied glassware is located there, although some may
have been imported[8,9]. The earliest known glass objects, which were beads dating
back 5500 years ago, were likely produced by accident during metal smelting or by the
production of faience, a vitrified ceramic formed by mixing crystalline and non-

crystalline phases, using a high-temperature firing process. Significantly, the emergence
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of high-temperature furnaces capable of melting copper and bronze allowed for the
production of faience.[10]

Around 2600 BC, there is evidence of the first human-made glass, which
was still quite opaque due to the technology of the time. Glass preparation techniques
spread and improved with the expansion of the Bronze Age and trade between Asia
Minor, Africa and Europe. As a result, increasingly complex pieces were produced,
which were cheaper, more transparent, and had better results, such as in terms of shape
and color.[11,12]

Jumping ahead to the Roman domain of the Mediterranean, it was the
Romans who became the first people to dominate the making of transparent glass. They
perfected the blowing method, which involves using a metallic pipe and leaving the
molten material forming a bubble while shaping it. Additionally, the Romans excelled
in the production of stained glass. They were also the pioneers of the technique of
producing colored stained glass for churches by adding salts during synthesis, which
was highly explored in the Middle Ages to create glass of different colors. Furthermore,
we must acknowledge the Lycurgus cup depicted in Figure 1 that exhibits a unique
attribute of having two colors, one when viewed from the outside (reflection) and the
other when viewed from the inside (transmission). Researchers were highly intrigued
until a more in-depth evaluation using transmission electron microscopy revealed the
presence of gold and silver nanoparticles in glass, in specific sizes and shapes. This was
one of the initial demonstrations of control over crystal growth and nanotechnology. The
Lycurgus cup, dating back to the 4th century, remains an enigma regarding the process
used by the ancient Romans to manufacture it [13].

The glasswork produced by guilds in Venice and on the Murano islands
was a notable attraction for the city-state in the Middle Ages. The addition of lead in the
glass melting process alongside the development of high-temperature furnaces produced
transparent glasses with a higher refractive index. This advance gave rise to the lenses
in early modern telescopes and microscopes. From the 16th century onwards, handmade
glass in Bavaria became famous for dominating these properties. The production was a

state secret for the Bavarians. Michael Faraday was interested in synthesizing these
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glasses (lead borosilicates) at the beginning of his career at the Royal Institution in

London. We will discuss this in the next sections.

Figure 1. The Lycurgus Cup in reflected (a) and transmitted (b) light. Scene showing Lycurgus

being enmeshed by Ambrosia, now transformed into a vine-shoot [The Trustees of the British
Museum, Department of Prehistory and Europe, The British Museum. Height: 16.5 cm (with

modern metal mounts), diameter: 13.2 cm][13].

The glass industry was a part of the Industrial Revolution. Synthetic and
refined raw materials were used for the first time in the production of windows and inert
packaging. However, the unpredictability and non-homogeneity on an industrial scale
were still problematic. The high, consistently accurate and reproducible optical qualities
in glasses resulted from the joint efforts of Otto Schott, Carl Zeiss, and Ernst Abbe. They
founded one of the pioneer glass companies, Glastechnische Laboratorium Schott &
Genossen (current Schott & Associates Glass Technology Laboratory) based in Jena,
capitalizing on their specialized skills. There have been significant advancements in
developing new glass materials since then. For instance, the discovery of lanthanum-

doped glasses in the 1930s [14], the development of no oxygen—containing chalcogenide
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glasses in the 1953[15], with high transparency in the near and mid-infrared (NIR and
MIR), the first metallic glass in 1960[16], the first glass laser in 1961[17], and the
discovery of fluoride glasses in 1974 by Jacques Lucas, Michel and Marcel Poulain[18].

One of the most pertinent studies conducted on photonic glasses was the
report by Charles K. Kao published in 1966 which concluded that the primary issue
concerning the production of optical fibers for telecommunication was inadequate
material purity. He predicted that fibers created from highly pure materials would
exhibit a loss lower than 0.3 dB/km[19]. Consequently, Kao's accomplishment earned
him the Nobel Prize in Physics in 2009. By 1970, fiber optics degradation of as low as
20 dB/km at 632.8 nm had already been achieved by Corning. In 1979, the preform and
fiber production processes were further refined, decreasing the value to 0.20 dB/km at
1550 nm. Currently, the minimum attenuation in mass-produced single-mode fiber is
less than 0.17 dB/km[20]. Optical fibers enabled and still enable information and
knowledge to travel across the planet at the speed of light, they are the backbone of the
Internet and the key to today's global communications revolution. During the COVID-
19 pandemic, we made extensive use of long-distance conferencing services powered
by fiber optics, which kept us together during those difficult times.

Glasses are present from the windows to cell phone screens. From
beverage bottles to vaccine flasks. Composites made from bioglass have improved
health care through their ability to integrate with human bone. Glass panels support solar
cells and provide clean energy. The development of glass optics and optoelectronics
means the James Webb Space Telescope can study the first moments after the Big Bang
and expand our understanding of the universe. Glass artists around the world have
introduced humanity to this wonderful material, including its remarkable fabrication
methods, its inherent beauty, and its ability to capture and display nature's full spectrum
of colors[21,22].

For these and many other reasons, the UN General Council declared 2022
as the International Year of Glass. Throughout history, we define ages by the materials
and movements that transformed civilization, such as the Stone Age, Bronze Age, Iron
Age, which provided revolutions in the civilizations that experienced them. And, as well

proposed by David L. Morse and Jeffrey W. Evenson, both researchers at Corning
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Incorporated, we currently live in the “Age of Glass”, due to all the social, cultural, and
technological transformations associated with this class of material [23]. Welcome to
the Glass Age!

1.2. Development of the definition of glasses.

Although glass has been used by humans for a long time, its definition has
been the subject of several debates among scholars throughout history. One of the early
pioneers in the study of glasses was the renowned physicist and chemist Michael
Faraday (1791-1867), who defined them as follows:

“Glass may be considered rather as a solution of different
substances one in another, than as a strong chemical
compound.” Michael Faraday, 1830[24]

In the late 19th and early 20th centuries, Gustav Tammann (1861-1938)
conducted experiments that proved the possibility of creating glasses from substances
besides silica. To achieve ideal and homogeneous vitrification, it was essential to
prevent the creation of crystalline nuclei, which leads to the expansion of macroscopic
crystals. The possible vitrification process depends on the melting temperature of the
material, the temperature for liquidus pouring, and/or tempering (a heat treatment used
after glass formation to reduce post-quenching stress)[25]. After conducting these
studies, glass definitions were formulated based on the viscosity of solids concept. This
approach was necessary because, until then, glasses had only been prepared via the
melting-quenching method, which involves rapidly cooling a molten substance. The
viscosity criterion defines a solid as rigid material that doesn't flow when exposed to
moderate forces. As a quantitative measure, a solid can be defined as a substance with a

viscosity exceeding 10 Pa.s.

