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Inorganic glasses and their interactions 
with light

John M Parker

INTRODUCTION
Glasses have always been prized for their optical properties. 
Their transparency allows their use for windows, tableware 
and containers (glass jars and bottles), and they are a vital 
component of many instruments and imaging devices. Early 
glasses were manufactured from impure raw materials 
and were always at least slightly coloured while artisans 
quickly discovered additives that could generate more 
intense colours. Indeed 5000 years or more ago coloured 
glass beads and jars were being manufactured, some 
with complex patterns produced by wrapping coloured 
trails around a former. The Romans developed the art 
of blowing to make clear glass containers and vases but 
also introduced the subtle colouring effects seen in the 
Lycurgus Cup and Portland Vase [1]. Coloured glasses have 
been used in cathedral windows since the 12th century 
[1,2]. The modern world uses colour for art, to add value 
to a wide range of commercial products such as containers 
and tableware, and as a filter, for example to control 
solar gain in buildings or protect sensitive foodstuffs. In 
some situations the absence of colour is vital, e.g. in the 
optical fi bres that form the basis of modern fi bre optic 
telecommunications. Alternatively, the same colorants used 
in art also allow a range of optical fi bre devices, such as 
laser amplifi ers and optical switches, to be produced. Light 
can also change glass properties, allowing the manufacture 
of many more artefacts, from ear implants to data storage 
systems and signal multiplexers.

Basic theory
Several authors have given excellent accounts of the 
fundamental aspects of glass colour and its control [3–9]. 
All glasses absorb strongly at shorter wavelengths in the 
ultraviolet (UV) and vacuum UV (VUV) regions of the 
spectrum as a result of transitions across the band gap, 
involving bonding electrons and higher energy localised/
extended states but pure vitreous quartz a few millimetres 
thick will transmit down to 180 nm, and phosphate glasses 
can be even more transparent. Most glassy materials are 
intrinsically transparent in the visible and near infrared 
(IR) parts of the spectrum but become opaque in the far 
IR, incident energy being absorbed by exciting thermal 
vibrations. Most commercial silicate glasses will transmit 
to 4.5 µm, limited only by a strong hydroxy absorption at 
3 µm, whilst some compositions are transparent to much 
longer wavelengths.
 Glasses also lack internal boundaries to scatter light. Of 
course light passes through two surfaces in transmission 
and, for a standard soda-lime–silica glass, incurs a 4% 
loss at each, or signifi cantly more for higher refractive 

index materials. This loss must be taken into account in 
experimental measurements. The intrinsic transparency 
of the material also relies on the manufacturer’s skill 
to eliminate defects, e.g. fine bubbles, unmelted raw 
materials, crystallisation during cooling, contamination 
and signifi cant compositional fl uctuations on the scale of 
the wavelength of light or more.
 Light within the transmission window however can 
be selectively absorbed by certain dissolved ions by 
stimulating transitions involving electrons from inner, 
partially fi lled orbitals, in for example the third, fourth 
and fi fth row transition metals (3d, 4d, 5d orbitals), the 
rare earth elements (4f orbitals) or elements such as lead 
and bismuth whose ions have fi lled lone pair 6s2 levels 
with empty 6p levels at not much higher energies. Anions 
such as S2– and defects associated with mistakes in the 
local bonding, can also infl uence absorption. Such effects 
underpin glass colour.
 Glass colour is normally associated with transmission 
and only rarely with scattered light. The effect of colouring 
agents on transmission follows the Beer–Lambert law. For 
total transmission, the loss associated with refl ection (a 
fraction R at each surface) must also be taken into account 
(Eqn 1):
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where It is transmitted intensity, I0 is incident intensity and 
t is the specimen thickness; µ (the absorption coeffi cient) 
depends on the dopant species, its concentration (c) and 
wavelength (λ), and equals α c, where α is the extinction 
coeffi cient. Colour is measured by recording optical density 
or absorbance (A) in transmission, defi ned as log10(I0/It) or 
–log10(It/I0), as a function of wavelength. For optical fi bres, 
power loss is measured in decibels, i.e. 10log10(I0/It). Taking 
logarithms of the above equation gives Eqn 2:

 A ct R= − −α 2 110log ( )  (2)

where α includes the factor log10e to allow for the use of a 
log rather than a ln scale. The second term in the expression 
is positive since (1 – R) is less than one; typically 0.96 for 
container or fl at glass.
 Various units are used for α, according to the units 
for concentration. Molar extinction coefficients are 
based on moles of colorant per litre of glass. Clearly α 
depends on glass density and not only wt% composition. 
Nevertheless units for α have included cm–1 wt%–1 on the 
basis that minor concentrations of colorants dissolved in a 
standard glass matrix (with fi xed density) are often what 
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is of interest [6]. Typically thickness units are centimetres 
but may be kilometres for optical fibres. Because the 
wavelength dependence of absorbance is characteristic of 
the colouring species, optical measurements may assist the 
identifi cation of the species present. Given an absorbance 
measurement, corrected for refl ection losses and glass 
thickness, literature values of extinction coeffi cient can 
also be used to determine ion concentrations, if the matrix 
compositions are similar.
 Commercially, the optical absorption may simply be 
measured at one or two specifi c wavelengths, e.g. to fi nd 
the concentration of a particular ion, or as a quality control 
measure. Occasionally the whole visible spectrum may be 
important, and the measurements may be expressed in 
terms of colour coordinates using, for example, the CIE 
system [3].
 Glass fl uorescence may be induced by incident light 
of short wavelengths as well as temporary or semi-
permanent colour changes. These effects are the basis of 
various important devices but do not usually infl uence the 
measurement of optical properties.

