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litterae quamvis minutae et obscurae per vitream pilam aqua plenam
maiores clarioresque cernuntur

Lucius Annaeus Seneca, Naturales Quaestiones,

Liber I , 6.5 (circa AD 65)

si vede, nel diminuire i corpi non si diminuir con la medesima
proporzione le forze, anzi ne i minimi crescer la gagliardı̀a con

proporzion maggiore

Galileo Galilei, Discorsi e Dimostrazioni Matematiche intorno a due
Nuove Scienze, Giornata seconda (1638)

Letters, however small and dim, are comparatively large and distinct
when seen through a glass globe filled with water

Physical Science in the Time of Nero,

Being a Translation of the Quaestiones Naturales of Seneca

(Macmillan, London, 1910), p. 29

Whereas, if the size of a body be diminished, the strength of that body
is not diminished in the same proportion; indeed the smaller

the body the greater its relative strength.

Dialogues Concerning Two New Sciences
(Macmillan, New York, 1914), p. 131
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Preface

Glass is one of the most magical, and therefore most intriguing,

materials we—the humankind—have had to deal with. There are

countless types of glass, objects made of glass, and applications of

glass. The amazing thing, quite natural for a magic material, is that

chance played an important role in the discoveries in the field of

glassy materials. Legend has it (according to the Roman naturalist

Plinya) that some Phoenician merchants, who moored their ship at

the estuary of the river Belus, discovered glass accidentally. Wishing

to cook food and being unable to find stones to support their cooking

pots, they used for that purpose some blocks of nitrate which were

part of the ship’s cargo. The nitrate, melted by the heat of the fire

and mixed with the sand of the beach, formed a stream of vitrified

matter. It is definitely true, on the contrary, that glass ceramics

were discovered accidentally in 1952 by Stanley Donald Stookey.b

One day, while doing research at Corning Glass Works, he left a

piece of a special glass in a furnace at a higher temperature than

needed; when he came back and realized what he had done, he

immediately attempted to remove the piece from the furnace, but the

glass fell down and, surprisingly, instead of shattering into millions

of fragments, it bounced and sounded like the ringing of steel when

it hit the floor.

Some magic, on the other hand, is also related to the spherical

form. Its full symmetry has always represented an ideal of

aPliny the Elder (AD 23–79); Naturalis Historia, Liber XXXVI, lxv (http://penelope.

uchicago.edu/Thayer/L/Roman/Texts/Pliny the Elder/36*.html#190)
bS. D. Stookey, Explorations in Glass: An Autobiography (Wiley-Blackwell, Hoboken),

2006.



July 2, 2019 20:7 JSP Book - 9in x 6in 00-Righini-Prelims

xvi Preface

perfection, since the times of Parmenides,c who conceived that

“what is” (or being) is uniform and can only be a sphere.Not by

chance, divination has often used glass (or crystal) spheres; scrying

with crystal balls seems to have begun with Celtic Druids, was

mentioned in the works by Chaucer, Shakespeare, and Roger Bacon,

and is still practiced nowadays by some.

Thus, it is not surprising that the combination of glass and sphere

may lead to outstanding results, both in everyday life and in the

scientific field. Glass beads (mostly not transparent) have been used

as ornaments since the late third millennium BC, as testified by

archeological findings in Mesopotamia and Egypt. A glass bead,

very likely part of a necklace, was found at Thebes, Egypt, bearing

the name of Queen Ramaka, who lived some 3300 years ago. To

find some documented “scientific” use of glass spheres (aka glass

beads or glass balls) one must wait until much later times: the first

written document referring to the image magnification of a glass ball

(vitrea pila) filled with water is found in the works by the Roman

philosopher Lucius Annaeus Seneca (c. 4 BC–AD 65).