“Glass is non-crystalline, strongly supercooled melt inorganic
product, which reaches a rigid condition by cooling, through a
progressive increase in viscosity, without crystallization

occurring.” Gustav Tammann, 1925[26]
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The emergence of techniques such as X-ray diffraction and the initial
results from measuring glass samples[27—30] revealed that the structural organization
of glasses resembles that of liquids more than crystalline solids. In 1932, William
Houlder Zachariasen, a Norwegian-American researcher, published the well-known
article 'The Atomic Arrangement in Glass', where he formulated his Random Network
Theory (RNT) in glasses while studying their diffractograms. Zachariasen established
the structural basis for the formation of glasses by melting-quenching and suggested that
“the atomic arrangement in glasses was characterized by an extended three-
dimensional network, which lacked symmetry and periodicity”, and that “interatomic
forces were comparable to those of the corresponding crystal”. Additionally, the
researcher notes that the presence or absence of periodicity and symmetry in a three-

dimensional network distinguishes between a crystal and a glass.[31]
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Figure 2. Two-dimensional schematic representation illustrating the difference between: (a)
the symmetrical and periodic crystalline arrangement of a crystal of composition A2O3; (b)
representation of the glass network of the same compound, in which the absence of symmetry
and periodicity is characterized. (Adapted from [31])
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Figure 2a shows the symmetric and periodic crystal arrangement of a
crystal composition A;Os in a two-dimensional format, while Figure 2b shows the glass
network for the same compound, demonstrating the absence of symmetry and
periodicity. This theory made the article a landmark in Glass Science. By combining
Zachariasen's RNT and the contemporary concept of glass at the time of publication, we

may arrive at the following definition:

“Glasses are described as supercooled liquids or as solids, with
absence of periodicity in the network, isotropic materials.”
William H. Zachariasen, 1932[31]

Crystalli‘ne m 3 it C Amorphous

o
§)

Figure 3. Atomic-resolution images of a 2D glass. (a,b) Zachariasen’s models for a 2D crystal
and a 2D amorphous glass. (c,d) Experimental TEM images of 2D crystalline and amorphous

silica supported by graphene.[32]

In 2012, P. Y. Huang et al. [32] and M. Heyde et al. [33] demonstrated the

atomic structure of a two-dimensional silica glass supported on graphene using
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transmission electron microscopy (TEM), which emphasizes Zachariasen's accurate,
insightful, and pioneering spirit. Transmission electron microscopy (TEM) experimental
findings, as presented in Figure 3, closely resembled the picture proposed by
Zachariasen 80 years earlier in 1932. The strong qualitative resemblance of these images
to Zachariasen's model indicates that they show a 2D glass that approximately complies
with the continuous random network model.

In the years following Zachariasen's publication, new definitions were
proposed. These were based on the non-crystalline properties of glasses, their viscosity,

and the glass transition. There are several definitions for glasses found in the literature:

“Glass is an X-ray amorphous material that exhibits the glass
transition. This being defined as that phenomenon in which a
solid amorphous phase exhibits with changing temperature
(heating) a more or less sudden change in its derivative
thermodynamic properties such as heat capacity and expansion
coefficient, from crystal-like to liquid-like value”. J. Wong and
C. Austen Angell, 1976[34]

“Glasses are amorphous materials that do not have long-range
translational order (periodicity), characteristic of a crystal, with
glass being an amorphous solid that exhibits a glass transition.”
S. R. Elliott, 1989[35]

“A glass is a non-crystalline solid exhibiting the glass transition
phenomenon.” J. Zarzycki, 1991[36]

“Glass is an amorphous solid. A material is amorphous when it
lacks long-distance order, that is, when there is no regularity in
the arrangement of molecular constituents, on a scale larger
than a few times the size of these groups. No distinction is made
between the words vitreous and amorphous.” R. H. Doremus,

1994[37]
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However, these definitions are limited in several ways. The first one does
not take into account glasses obtained by sol-gel or CVD (chemical vapor deposition).
The second definition would emphasize that glasses can be formed from any
composition - theoretically - whether it be inorganic, organic, biological, or metallic.

It is worth mentioning that until now, there has been no consensus on
whether glasses are solids or supercooled liquids with such high viscosity that they
appear solid but flow over time. This theory originated from the observation of ancient
medieval stained glass in Europe. It was noted that the bottom of stained-glass windows
were thicker than the top, implying the glass might have flowed over the centuries. The
discussion culminated in an article entitled "Do cathedral glasses flow?" written by
Edgar D. Zanotto [38]. Through viscosity measurements and calculations, they found
that cathedrals' silica glasses would require 10%? years to flow significantly. This period
is significantly longer than the current age of the Universe (13.8 x 10° years). The thicker
base of stained glass was one of the challenges in producing flat glass during the
medieval period. When placing the glass in the window, artisans favored positioning its

thickest part downwards to prevent breakage.

“Glass is an amorphous solid with complete absence of long-
range order and periodicity, exhibiting a glass transition region.
Any material, inorganic, organic or metal, formed by any
technique, that exhibits a glass transition phenomenon is a
glass.” J. E. Shelby, 1997[39]

Gupta[40] proposed that a non-crystalline solid (characterized by the
presence of a halo on the X-ray diffractogram without any identifiable peaks) can be
divided, from a thermodynamic standpoint, into two different categories: glasses and
amorphous solids. Non-crystalline solids refer to materials that possess an extended and
random three-dimensional network, i.e., characterized by a lack of symmetry and
translational periodicity. From a thermodynamic perspective, a non-crystalline solid is
considered a glass when it undergoes the glass transition phenomenon. As a result,
amorphous solids can be classified as non-crystalline solids that do not manifest the

glass transition. New definitions have been suggested to support this new classification:

43



Chapter I — Introduction

“A glass is a non-crystalline solid, therefore, with absence of
symmetry and translational periodicity, which exhibits the
phenomenon of glass transition, and can be obtained from any
inorganic, organic or metallic material and formed through any
preparation technique.” O. L. Alves, I. F. Gimenez and I. O.
Mazali, 2001[41]

“Glass is a solid having a non-crystalline structure, which
continuously converts to a liquid upon heating.” Arun K.
Varshneya, 2012[42]

We finally arrived in 2017, when the researchers Edgar D. Zanotto and
John C. Mauro published the article “The glassy state of matter: Its definition and
ultimate fate”[43], in which they revised the old definitions and created a new, more

comprehensive one, with a focus on both researchers in the field and the lay public:

“Glass is a nonequilibrium, non-crystalline 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, in the limit of infinite time, is to crystallize”. Edgar D.
Zanotto and John C. Mauro, 2017

Theoretically, any substance can be turned into glass, as long as we can
cool it from a liquid or gaseous state at such a high rate that the atoms and molecules
that make it up do not have enough time to arrange themselves into organized structures
that are thermodynamically more stable. As VVarshneya concludes, “the kinetic theory of
glass formation does not address the question as to what structural characteristics of
substances encourage ready glass formation. It assumes that all substances can be
brought into glassy state. The only question it addresses is what minimum cooling rate
is required to avoid a perceptible degree of crystallization ”[42]. Each substance has its
own properties, so the cooling rate can be very different from one substance to another.