SOLUTION COLOURS
The majority of glasses are coloured using dissolved 
cations, surrounded by oxygen anions, although other 
anions (S2–, Se2–) can have a major effect. Most coloured 
commercial glasses contain only 3d transition metal ions, 
but some art glasses and technical glasses, such as lasers, 
use 4f rare earth ions. Table 1 lists the effects of different 
3d transition metals on colour.
 Certain transition metal ions display different colours, 
depending on the melting conditions and glass matrix 
composition. The fi rst effect results from the different 
oxidation states that the ions can adopt; the corresponding 
electronic energy levels give different colours. Thus, Cu2+ 
gives a broad absorption in the near IR which tails into 
the red end of the visible spectrum, giving the glass a 
complementary colour in transmission of blue, while Cu+ 
does not absorb in the visible. Ferrous ions (Fe2+) give rise 
to a particularly pronounced absorption at approximately 
1050 nm which, as for copper, adds a blue hue to the 
glass. On the other hand, ferric ions (Fe3+) give a series of 

relatively narrow absorption bands at the blue end of the 
spectrum and introduce a yellowish hue. Since both ions 
are usually present the resulting glass is typically green 
but intermediate shades can arise depending on the ratio 
of oxidised to reduced states.
 Glass batches usually contain carbonates, which 
decompose during melting giving a rich atmosphere of 
carbon dioxide, which displaces oxygen. Other batch 
components may be reducing or oxidising. Carbon is 
a common additive, and metals such as tin or organic 
materials such as sugar have also been used; these provide 
strongly reducing conditions whereas additives such 
as nitrates and sulphates are oxidising. Recycled glass 
may contain organic debris while natural materials may 
contain plant matter. Glassmakers typically ascribe a redox 
number to a batch, based on the chemical balance between 
oxidising and reducing components; this number assists 
in colour control [10]. These batch components are active 
during the early stages of melting; subsequently the melt 
moves slowly towards equilibrium with the atmosphere as 
oxygen diffuses through the glass, causing reactions of the 
form shown in Eqn 3.

 4 4 22
2

3 2Fe O Fe O+ + −+ → +  (3)

 The relevant diffusion coeffi cients are extremely low 
and, even in small laboratory furnaces, equilibrium may 
not be reached for tens of hours, if the melt is static. The 
position of this equilibrium also depends on the oxygen 
partial pressure in the atmosphere. Indirect electric 
resistance melting in a laboratory furnace normally 
involves melting under air, while large industrial furnaces 
are usually natural gas or oil fi red and the atmosphere 
immediately above the melt can range from neutral with 
just 1–2% oxygen to strongly reducing. Higher melting 
temperatures also favour reduced states. The relationship 
to atmosphere has been demonstrated by several 
authors who have determined the position of the redox 
equilibrium as a function of the oxygen concentration in 
the atmosphere, measured by its partial pressure PO2

. A 
standard thermodynamic analysis using Eqn 3 predicts 
that for a melt with a low iron concentration, and with 
the O2– concentration fi xed by the matrix composition, 

Table 1  Predominant colours given by different transition metals in silicate glassesa

 Reduced,  Colour; Oxidised,  Colour; More  Colour;
Transition metal d electrons Optical density d electrons Optical density oxidised Optical density

Titanium Ti3+, d1 Purple Ti4+, d0 Colourless  
Vanadium V3+, d2 Green V4+, d1 Blue V5+, d0 Colourless
Chromium Cr3+, d3 Green (5.9 at 650 nm; 
    6.4 at 450 nm) Cr6+, d0 Yellow (2550 at 370 nm)  
Manganese Mn2+, d5 Pale yellow (0.04 at 430 nm) Mn3+, d4 Purple (4 at 490 nm)  
Iron Fe2+, d6 Blue (9.1 at 1050 nm) Fe3+, d5 Yellow ( 1.3 at 380 nm)  
Cobalt Co2+, d7 Blue (47.7 at 590 nm), pink    
Nickel Ni2+, d8 Brown (14.8 at 450 nm). 
    purple, yellow    
Copper Cu1+, d10 Colourless Cu2+, d9 Blue, green  

a The values for optical density are at the absorption band peak wavelengths and correspond to 1 cm thick glass and 1 wt% of the corresponding oxide in 
a typical soda-lime–silica glass [6]; reliable values for optical density are only available for some species
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[Fe3+]/[Fe2+] should be proportional to [PO2
]1/4, since four 

Fe2+ ions are oxidised by one oxygen molecule. Such a 
relationship has been confi rmed in several systems [11].
 Colour is therefore controlled primarily by batch 
compositions for normal melting times but may be 
infl uenced by furnace atmosphere and the extent of effi cient 
stirring mechanisms such as convection currents. Both 
oxidised and reduced colours are regularly manufactured 
commercially; glasses with iron predominantly in either the 
2+ or 3+ state can be made and fi nd applications as either 
heat absorbing or UV absorbing materials, respectively.
 Some ions adopt more than one coordination in glassy 
matrices. Although glasses are often thought of as random 
networks, the structure around the cations is surprisingly 
regular and most transition metals occupy octahedral 
or tetrahedral sites. The local coordination splits the d 
orbitals (ligand fi eld splitting) and is the origin of the 
colour observed [3,5,6]. Different coordinations modify 
these energy levels and hence cause different colours. Thus 
cobalt in a soda-lime–silica glass is usually tetrahedrally 
coordinated and imparts a blue colour, while in an alkali-
free borate glass it sits in an octahedral site and gives a pink 
tint. Similarly nickel gives a purple hue in a potassium 
silicate glass, yellow in a lithium silicate host and an 
intermediate brown in a sodium-based glass. These changes 
are associated with a coordination change from tetrahedral 
(K glass) to octahedral (Li); a sodium silicate glass has both 
species present. The optical absorption spectrum for iron in 
glass is particularly complex, because it has two oxidation 
states, and both Fe3+ and Fe2+ can exist in octahedral 
(octa) and tetrahedral (tetra) environments (Figure 1). Five-
coordinated iron has also been reported.
 Some ion absorption peaks show Jahn–Teller splitting, 
evident as peak broadening. It arises where site symmetry 
changes can remove orbital degeneracy and so lower the 
system energy. Cu2+ for example gives a broad absorption 
at 1.1 µm that has been fi tted by three peaks [12], based 
on a square planar model rather than perfect octahedral 
coordination; the net result is an effective peak width 
of 2000 cm–1. Ti3+ is the only other ion showing clear 
evidence for such an effect. While excited states can also be 
split, their short lifetime does not usually allow attainment 
of a stable equilibrium confi guration [3].