Then, it was in the 17th century that the idea of using small

glass spheres in optics came to the forefront and started to give

extraordinary results. A Dutch scientist (Antony Van Leeuwenhoek,

1632–1723) succeeded in making the world’s first practical micro-

scope, with a magnification of 270×, well superior to contemporary

microscopes, capable of only 50×. This result, which allowed him

to be considered the father of microbiology, was due to the use,

as a lens, of a single millimeter-size glass ball, properly ground

and polished. Shortly before, Galileo Galilei (1564–1642), in a much

broader sense, had conceived the idea that objects scaled down in

size may have better properties than the original ones. We had to

wait, however, until the 20th century in order to appreciate the

unique properties of glass solid microspheres (or glass microballs)

and hollow microspheres (or microbubbles). Again, it was the

combination of glass and spherical form that paved the way to

a completely new scientific and technological area, this time at

a micrometric scale, namely the whispering-gallery mode (WGM)

cParmenides of Elea, Greek philosopher, active in the earlier part of the 5th century

BC.
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microresonators and their applications. Fundamental papers were

published by Gustav Mie and Peter Debye, in 1908 and 1909,

respectively, concerning the scattering and the resonance properties

of dielectric spheres illuminated by an optical plane wave. One year

later, in 1910, Lord Rayleigh published his seminal work on the

propagation modes of sound in a structure with circular symmetry.

It took some 50 years before the first demonstration of a WGM

optical resonator, which was given in 1961 in a paper by a group

at Bell Telephone Laboratories, showing the stimulated emission

into the optical whispering modes of a millimeter-size sphere of

CaF2 doped with samarium. In the 1970s, after the invention of

laser and of optical fibers, glass microlenses started to be used as

coupling optical elements. One can also notice that, very recently, a

lot of attention has been devoted to achieving super-resolution in

imaging through a transparent spherical microlens. In the last two

decades, furthermore, WGM microspherical resonators have proven

to constitute an excellent platform for the development of advanced

optical devices, from nonlinear and quantum optics to microlasers

and sensors.

In parallel, starting from the early decades of the 20th century,

glass microbeads and microballoons, due to their thermomechanical

properties, namely their light weight, low thermal conductivity,

resistance to compressive stress, and the fact of being almost chem-

ically inert, have found applications in several markets, from the

construction industry to oil spilling, to cosmetics, pharmaceutics,

and medicine. Hollow glass microspheres are also important in

the energy field, for laser fusion or for controlled storage and

release of hydrogen. Finally, in more recent times, with the advent

of nanotechnologies, the role of nanospheres has expanded, often

substituting microspheres in the same applications or opening new

horizons, such as the buildup of opal-like photonic crystals. All these

developments have been truly interesting, and I am sure that the

next decades will bring more and more exciting discoveries and

applications.

The present book provides an overview of the fundamentals and

applications of these (apparently) extremely simple components,

namely glass microspheres and nanospheres. Due to the extent of

this field, the text and the bibliography do not claim to be fully



July 2, 2019 20:7 JSP Book - 9in x 6in 00-Righini-Prelims

xviii Preface

comprehensive, even if we tried to provide as much coverage as

possible. The contents are mostly based on the research carried

out by my former research group in Florence, Italy, and by

collaborating groups in Italy and abroad; this explains why solid and

hollow microspherical whispering-gallery resonators play the most

important role in the book.

Chapter 1 introduces WGM microresonators in a simple but

rather complete way, laying the principles to understand their

applications in high-resolution biosensing (Chapter 5), in nonlinear

frequency conversion (Chapter 6), and in optoelectronic oscillators

for microwaves and millimetric waves (Chapter 7). Chapter 4

summarizes the challenges to be faced when a coating must be

applied to a microsphere, as well as its effects on the microreso-

nator’s characteristics. Chapter 2 and 3 consider scaling down to

nanometer size and describe some fundamentals and technology of

photonic crystals constituted by ordered structures of nanospheres.

Chapter 7, eventually, aims at providing a look on the very broad

scenario of applications of glass micro- and nanospheres, which

represent a worldwide market worth almost 2 billion US dollars.

Each chapter is self-contained and includes both fundamentals and

latest research results. The book should therefore prove useful to

undergraduate and graduate students, as well as to researchers

wishing to exploit the unique characteristics of whispering-gallery

mode microresonators.

This book would not have happened if it were not for the patience

of my wife Marta, the extraordinary work of all contributing authors,

and the support from Stanford Chong and the whole team at Jenny

Stanford Publishing.

Giancarlo C. Righini
Caselline, Florence, Italy

March 2019