For example, for liquid water to turn into glass, the cooling rate must be 10" K . s,
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while for silica this rate is 0.9 x 10° K . s, which makes obtaining glasses of water
more expensive and requires more specific techniques, in addition to limiting the size of

the bulk, as there is a temperature gradient during the cooling process[44].

1.3. Glass formation from a melt.

Traditionally, conventional glasses are produced using the
melting/quenching method. This method includes the melting of a mixture of initial
materials, typically at high temperatures until they turn into a homogenous liquid. Then,
the mixture is rapidly cooled to increase its viscosity and maintain its non-crystalline
characteristic. The structures of the raw material of a glass are similar to a liquid when
melted. As cooling occurs, and its viscosity increases, the molten material can follow
different structural patterns based on the cooling rate used.

Figure 4 shows the volume-temperature (V-T) diagram for a glass-forming
liquid. According to the diagram, starting from high to low temperatures, we have the
abc path, which shows the natural path for crystal formation. When we reach the melting
temperature (or melting point, freezing temperature) Tf, we have an abrupt change in
volume (or enthalpy) and, finally, the crystal is formed, being the lowest energy level of
the compound itself. However, it is possible to cool liquids at temperatures below Tf.
This metastable condition is known as super cooled liquids (SCL). It is important to
point out that as the temperature decreases, the viscosity of the SCL increases
proportionally. If this cooling is faster, we have the ade path. The gradual increase in
viscosity occurs until the SCL does not flow, forming the glass. The transition from the
SCL to the glass is instituted when the viscosity reaches the value of 10 Pa.s. The
temperature at which this transition occurs is defined as the glass transition temperature
(Tg). As observed in the afg path, if the cooling rate occurs more slowly, the viscosity
increases in the same proportion, forming a different glassy phase, with a different Tg,
density and enthalpy, starting from the same initial liquid.

The Tg represents the temperature range where structural relaxation starts
(10 Pa.s), transitioning from the glassy to the viscoelastic state. At this stage, certain

properties such as viscosity, heat capacity, and thermal expansion begin to behave
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differently than previously observed. Structural relaxation arises from unobstructed
translational movements of chains relative to one another.

It is imperative to note that the V-T diagram is solely applicable to glasses
created through melting-quenching. For instance, in the sol-gel process which achieves
glasses from solutions at room temperature, and is a method unsuitable for V-T diagram

application.

Liquid

Enthalpy or Volume

(Crystal)

Ti  iTo T
Temperature

Figure 4. The volume-temperature diagram for a glass-forming liquid. abc path is related to
the transition from a liquid to a conventional solid, with the transformation taking place at the
melting point. ade path corresponds to a decrease in temperature and increase in viscosity of
the liquid, becoming a supercooled liquid, and finally, with a sudden decrease in temperature
and increase in viscosity, forming a glass. afg path corresponds to the same transformation, but

with faster quenching. (Adapted from [43]).

2. MAGNETO-OPTICAL PROPERTIES
2.1 Brief history of magnetism and magneto-optical effect.
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Magnetic phenomena have been present since the beginning of humanity.
According to Roger Elliot: “magnetism provides a particularly good example of the way
in which the exact sciences have developed’[45]. Magnetism was already known by the
ancient Sumerians, Greeks, Chinese and America pre-Columbian people for millennia
and interpreted it as magic. The name "magnetic" has its Greek origin, coming from the
ferromagnetic stones extracted from the region of Magnesia, which became known as
magnetites (from Greek payvijtig [ABoc] - magnétis [lithos] - meaning "[stone] from
Magnesia™)[45,46].

During the Middle Ages, the Chinese developed the compass, a maritime
instrument that was very relevant to the Chinese discoveries in the 15th century and the
Iberian discoveries in the 16th and 17th centuries. In 1600, the Englishman William
Gilbert (1544-1603) wrote De Magnete, Magneticisque Corporibus, et de Magno
Magnete Tellure (On the Magnet and Magnetic Bodies, and on That Great Magnet the
Earth), which is known to be the first scientific study on magnetism. In his work, Gilbert
suggests that the Earth also operates as a large magnet [47].

In 1820, Hans-Christian @rsted (1777-1851), a Danish physicist, observed
that a defect occurred in a compass that was accidentally placed near his experiment
while he was studying electricity and applied a current to metallic wires. This provided
evidence that there was a physical relationship between electricity and magnetism. The
unit of magnetic induction (Oe, oersted) in the centimeter-gram-second system (CGS)
is named after @rsted due to his contributions to the field of electromagnetism[47].

At the Royal Society in London, Humphry Davy (1778-1829) and William
Hyde Wollaston (1766-1828) attempted to create an electric motor using magnets after
learning of @rsted's work, but it was Davy's student, Michael Faraday (1791-1867), who
succeeded in creating the motor by using a steel magnet, a current-carrying wire, and a
container of mercury as early as 1821. Faraday publicized his results in excitement
without giving credit to Wollaston or Davy, causing controversy within the Royal
Society. The controversy strained Faraday's relationship with his mentor Davy and
possibly led to his assignment to other pursuits by the Royal Society. Faraday resumed

his work on magnetism only after Davy's death years later[47,48].
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In 1845, Faraday demonstrated that it was possible to change the plane of
polarization of a beam of light when this beam passed through a specific medium (in
this case, a glass containing PbO with a high refractive index) under a magnetic field
application, parallel to the direction of light propagation. This effect became known as
the Faraday effect, the first of the discovered magneto-optical effects[49,50]. Showing
the relevance of this discovery, the Faraday effect proved that light is an electromagnetic
radiation, mathematically demonstrated in 1864 by James Clerk Maxwell, unifying the
theories of electricity, magnetism and light, which is summarized in the four famous

equations that bear his name:

ft_?) JdA = si Gauss's Law (Eq.1)
0
7€§ dA=0 Gauss's law for magnetism (Eq.2)
S ddg . .
éE .ds = — It Faraday's law of induction (Eq.3)
= dPg . X o
% B .ds = py& I + pol Ampeére's circuital law (Eq.4)

where E is electric field, B is the magnetic field, d4 is the differential surface vector,
ds is the differential length vector, q is the charge, o is the vacuum electric permeability,
Mo is the vacuum magnetic permeability, d®g is the magnetic flux, d® is the electric
flux, dt is the time and i the unit imaginary number[47].