 Matrix composition also plays a role in glass colour. 
Several mechanisms are operative including:
– effect on the redox equilibrium;
– effect on the coordination of the colouring ion, e.g. 

tetrahedral or octahedral); and
– effect on the environment around the colouring ion, 

e.g. whether they are O2– or F– ligands, and what the 
other cations near these ligands are.

A basis for analysing the effect on redox equilibrium is 
shown in Eqn 3. This suggests that a high O2– concentration 
would drive the Fe2+/Fe3+ equilibrium towards Fe2+. In fact 
the reverse is observed, e.g. in the Na2O–SiO2 system the 
higher the concentration of Na2O, and hence also O2– ions, 
the higher the equilibrium concentration of Fe3+, all else 
being equal. This arises because the melt does not contain 
free O2– but rather has oxygens bonded to other species. 
The effect of the next-nearest neighbour species is the 
key to understanding the behaviour. Some authors have 
analysed this in terms of the formation of ionic complexes. 
A related way of analysing these trends is due to Duffy, 
who introduced the concept of optical basicity. This model 
considers the electron-donating power of oxygen anions in 
different materials – silica and lime are often taken as the 
extreme environments representing acidic and basic media. 
Duffy has derived a set of parameters that allow the optical 
basicity of a sample to be determined from its composition, 
related to the sum of the effect of all the cations [13,14].
 Borosilicate (Pyrex) type compositions are typically 
bluer than the soda-lime–silica glasses used for containers 
and sheet glass. This arises from the higher proportion of 
reduced iron (Fe2+).
 The presence of more than one colorant species with 
different oxidation states can have signifi cant consequences 
because of redox interactions. If only one species is present 
then the equilibrium ratio of reduced to oxidised ions is set 
during melting and scarcely changes during subsequent 
cooling and processing, because oxygen diffusion in and 
out of the glass is negligible. The balance is defi ned by 
batch redox, melting atmosphere and melting temperature. 
If more than one redox species is present, the balance 
can change during melt cooling because of the differing 
effects of temperature on the preferred oxidation states of 
the species present [15] but changes little below the glass 
transformation temperature, Tg (when behaviour changes 
from liquid- to solid-like) [16].
 Beerkens discusses the colour changes in amber glass 
during cooling [17]. At high temperatures the balance of 
iron equilibrium is towards Fe2+ while sulphur is largely 
present as sulphate (SO4

2–). Below 1000 °C, sulphate ions 
oxidise some of the ferrous to ferric while themselves 
being reduced to sulphide. The combination of ferric and 
sulphide is the source of the amber chromophore, which is 
therefore only seen below 1000 °C.

Absorption peak profi les
The five 3d orbitals in a free transition metal ion are 
degenerate. In octahedral or tetrahedral environments 
they split into two sets of levels, and further splitting 
can occur if site symmetry reduces further. The splitting 
in an octahedral environment is defi ned as the crystal 
fi eld splitting ∆ or 10 Dq. If the ion has more than one d 
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Figure 1  Typical absorption spectrum for an iron-doped glasses 
and a computer fi tted spectrum
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electron then the various possible vectorial combinations 
of electron and orbital spin must also be taken into account 
and many more levels occur. The relative positions of the 
associated absorption peaks have been defined by the 
Tanabe–Sugano theory based on an electrostatic model 
[18], using terms involving just four parameters, the crystal 
fi eld splitting term ∆ and three further parameters (termed 
the Racah parameters and labelled A, B and C). Values of 
these parameters can be determined by peak fi tting and 
using the mathematical expressions for the peak positions 
derived by Tanabe–Sugano. The energy levels themselves 
are often expressed on plots of energy vs crystal field 
splitting [3,5,8].
 Different glass hosts show systematic variations in 
the positions of the absorption peaks and these can be 
expressed by variations in the above parameters, in 
particular the crystal fi eld splitting. For example changing 
from an oxide to a fl uoride glass causes peak shifts to longer 
wavelengths of ca. 9% [19].
 Changing the cations present in silicate glasses can 
also cause systematic shifts although smaller than those 
observed when the anion is changed. Bingham et al. have 
shown how the iron absorption peaks shift systematically 
with composition, following a linear relationship with 
optical basicity (Figure 2), although subtle deviations from 
ideality suggested segregation around the dopant ions 
[20].

matrix composition have not been reported, although Weyl 
argues that dopants are less absorbing in a glassy matrix 
than in equivalent crystal environments [4].
 Most peaks have a Gaussian profi le. Widths depend on 
(a) electron–phonon coupling (i.e. thermal disorder) and (b) 
the structural disorder inherent in the glassy structure, and 
are greater than observed in an equivalent crystalline host, 
often being 1000 cm–1 and rarely less than 100 cm–1. The 
sharper peaks correspond to those with energy that varies 
the least with crystal fi eld splitting (see Tanabe–Sugano 
model above). The former contribution to width is termed 
homogeneous broadening and is assumed to apply equally 
to all chromophores present, while the second contribution 
is termed inhomogeneous broadening and relates to site-
to-site variations. Inhomogeneous broadening is generally 
found to be 0.1–0.3 of the homogeneous broadening. Both 
absorption and emission spectra have been combined 
to study these effects [21,22], fluorescence emission 
broadening being potentially useful for making tuneable 
lasers.

Charge transfer bands
Apart from the forbidden intra-orbital transitions, some 
cations have allowed transitions involving outer electrons 
and levels with different l quantum numbers (e.g. in 
Pb2+) where the electrons are excited from 6s to 6p levels. 
Other transitions can best be described using molecular 
orbital theory but quantitative formulations, such as those 
available for ligand fi eld splitting, are not fully developed. 
Being allowed, these transitions are signifi cantly more 
intense (by a factor of 100–1000) than those for the d orbital 
transitions and therefore even low ion concentrations can 
give intense colours. In most cases these transitions have 
energies in the UV region and therefore are useful for use 
in UV-rejecting fi lters. However the tails of the absorptions 
can reach the blue end of the spectrum and the resulting 
glasses can have a yellow–brown hue. Ions showing such 
transitions include Ti4+ and Ce4+, the relevant charge-
transfer transitions are from molecular orbitals involving 
principally the ligand ions to ones associated with the 
cation.

Rare earth elements
Rare earth elements colour glass in the same way that 
transition metal ions do, except that the 4f orbitals are 
involved. There are more levels than for the transition 
metals and the absorption spectra are therefore more 
complex. Because these orbitals are buried deeper within 
the ions, they also interact with their environment less 
and the absorption bands are narrower. As a result the 
colours are pastel shades rather than the brighter colours 
for transition metals (Table 2). The optical densities at the 
peak absorptions are also lower, e.g. for Nd3+ the optical 
density at its peak absorption is one fi fth of that for Co2+.
 Rare earth elements are not often used as dopants 
because of the high concentrations needed and their high 
cost. However neodymium has two absorption bands that 
are particularly effective at absorbing the sodium emission 
line and has therefore been used as a dopant for spectacles 
made for glassblowers [23]. Its use as a ‘black-out’ window 
for factories lit by sodium lamps has also been suggested! 
It is also used in art glass and displays an interesting 
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Figure 2  Shifts in three Fe2+ peak positions (see Figure 1) as 
a function of optical basicity calculated from the host glass 
composition

 Peak heights (absorption coeffi cients) vary over orders 
of magnitude. In general when a transition is forbidden the 
corresponding absorption is weak. Transitions involving 
d orbitals alone are forbidden and only occur because 
of incipient disorder such as thermal vibrations and the 
mixing in of other orbitals to form molecular orbitals. Thus, 
longer wavelength absorption coeffi cients associated with 
transition metals are weak, compared with the charge 
transfer bands observed in the UV which involve allowed 
transitions. For ions such as Mn2+ with fi ve electrons in 
d orbitals, transitions are additionally spin-forbidden and 
so are weaker still; this ion effectively imparts no colour 
to the glass. General trends in absorption coeffi cients with 
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dichroism (sometimes termed the alexandrite effect) under 
different lighting conditions and for different thicknesses, 
changing from lavender–blue to red–purple [4,24].
 An example of an actinide element with 5f electrons 
used in art glass is uranium. It imparts a green–yellow 
hue and is the basis of a translucent product made by the 
Victorians termed Vaseline glass. Such glasses are no longer 
manufactured because of their intrinsic radioactivity but 
they are still sold at antiques fairs and can be recognised 
by their fl uorescence when exposed to UV [25].
 Rare earth dopants are the basis of many optical applic-
ations of glasses within the telecommunications industries, 
their sharply defi ned energy levels and extended excited 
state lifetimes allowing the development of lasing systems. 
Of particular interest are Er3+ which lases at 1.5 µm, one of 
the optical fi bre transmission windows, and Nd3+ or Pr3+ 
which, in certain hosts, lase at the 1.3 µm optical window.
 Although these absorption peaks are narrower than 
in transition metals, the host environment does have a 
small effect. Much effort has gone into modifying the glass 
matrix to broaden the key absorption and fl uorescence 
bands and allow tuneable systems that can be used for 
amplifying signals at a number of different but closely 
spaced wavelengths [26]. In this way the data transmission 
capabilities of optical fibres can be greatly enhanced 
without the need for installing new cable.

Decolourising
Even with nominally clear glasses, low concentrations 
of colouring irons are present. Iron is ubiquitous; its 
concentration in a typical fl at glass is 0.1 wt% expressed 
as concentration of iron(III) oxide with approximately 20% 
of the iron as ferrous and the remainder ferric; these ions 
impart the greenish hue characteristic of sheet glass viewed 
edge on. This green tint is particularly apparent in antique 
glassware and may be seen in thicker sections of modern 
glasses, e.g. container bases. The impurity concentration 
is normally controlled because it infl uences radiant heat 
transfer and hence convection currents in the furnace.

 Often glass manufacturers aim to produce a ‘colourless’ 
product. Makers of high value products, such as crystal 
glass manufacturers or containers for high value products, 
will purchase higher quality raw materials producing 
glasses with one third (or less) of the iron content of fl at 
glass.
 A second approach is to add oxidising agents to the batch 
to shift the iron equilibrium towards ferric (Fe3+), which 
imparts a paler colour than ferrous (Fe2+). Venice has been 
a key glassmaking area over the last millennium, with a 
powerful guild of glassmakers who moved their operations 
to the island of Murano near Venice in 1291 to protect 
their secrets. Glassmakers there found they could improve 
glass transparency by using pyrolusite (MnO2) known as 
the ‘stuff that washes in the fi re’ [1]. This introduces Mn4+ 
ions into the glass which oxidise the ferrous iron to ferric 
according to Eqn 4.

 Mn Fe Mn Fe2+4 2 32 2+ ++ ↔ +  (4)

 By the early sixteenth century they were making glass as 
clear as fi ne rock crystal, known as Venetian Cristallo. In 
such glasses iron is presently largely in the oxidised Fe3+ 
state while manganese is in the Mn2+ colourless state (Eqn 
4). Over long periods sunlight can cause electron transfer 
resulting in an increase in Mn3+ in the glass, and the 
glass becomes purple. Some old windows, particularly in 
Belgium and the Netherlands, have become purple owing 
to their long exposure to the UV component of sunlight [1]. 
This effect is termed solarisation and is one reason why 
modern glasses no longer use this decolourising system. 
Alternative oxidising systems that do not cause subsequent 
discoloration include As5+/As3+, Sb5+/Sb3+ and Ce4+/Ce3+; 
all have been used for particular products [23].
 A third approach, termed physical decolourisation, is to 
produce a glass within a minimum but balanced absorption 
throughout the spectrum. Additional colorants are added 
that absorb in those parts of the spectrum where iron does 
not so that an overall neutral colour is produced. Selenium 
and cobalt independently produce pink and blue colours 
respectively but together with yellow ferrous ions (Fe3+) 
give the required neutral shade; neodymium is also an 
effective decolouriser but its cost limits its application to 
higher value products such as lead crystal. Of course the 
shade produced may not always be strictly neutral but 
designed to enhance the natural appearance of the product 
contained in the article.