In 1877, the Scottish physicist John Kerr (1824—1907) managed to change
the polarization of a beam of light by reflection, under a magnetic field, which became
known as the magneto-optical Kerr effect (MOKE)[51,52]. Over time, new magneto-
optical effects were discovered and described, such as for example the Zeeman, Voigt,
Cotton—Mouton and inverse Faraday effects[53-55]. From now on, we will focus on the

magneto-optical Faraday effect, which will be explored in this work.

2.2. Magnetism in atoms and macroscopic magnetic properties of materials.
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Magnetic susceptibility (y) is a measure of the magnetizing strength of a
material in an applied magnetic field. It is the ratio of the magnetization M (magnetic
moment per unit volume) to the strength of the applied external magnetic field B, as
shown in Eqg. 5 below. This allows a simple classification of the response of most
materials to an applied magnetic field: aligned with the magnetic field and being
attracted by it, y > 0, called paramagnetic, or non-aligned with the magnetic field, being

repelled, x <0, called diamagnetic.

xX= (Eq.5)

M
B
These magnetic properties are intrinsic to all matter and come from the
filling of electrons in the valence layers, that is, from the total angular momentum of an
atom (or ion, or molecule), resulting from the coupling of magnetic (mg) and spin (s)
quanta number. For half-filled orbitals, the unpaired electrons line up with B and are
attracted to it. As for orbitals with fully paired electrons, there is a resistance for these
electrons to pair with the field, being repelled by it. This comes from the Pauli exclusion
principle and the Hund's rule of maximum multiplicity. The Pauli Principle allowed
each orbital to accommodate a maximum of 2 electrons at the same time, as long as they
had opposite spin signals, which became known as paired electrons. According to this
Principle, no two particles can have the same set of four quantum numbers in the same
system. Hund's rule also facilitated the study of polyelectronic orbitals, proposing that
the energy of a subshell is lowest when the orbitals are half-filled and, therefore, it is
energetically preferable for atoms to be in their lowest energy state, the ground state.
The Bohr—Van Leeuwen theorem proves that every sort of magnetism is impossible for
electrons in classical physics, being totally dependent on states and quantum numbers.
It is important to note that most atoms have at least one filled orbital, so
the sum of paramagnetic (ypara) and diamagnetic (ygia) Susceptibility is present in
materials. Unlike paramagnetism, diamagnetism is a property of all atoms in a molecule.
While paramagnetism is caused by the presence of unpaired electrons in the molecule,

all electrons, whether paired or unpaired, induce diamagnetism. The conflict between
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paramagnetism and diamagnetism defines the total (measured) magnetic susceptibility
Ymeas, Which is positive for paramagnetic materials and negative for diamagnetic
materials. Diamagnetic effects are temperature independent and are naturally orders of
magnitude smaller, ~ 10 emu.mol?, than paramagnetic effects, ~ 102 emu.mol.
Figure 5 shows the resulting molar magnetic susceptibility for each atom. It is possible
to analyze that certain elements have dominant diamagnetic values, and, for others,
dominant paramagnetic values. Fe, Co, and Ni atoms naturally have high y values (1-10

emu.molt), which promotes ferromagnetic effects.
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Figure 5. Variation of molar susceptibility for each atom. For some, the diamagnetic effect is
dominant, mainly due to the filling of the valence orbitals. Negative values indicate that they
are repelled by the external magnetic field, B. For others, the paramagnetic effect is the most
relevant, due to the number of half-filled orbitals. Positive values show that they are attracted
by B. Fe, Co and Ni atoms have naturally high susceptibility, promoting ferromagnetic

characteristics [Figure from Stan Zurek, Magnetic susceptibility, Encyclopedia Magnetica].
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The works of Paul Pascal[56-59] proposed that the diamagnetism of a
molecule could be determined in an additive fashion using values for the diamagnetic

susceptibility of every atom (ypi) and bond (Ai) in the molecule, as show in Eq. 6

Xdia = ZXDi"‘ Z)\i (Eq.6)

Table 1 contain pre-determined ygia Values for important groups of atoms
or ions. These will be the values that will be used to determine the theoretical ygia Of the

glasses produced in this work and, from the ymeas, determine the ypara.

Table 1. Theoretical values of ygia for some ions[59].

lon (oLs B3* W6+ Th3* Sh3*
A dia } } } } )

(X 106 emu mol‘l) 12 0.2 13 19 17
lon pot Pb2* Zn?* Mn?Z* Mn3*
Adia _ _ _ _ )

(x 10%emu . mol?) 1 32 15 14 10
lon Sm?3* Eu®* Gd® Dy3* Ho®*
Adia -20 -20 -20 -19 -19

(x 10%emu . mol?)

As stated earlier, paramagnetic effect arises from the interaction of B with
the magnetic field of the unpaired electrons due to the coupling spin (S) and orbital
angular momenta (L), the total angular momentum (J). Spin angular momentum is given
by the product of the electron’s spin quantum number and the Planck constant (h) divided
by 2m, h. The spin quantum number can take on two possible values: +1/2 or -1/2,

corresponding to the two possible orientations of the electron's spin, as show in Eq. 7.

n
2.
i=1

1. L= ;s J=(+S) (Eq.7)
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The orbital angular momentum (L) of an electron is given by the product
of its orbital radius, its momentum, and the sine of the angle between its momentum
vector and the radial vector pointing from the electron to the nucleus. This angular
momentum can take on discrete values, determined by the principal quantum number
(n), which is related to the shape of the electron’s orbit. The possible values of | range
from 0 to n-1, where n is the principal quantum number that specifies the energy level
of the electron. The total angular momentum (J) is rise to several J —states, ranging |L +
S|<J<|L-S|

For paramagnetic effects, the magnetization M is directly proportional to
an applied magnetic field B. However, if the material is heated, this proportionality is
reduced. For a fixed field value, ypara IS inversely proportional to temperature, as shown
in Eq. 8, called Curie's Law. The relation between y and temperature was studied and
postulated in the doctoral thesis of the French physicist Pierre Curie (1859-1906),

entitled “Propriéetés magnétiques des corps a diverses temperatures” in 1895[60].