Redox balance
As indicated in Eqn 4, certain added oxides can oxidise 
others. Thus oxidised Fe3+ is more stable than Mn4+ and 
Mn4+ will remove electrons from Fe2+, oxidising it to Fe3+. 
Data indicating the relative stabilities of different ions and 
a list involving the common ions added to glass are shown 
in Table 3.
 A redox couple near the top of this table will tend to 
oxidise a redox couple below. Thus manganese, cerium, 
arsenic and antimony all oxidise iron to the Fe3+ state. 
Conversely, a redox pair lower down the table tends to 
reduce one above. Thus if Cr6+ is desired in a glass (e.g. 
as an anti-UV filter) the raw materials must have low 
iron concentrations. Secondly it is impossible to mix the 

Table 2  Colours produced by various rare earth oxides

 Oxidation state,a  Colour;
Species confi guration Optical density

Cerium 4+, 4f0 Clear (700 at 240 nm)
Cerium 3+, 4f1 Pale yellow (100 at 314 nm)
Praseodymium 3+, 4f2 Green
Neodymium 3+, 4f3 Red to blue, depending on
    illumination source and
    thickness
Promethium 3+, 4f4 Rose
Samarium 3+, 4f5 Cream
Europium 3+, 4f6 Clear (UV absorption)
Gadolinium 3+, 4f7 Clear (UV absorption)
Terbium 3+, 4f8 Clear (UV absorption)
Dysprosium 3+, 4f9 Cream
Holmium 3+, 4f10 Yellow
Erbium 3+, 4f11 Rose
Thulium 3+, 4f12 Green
Ytterbium 3+, 4f13 Colourless

a While the 3+ state is dominant, a few ions can be produced in other 
oxidation states
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oxidised state of a pair high in the table with the reduced 
state of one lower down. For example, the copper blue tint 
(Cu2+) cannot be reinforced by the presence of Fe2+.

Colours produced by redox pairs
If two redox ions, one oxidised and one reduced, sit in 
adjacent sites in a glass matrix, strong colours arise, 
e.g. cerium and titanium give a strong yellow hue, iron 
and titanium give an intense amber, cerium and copper 
give turquoise, and cerium and lead give maroon [23]. 
Some authors have attributed these effects to specific 
chromophores [3,27] but Sainz et al. have argued that 
the Ce/Ti tint arises from a redox phenomenon that 
dramatically increases the Ce3+ content, with Ce4+ being 
reduced by the oxidation of Ti3+ [28]. They attribute the 
colour to the tail of the Ce3+ absorption in the near UV. In 
other cases, one ion may change the coordination state of 
the other.

Colouring by molecular species
As mentioned already, selenium can colour glass pink. 
This occurs in non-reduced glasses of low iron content and 
therefore is not associated with a complex such as those 
formed in iron–sulphur ambers. The tint produced in a 
soda-lime glass is a pink–orange hue but is a purer pink in 
a potash glass; it is used for decolourising containers and 
mirrors for interior decoration [23]. The origin of the colour 
is attributed to Se0 atoms rather than a colloidal suspension 
or polyselenide units [4]. The concentration required is very 
low but is diffi cult to control because of high volatilisation 
losses during melting; indeed the selenium is usually 
added as a compound rather than in its elementary form 
to minimise loss.

Uses of solution colours
Early glassmakers made significant use of iron and 
manganese compounds to produce a range of colours (e.g. 
for stained glass) and were aware of other colorants such 
as cobalt [29]. Other species such as chromium, nickel 
and uranium were introduced in the latter part of the 
eighteenth century as they were discovered [1].
 Most modern containers are coloured by:
– Cr3+ ions at various concentrations up to 0.25 wt% 

giving a bright green;
– Co2+ which gives colours ranging from pale (sky) blue 

to dark blue;

– the iron sulphide chromophore based on the Fe3+[S2–, 
O3] tetrahedral units in the glass;

– combinations of Cr3+ and iron amber, given names 
such as feuille morte (dead leaf) based on the resultant 
autumnal shade.

These colorants may be introduced into the batch as oxides 
or compounds such as iron sulphide for amber glass, 
usually as a pre-mix of several minor components. Most 
container-makers use recycled glass (up to 60% or more) 
and colour-sorted cullet† is a useful raw material. Perfect 
colour sorting however is never achieved and specifi cations 
are being written to defi ne acceptable limits. Some colours 
are more tolerant of impurities than others. Less than 
0.5% of green glass contamination of clear glass cullet is 
acceptable, but more can be tolerated in an amber glass; the 
ratio of the absorption at the Cr3+ peak (650 nm) to that at 
the amber absorption edge (550 nm) gives a valuable control 
measure of the redness (acceptability) of the product. 
Standards are available as a basis of comparison for glass 
colour [30].
 Glass furnaces can contain 1000 tonnes of melt and 
operate continuously for many years. Colour changes 
require a programmed sequence of batch changes designed 
to minimise the production of unsaleable ware, caused by 
poor colour or glass defects (e.g. bubbles, termed blisters) 
associated with the mixing of oxidised and reduced 
colours. Changeover is complicated by the fact that a 
furnace is intermediate between a perfect mixer and a 
plug fl ow system. Changeovers are therefore wasteful with 
half to twice the weight of glass in the furnace being lost. 
An alternative approach is to add a low melting point, 
pre-reacted glass phase (a ‘frit’) with a high colorant 
concentration late in the melting process. Container tanks 
use several forehearths‡ each supplying different machines; 
each can be individually coloured so avoiding the costs 
associated with colour changes. Stirrers are needed to 
ensure even mixing of the colour [31].

UV transmission
Apart from the artistic effect of the colour itself, container 
colorants are chosen because of the protection they offer 
to the container’s contents. Thus iron amber is strongly 
absorbing throughout the UV and shorter wavelength 
part of the spectrum to a wavelength of typically 550 nm. 
Many beverages, foods and medicines are sensitive to 
short wavelength radiation and must therefore be stored 
in containers that eliminate photons at the blue end of 
the spectrum, not just the UV region. A typical problem 
is the production of off-flavours in beer as a result of 
photodecomposition of certain sulphur-containing proteins, 
which give strong tasting thiols that cause the so-called 
sun-struck effect. Green glasses are less effective than 
amber at eliminating the shorter wavelengths; the feuille 

Table 3  Relative stabilities of different redox pairs dissolved in a 
silicate glass [23]

Species Oxidised state Reduced state

Chromium Cr6+ Cr3+

Manganese Mn3+ Mn2+

Cerium Ce4+ Ce3+

Vanadium V5+ V3+

Copper Cu2+ Cu1+

Arsenic As5+ As3+

Antimony Sb5+ Sb3+

Iron Fe3+ Fe2+

Tin Sn4+ Sn2+

† Cullet = Broken or waste glass returned for recycling
‡ Forehearth = The forward extension of the furnace, where the 
melt temperature is ‘conditioned’ before forming
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morte colour combines amber with green to afford some 
UV protection.
 UV transmission in such glasses has become a more 
important consideration as container walls have become 
thinner and some studies have attempted to modify glass 
compositions to increase the opacity at shorter wavelengths. 
One ‘obvious’ approach is to oxidise a chromium green 
glass so that some Cr6+ ions are produced. Cr6+ absorbs 
strongly in the near UV and the blue end of the spectrum 
giving the glass a yellow colour if all the 3+ state is 
removed, but allowing the retention of the chromium 
green shade if the Cr6+ concentration is not too high. 
Unfortunately the oxidised state is also carcinogenic and 
its concentrations in glass are therefore subject to stringent 
European Commission regulations [32]. Other ions such as 
Ti4+ offer an alternative, safer approach.
 For flat glass, different considerations apply. Car 
windows must prevent photodegradation of the sealant 
around their edges (typically by using a black glass glaze) 
and prevent damage to the vehicle’s plastic interior; 
similarly room furnishings require protection.
 UV protection is also required in products such as lenses 
for welding. Such products may use a sharp absorption 
edge that does not extend signifi cantly into the visible 
part of the spectrum. Ions such as titanium are one useful 
approach to this problem. Its empty 3d energy levels are 
involved in forming molecular orbitals with energies not 
far above the ground state energy of the ion (charge transfer 
bands). Another approach is to use precipitation colours as 
described in a later section.
 Occasionally UV transmission is needed as for UV lamp 
envelopes and bactericidal purposes. Special glasses such 
as calcium boroaluminates have been developed for this 
purpose [33].

IR protection
IR absorption is a key factor in heat control. For some 
applications excluding heat is the major consideration, 
whilst in others heat retention is the key aim. An example 
is the use of cobalt blue glass for viewing hot furnaces; the 
cobalt absorbs strongly in the near IR and at the red end 
of the spectrum so removing much of the radiation from 
the hot source. In buildings and cars a similar effect is 
required except that greater transmission of visible light is 
important; typically for car windscreens this may be 70% of 
visible light. Iron is a common colorant, in concentrations 
up to 1%, but other ions may be added for cosmetic reasons 
i.e. to give a balanced neutral grey colour, e.g. Dupont and 
D’Hont have patented a glass with 0.5–0.9% Fe2O3; 0.012–
0.025% CoO, 0.0025–0.01% Se; 0.005–0.02% Cr2O3 [33,34]. 
The purpose of the resulting coloured glass in automobiles 
is to remove both the UV that damages fi ttings and IR that 
causes heating within the vehicle. Non-coloured glass 
allows the sun’s radiation to enter the vehicle but traps 
the reradiated energy inside because of its much longer 
wavelength where the glass is opaque.

been the traditional route to red shades. Some systems rely 
simply on small transparent crystals to scatter incident 
light and produce a white glass termed an opal. This 
effect relies on (a) the refractive index difference between 
matrix and added phase, and (b) maximising the number 
of scattering boundaries without having particles smaller 
than the wavelength of light. Historically such effects were 
achieved by adding high refractive index materials such as 
tin(IV) oxide (SnO2), oxides of antimony and arsenic, or even 
calcined bones to the melt as fi ne powders that remained in 
the solid state as in modern glazes [1]. Bubbles produced by 
adding phases such as chalk could also be effective.
 Now phases are added that dissolve in the melt but 
which then precipitate on cooling. This approach allows 
smaller particles with greater control of the uniformity 
of their distribution. One example of such a system is a 
fl uoride opal. The precipitating phase in these glasses 
can be CaF2, NaF, or BaF2. Soda-lime–silica glass melts 
will dissolve a few percent of fl uorine as fl uorides [e.g. 
added as fl uorspar (CaF2) or cryolite (Na3AlF6)] and, if near 
saturation, high nucleation rates are achieved during the 
cooling stage of glass manufacture, while the melt is still 
fl uid. The crystals grow as spheres whose radii vary as r1/2 
during the early stages and then coarsen more slowly once 
precipitation is complete, following a r1/3 law. Because of 
the high nucleation rates this second stage is reached before 
the particles have achieved a size much above one or two 
microns and hence their scattering power is optimum. Such 
glasses may exhibit a thin outer transparent layer because 
the cooling rates there were too fast to allow signifi cant 
crystallisation. This behaviour can be important in giving 
the product a sparkling appearance, but may also infl uence 
the chemical properties of the material. Similar effects have 
also been based on phosphorus pentoxide (P2O5) introduced 
into the glass as phosphates although some of these glasses 
phase separate into two liquids to cause opalescence, rather 
than crystallising. Translucent borosilicate glasses may 
form by a similar liquid–liquid phase separation.
 Non-absorbing particles larger than the wavelength 
of light scatter independently of wavelength and give a 
white colour. Particles much smaller than the wavelength 
scatter light follow the Rayleigh scattering model with a 
strong wavelength dependence but the resulting glass is 
almost transparent. For intermediate sizes transmitted light 
can appear reddish in transmission (cf. the sunset) while 
scatterering becomes signifi cant and gives a bluish hue 
in line with the colour of the sky. Similar effects occur in 
phase-separated glasses.
 The range of colours that can be produced by this 
method can be extended by precipitating particles 
that are absorbing, e.g. metals or semiconductors. The 
corresponding light scattering theory is more complex 
and again there are different regimes of behaviour. Most 
commonly the precipitates are much smaller than the 
wavelength of light. Mie scattering theory has been used 
successfully to explain the resulting transmission spectra 
[36].
 In such systems the net transmitted light is infl uenced 
by the amount of scattered light, and a signifi cant fraction 
at certain wavelengths is scattered over a range of angles 
depending on particle size. As a result the appearance 
in transmission and refl ection can be very different. An 

PRECIPITATION COLOURS
Another important method of colouring glass relies on 
the introduction of precipitated particles; indeed this has 
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important example of this is mentioned below, namely the 
Lycurgus Cup (see later), that relies for its effect on small 
particles of silver/gold.
 Copper, silver and gold are the most commonly used 
metallic systems. The origin of the large optical absorption 
coefficient in the visible for metal particles in glass is 
associated with surface plasmon resonance [37]. The metal 
can be introduced in a conventional melt, such as an ionic 
salt, but is reduced during cooling so that precipitation 
occurs, metals having a low solubility in glass melts. 
Reduction typically involves a second redox ion, added 
with the glass batch, which is oxidised during the process. 
Tin is commonly used and the reaction is shown in Eqn 5.