Xpara =

w| X

—C Eq.8
=7 (Eq.8)

where T is temperature (K) and C is a material-specific Curie constant (A.m?.T-1.mol?).
Curie constant will depend on the J, which in turns depends on the atom

(or ion, or molecule) ground state of each ion. Eq. (9) shows respectively those relations.

N 2
C=A_HB_
3 kg

Mesr? = 5/4. ;200 + D] Eq.(9)
in red, Na is the Avogadro constant (6.022 x 10?2 mol?), ks is the Boltzmann constant
(1.380 x 102 J.K'1), ug is the electron’s intrinsic magnetic moment, known as Bohr
magneton (eh/2me = 9.274 x 1072* A.m?). The ratio of these three constants is equal to
the result 5/4 (A.m2T1mol?') or 1/8 (emu.Oel.mol?). the disordered state total
magnetic moment, s, is dependent on J and the Landé g-factor, g;, which is also a term
dependent on the ground state of each ion, as shown in the Eq. (10).
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+1D)+SE+1)-LAL+1
-1 LHDESC D10 b (10)

It is possible to obtain the value of the Curie constant experimentally,
observing the variation of the susceptibility varying the temperature, under a constant
applied magnetic field. Figure 6a shows illustratively the variation of magnetic
susceptibility with temperature, under constant B. ydia IS not affected by temperature, but
Ypara INCreases exponentially at T close to 0 K. Inset shown the inverse of susceptibility
(1/ypara) Versus temperature, varying linearity. The slope of this linear variation will be
the value of the Curie constant. If the measured substance exhibits this linear behavior

under 1/ypara, it has paramagnetic interactions and follows Curie's law.

1para

Lpara

Magnetic suscetibility
1 tpara

slope=C

Temperature (K)

D Temperature (K]'
Ldia

‘ 0
6,<0 =0 ©,>0 Temperature (K)

Figure 6. (a) Paramagnetic (black) and diamagnetic (blue) susceptibility versus temperature
under constant applied magnetic field. Inset of shown the inverse of paramagnetic susceptibility
versus temperature, varying linearity. (b) Curie’s law deviation, with three different Weiss
temperatures, 0 <0, 0 = 0 and 6 > 0. [Adapted from [47]]

As observed in Figure 6b, some substances present a deviation in Curie's
law. They still have the linear behavior for 1/ypara, but the intercept is not exactly at 0 K,
it can be before, or even after (using projection, since there are no values below 0 K).
This effect occurs because there are interatomic interactions between moments, causing

parallel or antiparallel spin alignments. This effect was added to Curie's law as the
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correction constant 6 (K), known as the Weiss Temperature, as shown in Eq. 11, the
Curie-Weiss law, named in honor to Pierre-Ernest Weiss (1865-1940), who studied
these effects[61].

T+<——) (Eq.11)

For 6 =0 K, there are no interactions of interatomic spins and the equation
becomes equal to Eg. 8. Now for, 6 > 0 K, the spins are aligned parallel, causing low
ferromagnetic interactions. If 6 < 0 K, the spins are aligned antiparallel, causing low
antiferromagnetic interactions. It is important to note that these interactions are
insignificant compared to the paramagnetic effect and the ferromagnetism or
antiferromagnetism effects have completely different behavior under the same

conditions.
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Figure 7. The magnetic family tree, showing the evolution of macro-magnetic properties, the
behavior of magnetic susceptibility, the organization of spins and some examples of substances

that have these effects, making clear the complexity of magnetic effects[47].

Now we can talk a little about the other magnetic effects. As seen in Figure
7, macroscopic magnetic effects arise from paramagnetism. It is present the names of
the effects, the behavior of substances with this effect when we modify B or the
temperature, drawings representing the ordering of spins, in addition to mentioning
some compounds that present such effects. The most known are ferromagnetism,
antiferromagnetism and ferrimagnetism, which differ in the way that the magnetic

moments of atoms in a material are arranged.
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Ferromagnetism is the most familiar type of magnetism, where the
magnetic moments of the atoms are aligned parallel to each other within each domain,
resulting in a net magnetic moment for the entire material. When an external magnetic
field is applied, the magnetic domains become aligned with the field, leading to a strong
attraction between the material and the magnetic field. They can be artificially
magnetized applying a strong B for a period of time. It is observed in pure metals such
as Fe, Ni and Co, as well as compounds such as FesOs (found in magnetite) and
Nd2Fe14B (neodymium magnet).

Antiferromagnetism, on the other hand, is observed in certain materials
such as chromium and manganese oxide. In antiferromagnetic materials, the magnetic
moments of adjacent atoms are aligned in opposite directions, resulting in a net zero
magnetic moment for the entire material. When an external magnetic field is applied,
the magnetic moments become aligned with the field in a way that cancels out the overall
magnetic moment of the material, leading to little or no attraction between the material
and the magnetic field.

In ferrimagnetic materials, the magnetic moments of atoms in different
sublattices are aligned parallel to each other, but the moments in different sublattices are
oriented in opposite directions. This results in a net magnetic moment for the material,
but it is smaller than in ferromagnetic materials. Ferrimagnetism is a complex
phenomenon that arises from the competition between ferromagnetic and
antiferromagnetic interactions within the material. This type of magnetism is observed
in materials such as ferrites and garnets.

By raising the temperature of the substance, the ferromagnetic effect is
lost, becoming the pure paramagnetic effect. The temperature at which this change
occurs is called the Curie temperature, Tc (K). The same occurs for ferrimagnetic and
antiferromagnetic substances. With increasing temperature, there is a transition from the
effect in question to the paramagnetic effect. This temperature where the transformation
of effects occurs is called the Neel temperature, Tn (K). Figure 8a illustrates the variation
of magnetic susceptibility with temperature for hypothetical substances. Ferromagnetic
and antiferromagnetic effects are present up to Tc and Tn, respectively. At higher

temperatures, substances exhibit only the paramagnetic effect. Figure 8b. shows the
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behavior of the same substances on a plot of the inverse of magnetic susceptibility versus

temperature. Figure 8c. shows a representation of the spin alignments for these three

substances, with parallel alignment in favor of the external field in for ferromagnets,

antiparallel alignment, resulting in a null effect, for antiferromagnets, and an antiparallel

alignment for ferrimagnets, but with differences in intensity between the spins (A > B)

in the direction of external magnetic field, resulting in a non-zero effect, but smaller

than for ferromagnets.
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Figure 8. Behavior of (a) magnetic susceptibility and (b) of the inverse magnetic susceptibility

for paramagnetic (red), ferromagnetic (blue) and antiferromagnetic (green) substances with

temperature variation, under constant external magnetic field, showing Tc and Tn. (C)

Representation of spin alignment for ferromagnetic (parallel alignment), antiferromagnetic
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(antiparallel alignment) and ferrimagnetic (antiparallel alignment with differences in intensity
A and B) substances. [Adapted from [47]

Helimagnetism effect occurs when, at certain temperatures, ferromagnetic
layers couple ferromagnetically to the neighboring layers, but antiferromagnetically to
the next-neighbour layers forming a helical spin structure. Examples of substances with
this effect are FeGe (< 278 K), Tb (219-231 K) and B-MnO> (< 93 K)[47].

Superparamagnetism occurs in sufficiently small ferromagnetic or
ferrimagnetic nanoparticles. The magnetization can randomly reverse direction under
the influence of temperature (also called Néel temperature). In the absence of an external
magnetic field, their magnetization appears to be zero on average. In this state, called
superparamagnetism, an external magnetic field can magnetize the nanoparticles in a
manner similar to that of a paramagnet. However, their magnetic susceptibility is much
greater than that of paramagnets. An example is ZnFe2O4 nanoparticles[62,63].

When an antiferromagnetic response is observed for y versus temperature
curves, but the substance lacks a crystalline lattice, the effect is called speromagnetism
or asperomagnetism. They are distinguished by the length scale over which the spin
correlations reach zero. In a speromagnet, the average spin correlations are negative at
nearest neighbor but tend to zero at some interatomic distances. In an asperomagnet, the
correlations are ferromagnetic and tend towards zero on a larger scale. In
sperimagnetism, there is an order in most of the spins when B is applied, but there is an
offset of other spins close to those aligned to the field[47,64].

Finally, another observed effect is the Pauli paramagnetism. Restricted to
metals, this effect occurs due to the delocalization of electrons due to the formation of
the metallic band, the free-electron model, and there is a mixture of excited states that

are not filled, regardless of temperature.
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2.3 Principles of the magneto-optical Faraday effect.

Figure 9. Schematic figure of a Faraday rotator. Polarizer light A passes through the medium
with optical path I, under the external magnetic field and constant B, causing a rotation of the
plane of polarization of light, measured at angle . [Extracted from ThorLabs — Faraday
Rotators page. https://www.thorlabs.com/images/Tablmages/Faraday Rotator_Diagram_D1-
780.9if]

As previously mentioned, and shown in Figure 9, the Faraday effect (or
Faraday rotation) is a magneto-optical phenomenon (MOFE) which a change in the
polarization plane of light occurs when passing through a medium, under the application
of an external magnetic field, B. These conditions produce circular birefringence along
B axis, resulting in a rotation of the polarization direction. The materials that have this
effect are called Faraday rotators.

Already in Faraday’s observations, in 1845, it was clear that the effect
proportionally depended on some parameters such as the intensity of B, the size () and
the index of refraction (n) of the transparent material. They have been summarized in
Eq. 12 below.

B =V.B.I (Eq.12)
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where 3 is the angle of rotation, and V an intrinsic constant of each material, dependent
on the refractive index, called Verdet constant (min.Oet.cm™ or rad.Ttm™?). B can
occur clockwise, in this case the angle assumes a negative value, or counterclockwise,
in this case assuming a positive value. Eg. 13 and 14 presents the dependencies of Verdet
constant, that can be evaluated by constant presents diamagnetic (Vdia) and paramagnetic
(Vpara) contributions, respectively. If the resulting effect is diamagnetic, B will be

positive. If the resultant is paramagnetic, the B will be negative.

ev )dn (Eq.13)

Viia = ( E

mec
where e is the elementary charge (1.602176634 x 107%° C), me is the mass of the electron
(9.1093837015 x 10731 kg), c is the speed of light (299792458 m.s), v is the frequency
of the incident light, and dn/dv is the refractive index dispersion. This equation was
derived by Antoine Henri Becquerel (1852-1908) on the basis of classical
electromagnetic theory[65-67].

2
Vv _ 47‘[2qu2 Nlueff Z Cn (E 14)
para 3Tchkg g vz —v,2%) T
n

where N is the number of paramagnetic species I per unit volume (I . cm™), C, is related
to the transition probabilities, va IS the transition frequencies. The Faraday effect is
related to the inequality of the refractive indices of the left and right circularly polarized
components into which the incident light is decomposed. The Verdet constant is
dependent on the wave frequency and the internal resonance frequencies related to the
transitions between electronic levels that are influenced differently by left and right
circularly polarized waves, as well as on the associated transition probabilities. The Eq.
14 was studied and proposed by J. H. van Vleck and M. H. Hebb[68-70] and we can

rearrange it as a function of ypara using Eq. 8 and 9., forming Eq. 15, below.
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47'[2 NRV2 Cn
s = ()5 Hore 275 (Fa-15)
n

4172

where is constant equal to 3.558 x 10% mol.m.J*.A, independent of medium or

chugN 4
light. We can conclude that Vpara is directly proportional on ypara and its determination is
extremely relevant for the study of paramagnet Faraday rotators, reaching higher Verdet
constants and sensitivity orders of magnitude higher than diamagnetic Faraday rotators.

As seen in Eg. 13 and 15, the V is also dependent on the refractive index
of the substance, due to the interaction of electromagnetic radiation with the molecular
electric field. Therefore, larger, more polarizable atoms have greater interaction with
electromagnetic radiation, with the electron cloud being more easily distorted. No
wonder, the magneto-optical effect was discovered by chance by Faraday using a lead-
borosilicate glass, where the presence of lead, a high polarizable atom, allowed the
detection of the effect, despite being a glass with resulting diamagnetic susceptibility.
The relationship between the V and the polarizability (o) can be better understood by
means of the Eq. 16[20].

3L,a,>
V= — 41“2 (Eq.16)
n

where ry is the distance between atoms and I, is the ionization energy of which atom.
For MO materials, large angles of optical polarization rotation at
wavelengths of interest as well as high optical transparency are generally required for
use in photonic devices. This has been achieved by increasing the magnetic field
intensity, increasing the path length in the material (like optical-fibers) or by developing
new materials aimed at achieving higher V. Although any transparent materials under
magnetic field exhibit some degree of Faraday rotation, only a few groups of substances
can achieve large Faraday rotation angles and possess a high V for commercial
applications in optics. Hence, the discovery of alternative high V materials for MO
applications with inexpensive and abundant substances is a compelling technological

opportunity for novel material innovation. Organic molecules containing aromatic
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rings[71,72], polymers[73], and nanocomposite[74] have shown relevant results as MO
materials in the visible and near infrared region, although the values are still low when
compared to inorganic ones. Of these applications, the most commons are magnetic field
Sensors.