 Sn Ag Sn Ag2 4 02 2+ ++ → +  (5)

 Discussions concerning the diffi culties of reproducing 
a particular red stain (attributed to the famous eighteenth 
century glass painter, William Peckitt of York) highlight the 
importance of signifi cant proportions of Fe2+ in the glass 
[38].
 In photosensit ive g lasses, reduct ion can be 
photocatalysed at room temperature, allowing images to 
be developed in the glass. This requires UV transparent 
materials, which therefore must have low concentrations 
of Fe3+, Ti, Pb, etc. Sensitising ions to absorb a wider 
range of energy plus redox ions as an electron source 
are needed for maximum effi ciency [3]. The precipitated 
metal crystals produced by the UV exposure can act as 
small nuclei on which other crystals grow and this has 
led to products, called Fotoform glass (invented by Dr S D 
Stookey at Corning in 1952), whose complex shapes rely 
on appropriate masks during the initial UV exposure [39]. 
Miniature lens arrays can be made using this approach 
– unexposed regions form the lenses, with the curved 
lens surface being generated by the volume expansion 
of the surrounding glassy matrix on crystallisation [40]. 
The crystallised regions are also a thousand times more 
soluble in hydrogen fl uoride than the parent glass and can 
be removed by etching. Replacement bones for the inner ear 
have been made by this route [41].
 Corning developed a product showing a wide range of 
bright colours based on such a process. They fi rst produced 
a glass which precipitated very fi ne silver halide crystals. 
Subsequent light exposure for different times produced 
conversion of the dendritic silver halide crystals to needle-
shaped silver particles of varying lengths. Scattering was a 
function of length and so of exposure time, giving products 
with intense body colours. Mie scattering theory has been 
developed for spheroidal particles as a function of aspect 
ratio and successfully explains the transmission colour 
changes observed [42,43].
 Under some conditions a highly supersaturated solution 
of the precipitating phase can be produced so that the 
crystals that subsequently grow are very much larger than 
the wavelength of light. This forms the basis of copper and 
chrome aventurines¶ and gives the glass a characteristic 

sparkle because of light refl ections from individual crystals 
[4].
 Materials containing precipitates are of increasing interest 
for non-linear optical applications, and so a number of 
alternative manufacturing routes have been investigated. 
These include ion implantation, ion exchange with 
reduction, sputtering, sol–gel technology and others. Many 
of these allow higher concentrations of particles to enhance 
the desired optical characteristics, although concentration 
also increases absorption and the fi gures-of-merit may be 
less sensitive to concentration than believed [37].
 Ion exchange is also the basis of the yellow images on 
stained glass. This utilises paints based on silver salts (e.g. 
nitrates), which are fi red onto the glass surface. Silver 
ions exchange for sodium ions in the surface and are 
subsequently reduced to silver metal using an appropriate 
atmosphere. Similar approaches have been used online 
in the fl oat glass manufacturing process, giving a product 
termed Spectrafl oat [44]. A variety of ions (Cu+, Pb2+, Ag+, 
Co2+, In+, Ni2+, Bi3+, Sn2+) have been electrically driven 
into the glass ribbon surface from a molten alloy pool 
constrained in place by a copper electrode that is wetted 
by the alloy pool; reduction in the hydrogen-enriched 
atmosphere of the fl oat bath follows and can give bronze, 
grey, pink, yellow or amber shades. Particular electrode 
profi les and pulsed currents can cause patterning. The tin 
bath forms the other electrode and sodium ions assist in 
carrying charge through the glass [45].
 Other systems used for making precipitation colours are 
based on semiconductors. Cadmium sulphide and selenide 
(CdS and CdSe) have been particularly popular until the 
tightening of health and safety legislation. These phases 
produce steep absorption edges ranging from ca. 450–650 
nm and giving transmission colours varying from yellow, 
through orange to deep red. These glasses are diffi cult to 
produce by conventional techniques, requiring tight control 
of furnace atmosphere. If the conditions are too oxidising, 
sulphide and selenide ions are easily oxidised and the 
resulting oxides can then volatilise and evaporate from the 
system. Conversely highly reducing conditions can result 
in the formation of metallic Cd which is also volatile. The 
glasses used to make these colours usually contains zinc 
oxide; this phase reportedly reduces volatilisation losses 
but may also dissolve in the Cd(S,Se) lattice, infl uencing 
the colour seen. Materials with absorption edges in the 
infrared have been made by replacing CdSe by CdTe or 
PbS.
 Similar production techniques to those for metals have 
been investigated to improve control in these systems 
and to expand the range of semiconductor dopants. The 
use of intense light beams has also been studied as a 
way to induce precipitation. Complex three-dimensional 
(3D) structures have been written into such glasses using 
interference patterns formed by intersecting laser beams 
[46,47].
 Depending on the concentrations and redox conditions 
used, precipitation may occur on cooling during normal 
processing, or may require a reheating step. The latter 
behaviour is termed ‘striking’ and is preferred because 
of the greater control it gives. The colours produced are 
strongly dependent on the amount precipitated and the 
particle size; colour may therefore vary throughout a body 

¶ Aventurines = Glass containing sparkling mineral or metallic 
particles
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because of varying cooling rates between thick and thin 
sections, and near edges or corners. Reheating to just above 
Tg gives a more uniform temperature throughout the body 
and so better control. The colours are often so intense that 
only thin layers can be tolerated. Hence a technique called 
‘fl ashing’ is used and involves a coating of the coloured 
glass over a clear base. Cutting through the coloured layer 
can enhance appearance.
 The effect of variations of particle size on colour has 
several possible explanations:
– Mie scattering theory predicts a small size effect;
– where solid solution effects are used to obtain a range 

of colours [e.g. with Cd(S,Se)] the particle compositions 
may change with time;

– the wave functions of electron-hole pairs (excitons) in 
semiconductors such as CdS can extend over several 
nanometres and can therefore be infl uenced by size if 
the particle dimensions are small – termed quantum 
confi nement.