By far, the most frequent materials used in magneto-optical applications
are single crystal materials based on inorganic garnets, as terbium gallium garnet (TGG),
terbium aluminum garnet (TAG), rare earth iron garnets (RIGs), yttrium aluminum
garnet (YAG), and other combinations of RE doped garnets, being commercially
available, deployed in magneto-optical isolators and magnetic detection applications
due to their high V, chemical stability and optical transparency in the region of interest.
Garnets naturally have the general formula of X3Y2(SiO4)s3, and synthetic garnets,
mentioned above, were produced by replacing Si with Ga, Fe or Al. They are usually
synthesized by Czochralski or Float Zone growth methods to produce high quality
results without impurities or defects[75,76]. The V values for each single crystal is -134
rad. T-.m™? (TGG, at 632.8 nm), -174 rad.T*.m* (TAG, at 632.8 nm), +5,86 rad.T-*.m™*
(YAG, at 632.8 nm), -232 rad. T-2.m* (YIG, at 1.86 um)[77].

As previously seen Fe, Ni and Co have high paramagnetic susceptibilities,
which allows them to be excellent ions to work in MO applications. However, the
presence of these ions causes unwanted coloration in the material, having, in most cases,
applications only in the infrared region. The second group of atoms with high
paramagnetic susceptibility are the rare earths. Because they have many unpaired
electrons in the 4f layer, as is the case with Tb, Gd, and because they do not have high
absorptions in the visible, these ions are also used commercially.

One of the biggest difficulties of monocrystalline Faraday rotators is their
production. The production of single crystals is extremely costly, as all material must be
grown without impurities or defects, or the effect will be impaired. moreover, production
is limited by the size of the piece, as it usually only reaches a few mm in thickness. And,
of course, this reverts to the final price of the product. Searching for prices on Faraday
rotators by Thorlabs, Inc., we will not find anything less than $600.00 on rotators

smaller than 5 mm.
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Seeking to overcome this, the study of glasses with magneto-optical
applications has been an increasing focus in modern science. Glasses have a synthesis
advantage, as the melt-quenching method only requires increasing the temperature of
the precursor reagents until melting, homogenization and thermal quenching at a lower
temperature. In addition, it is possible to manufacture pieces larger than 5 mm, the major
limitation being the region forming the glass in question. If glass production is
satisfactory, it is possible to produce an optical fiber from it, and even if the V is not as
high as that of the monocrystalline Faraday rotators, the | of an optical fiber would be
an extra gain (as already seen in Eq. 12). These promises of new materials have called

the scientific community, as will be discussed in the next section.

2.4 State of the art of Faraday rotator glasses.

A web search was conducted on the Web of Science on October 20, 2023,
using the terms “Magneto-optical sensors” and “Magneto-optical glasses”, shown in
Figures 10 and 11, respectively. The results showed a significant increase in publications
and citations in recent years. The publication-citation records of 70-1400 and 47-1000
for the given date highlight the recent emergence, diversity, interest, and significance of

these topics.
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Figure 10. “Magneto-optical sensors” publications and citations made by Web of Science on

October 20, 2023 [from Web of Science searching “Magneto-optical sensors™].
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Figure 11. “Magneto-optical glasses” publications and citations made by Web of Science on

April 14, 2023 [from Web of Science searching “Magneto-optical glasses™].
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Several different applications can be mentioned, the main ones being
magnetic and electrical sensors, normally made of a copper coil rotating around the MO
material, with the coil connected to the electrical circuit. The polarization state of the
light propagating in the material is rotated due to the Faraday effect generated by the
current passing through the cable. Optical isolators are devices that allow light to pass
through in one direction but block it in the opposite direction. There are crucial in many
optical systems, such as laser systems, where it is essential to prevent reflections from
interfering with the laser's operation. In this application, the MO material is used to
rotate the plane of polarized light, which allows the light to pass through the isolator in
one direction but blocks it in the opposite direction. Even the Laser Interferometer
Gravitational-Wave Observatory (LIGO) used the magneto-optical properties of the
TGG during the detection of gravitational waves in 2016[78-80].

MO materials are also used in optical modulators, which are devices that
modulate the intensity or phase of light. In this application, the magneto-optical material
IS used to rotate the plane of polarized light, which changes the intensity or phase of the
light passing through it. Optical modulators have several applications, including in fiber-
optic communication systems, where they are used to modulate the light signals carrying
information.

Another significant application of MO materials is in magnetic field
sensors. These sensors are used in various applications, including navigation systems,
geophysical exploration, and medical diagnosis. In this application, the magneto-optical
material is used to detect and measure magnetic fields. When a magnetic field is applied
to the material, it causes a rotation of the plane of polarized light, which can be detected
and measured. Figure 12 shows the field values produced by natural events. The
sensitivity values of the MO materials are also an important value to know and

understand.
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Figure 12. Magnetic signals produced by various sources[81].

Another recent spotlight was the improvement of the study of magnetism
control using electric field in materials with high magnetic susceptibility, changing the
population of charge carriers, paving the way for their use in spintronic integrated
circuits with ultra-low energy consumption. Although studies use ferromagnetic
carriers, paramagnetic materials also have their relevance, being an area still little
studied[82—84].

The MO properties in glasses can be achieved by introducing
paramagnetic ions, uniformly incorporated into solid glass matrices is the key to
achieving large Faraday rotation through a transparent glassy material. These ions
interact with the electromagnetic waves, causing the rotation of the plane of polarized
light. The degree of rotation depends on the strength of the magnetic field and the

concentration of the magnetic ions in the glass. The main approach to increase the green
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constant is to increase the amount of these ions dissolved in the glass matrix, maintaining
its optical properties in the region of interest. One of the first works focused on the
production of glasses containing rare earths for MO applications is the works by
Nicholas Borrelli[69], by the Corning Glass Works, and C. B. Rubinstein et al[85,86],
by the Bell Telephone Laboratories, the three works published in 1964. His work
demonstrated that the material's V depended directly on the concentration of RE ions
formulated in the final glass. These works also revealed that the Tb** ion had the greatest

magneto-optical effect, mainly due to its fundamental level and J.
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Figure 13. Dependence of V on Th® ion concentration and comparison to other reported data

glasses at a fixed wavelength of 632.8 nm [87].

M. Yamane and Y. Asahara[66], and G. Gao et al[87], produced a relation
between the V of some terbium-contain glasses and different matrices by the

concentration of Th3* ions per volume, at 632.8 nm. Figure 13 is taken from the article
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by G. Gao. We observed that phosphate glasses have a lower capacity to dissolve Th3*
ions, going through silicate and alumino-silicate glasses to borogermanate glasses, with
the highest amounts of ions per volume even in so. Germanium also helps with higher
V values because germanium is a polarizable atom, which increases the refractive index
of the glass, which is directly proportional to V as seen earlier.

One of the disadvantages of germanate glasses is their high value (~
$1,600 / 100 g, >99.99% trace metals basis, by Sigma-Aldrich), which makes the final
product more expensive, which leads us to study one of the systems in this work,
changing the germanium for another polarizable atom.

In addition to the germanate glasses, borates[88,89], boro- and
aluminosilicates[90-93], phosphates[94-96] glasses also have good solubility of
lanthanides, but for good applications in photonics and magneto-optics it will be
interesting that the chosen system presents 5 main characteristics: high paramagnetic
ions concentration, high refractive index, low absorption coefficient (in the operational
spectral region), high thermal stability against devitrification, in order to obtain large
bulk samples and eventually optical fibers and a more affordable price than germanate
glass.

Borotungstate glasses[97-102], fulfil these requirements, presenting high
solubility of Ln20Os, high refractive index (1,6-1,9) due to the higher polarizability of
tungsten atoms, besides to be transparent from the visible to near infrared, include the
telecom region (1.55 um). The price of tungsten is also lower than germanate (~ $180 /
100 g, powder, puriss., 99.9%, by Sigma-Aldrich), and the synthesis temperature is
lower (1450 °C for borogermanate glasses and 1250 °C for borotungstate glasses). As
stated in the review work by Mohamed Ataalla et al[98], the presence of tungsten in
these glasses entails several other interesting characteristics that can be explored, mainly
in sensing field, like gas, electric, humidity, light, temperature, high energy radiation
sensors, which can lead to more characteristics interesting in the material in future
discussions. In addition to WOz being a great modifier of the vitreous network, breaking
the former chains and allowing greater stability for the vitreous phase. The glass system

Ln203-B203-WO3 (Ln = lanthanide trivalent ion) studied in this work has been
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previously explored[103-110], mainly with high concentrations of La%* and Gd**
glasses.

In this work we will study in depth the Ln2Os-B2O3-WOs3 system for
applications in magneto-optics, firstly with trivalent terbium ion (Ln3* = Th®"), as this
has the highest value of paramagnetic susceptibility of the lanthanides and low
absorption in the visible region, making the best glass-forming region effective,
improving the parameters of the synthesis process and, subsequently, applying it to other
lanthanides.

On the other hand, we can choose to use transition metals (TM) to obtain
Faraday rotators. This makes the process even cheaper, as lanthanide ions also have high
market values. Fe, Co and Ni ions are already commercially used as Faraday rotators
glasses, they have higher V even than glasses containing rare earths, but they are
generally used in the infrared region, as they have high absorption in the visible region.
In this sense, depending on the need for sensitivity and application, glasses with other
TMs that present greater transparency in the visible region, can find specific niches in
the market with much more affordable prices.

One of the proposals is the use of divalent manganese ion (Mn?*) as active
ion is convenient instead of Fe, Co and Ni, as it is the next ion with greater paramagnetic
susceptibility. Mn?* is also important due to the extreme sensitivity of its optical spectra
in the nature of the host matrix and has been regularly used as a paramagnetic probe (for
low grades) in glassy systems.

In glass matrices, manganese can be present in the form of Mn?* or Mn3*
ions, that is, d® and d* respectively, occupying tetrahedral and/or octahedral sites
depending on the chemical composition. Octahedral Mn?* exhibits transparency in the
visible window, being limited by the low-intensity prohibited absorption at 410 nm
(°A1(S) = “A4, “E(G)) extending the optical window, compared to magneto-optical
glasses containing Th3* (480 nm) . As far as magneto-optical properties are concerned,
the use of Mn?* is also interesting over all other TMs, as it is the only one that can be
loaded in large amounts without compromising the optical absorption window in the

visible or infrared. next.
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For higher performance of MO material, we need high refractive index. In
this sense, a glass composition based on antimony, a highly polarizable ion, which has
higher refractive indices and is a well-known matrix for Mn?* ions, was chosen.

Phosphate glasses generally have low optical dispersion (high Abbe
number), large transmission window and high refractive index[111]. The presence of Pb
also increases the refractive index of the glass, as already discussed. The addition of
PbO and ZnO also lower the melting point of the glass because they are network
modifiers, breaking the former interactions.

R. S. Manzan [112,113] and C. A. S. Lereno[114], which this work
follows, prepared SbPO4-PbO-Zn0O glasses doped with Mn and Fe, conferring magnetic
properties to them, due to the formation of a glass-ceramic, containing crystals with the
ferromagnetic oxides of each mentioned metal. However, the magneto-optical
applications of these glasses have not yet been studied, which leads us to this work in
question. We had the participation of Scientific Initiation student, Nicole Gouveia
Roque, with VUNESP Scholarship, an agreement between the Secretary of Education
of the State of Sdo Paulo-UNESP-VUNESP Foundation, who helped in the preparation

and study of these glasses.
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Chapter VI — Final Conclusion and Perspectives

As general conclusions of this work we can highlight the obtention of two
different glass systems presenting magneto optical properties. The borotungstate system
showed very high solubility of rare earth ions, which is the pre-requisite to obtain large
magneto optical properties and it was demonstrated by the high values of Verdet
constant. These glasses present algo good thermal stability allowing to prepare large
bulk samples. The system containing manganese also showed good magneto optical
properties, but, as expected, due to lower magnetic susceptibility of Mn ions, the Verdet
constant is lower than that of borotungstate system. In parallel to the main study of this
thesis, a series of samples containing different rare earths were produced and studied,
the qualitative results indicates that most of then can be used for more specific magneto
optical studies while others do not form glasses. The comprehension of such systems is
fundamental to advance towards to chipper and more powerful devices.

Our investigation into the physical principles underlying Faraday effects
has shed light on the intricate interaction between magnetic fields and these glassy
systems, making correlations between glass composition and desired effects to optimize
the magneto-optical performance of these glasses. These insights serve as a foundation
for the development of advanced optical devices such as magneto-optical modulators
and sensors, leveraging the unique properties of these glasses for real-world
applications. Looking to the future, the exploration of magneto-optical glasses in
borotungstate systems offers interesting prospects for future research. A cheaper matrix
that offers an effect comparable to borogermanates and commercial single crystals.
Glasses containing manganese also open doors for the development of this and other
matrices with transition metals, since the effect can be compared to certain matrices
containing lanthanides. In conclusion, the investigation of magneto-optical glasses
within specific vitreous systems revealed a range of possibilities for the advancement of
optical technologies. The synthesis, characterization, and manipulation of magneto-
optical properties within these glasses provide a strong foundation for future research
endeavors that aim to push the boundaries of photonics, catalyze innovation, and shape

the landscape of modern optical devices.