Size effects can result in colour shifts from yellow to red in 
Cd(S,Se) systems as particles coarsen.
 Associated with the strong optical absorption of metal 
and semiconductor colloids in glass is a large fast third-
order optical non-linearity (in the order of 1 ps) near the 
absorption band [37]. Such optical non-linearities are 
associated with refractive index changes and potentially 
can be the basis for in-fibre switching of light; such 
switches use the effect that light intensity has on refractive 
index to change the light-guiding behaviour of the system 
and hence the light path taken. As a result, there have been 
extensive studies of a wide range of doped systems in the 
form of fi bres and planar waveguides. In general smaller 
particles are desirable for the fastest system responses.
 Cadmium-based systems show photodarkening effects 
when exposed to high energy radiation over long times 
which can cause problems in optical switching applications 
[48]. The origin of the effect is electron transfer from the 
semiconductor to electron traps in the glass matrix.
 A notable example of colouring by precipitation is the 
Lycurgus Cup.§ This is a Roman glass drinking vessel dating 
from approximately 400 AD. It is remarkable for its glass 
cutting and also its colour, it being dichroic. In transmitted 
light it is a deep magenta while by refl ection it is a greenish 
gold. Chemical analysis of a small (7 mg) chip has shown 
that the key elements causing the colour are gold and silver 
which have precipitated to give a colloid, but a number of 
additional redox elements are also key to the production of 
the colour by participating in the redox reactions leading to 
the precipitation of the noble metals. These redox species 
include iron, antimony, lead and tin [1].

Photochromic glasses
Photochromic glasses rely on precipitated silver halide 
crystals for their optical characteristics. UV light causes 

the production of Ag metal, which induces signifi cant 
absorption. The associated halide atom produced cannot 
diffuse far and the reaction reverses when the light source 
is removed, with heat (thermal fading) or using longer 
wavelength radiation (optical bleaching). The dynamics of 
the process depend on the glass matrix, temperature and 
crystal composition; they have been extensively studied 
[3]. Several other active dopants including copper and 
cadmium compounds have also been developed [33].

§ The Lycurgus Cup is held at the British Museum, http://www.
thebritishmuseum.ac.uk/science/lycurguscup/sr-lycugus-
p1.html

HIGHLY TRANSPARENT GLASSES
Standard commercial glasses contain signifi cant levels of 
impurities and a faint colour may be obvious in thicker 
sections such as the base. Increased pathlengths in optical 
systems require a corresponding reduction in impurities; 
even low grade optical fi bres of just a few metres must have 
impurity concentrations down to ppm levels. In optical 
fi bres for telecommunications pathlengths can be hundreds 
of kilometres. In such cases transition metals and rare earth 
element concentrations are typically less than 0.1 ppb. In 
these systems the pathlength is limited by intrinsic effects, 
including the tail of the IR absorption bands (increasing 
with wavelength) and Rayleigh scattering that arises from 
the inherent structural variability of a glassy material 
(scattering losses are proportional to λ–4). For silica fi bres 
the optimum transmission window is at 1.5 µm where the 
theoretical loss is just 0.15 dB km–1 [49]. Actual losses at 
1.5 µm can be close to the theoretical value but absorption 
by hydroxy species is very important in this region and 
defi nes two operating windows at 1.3 and 1.5 µm. Thus 
these systems operate at a wavelength where Fe2+ would be 
particularly deleterious. In experimental novel glasses for 
fi bres, melting is therefore often carried out under oxidising 
conditions which reduces substantially the concentration 
of this species.
 Commercial optical fi bres must be made by techniques 
that reduce contamination dramatically and, typically, 
chemical vapour deposition techniques are used [50]. Silica 
is made by oxidation of SiCl4 inside a clean container such 
as a semiconductor-grade silica tube. The semiconductor 
grade SiCl4 and oxygen are introduced as gases, by bubbling 
oxygen through liquid SiCl4 and they react in a hot zone 
that slowly moves along the tube. By working at high gas 
concentrations homogeneous nucleation of silica occurs 
in the gaseous phase and the soot so-produced deposits in 
the cooler upstream sections of the tube as a porous layer, 
which must subsequently be densifi ed by high temperature 
sintering using an (external) oxy-hydrogen fl ame. Because 
the halides of common transition metals (such as iron 
and copper) have extremely low vapour pressures, their 
concentration in the vapour carried into the reaction zone 
is extremely low. Contamination via the reaction vessel is 
minimised since the preform is slowly built up from the 
outside-in, the deposited layers becoming increasingly 
pure. The optically active part of the cylinder (its core) 
is the last part to be deposited on a removable mandrel. 
Finally, the preform tube must be collapsed to a solid rod. 
Optical fi bres are made by drawing the preform down 
from a diameter of several cm to fi bres of 125 µm with the 
refractive index profi le preserved. The drawing process 
takes place in a clean room to reduce contamination, 
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although the high temperatures can induce electronic 
defects. Building up layers from the inside-out is also used 
in vertical axial deposition [50].

wide range of lasing wavelengths as the basis of signal 
multiplexing [25].
 At the other extreme there is interest in a fast cerium 
emission (30 ns) in the UV from some Ce-doped heavy 
metal fl uoride glasses that has possible applications in the 
detection of high energy photons in nuclear physics, and 
also medical and security checking X-ray equipment [57].

Photostructural effects and radiation damage
Short wavelength radiation can induce colour centres 
in glasses. Intense sunlight can produce effects such as 
solarisation, mentioned earlier, where glasses containing 
manganese can become purple as a result of electron 
exchange between redox species. The envelopes of 
lamps producing UV radiation slowly discolour and 
samples exposed to X-ray radiation or γ radiation, during 
sterilisation for example, typically turn brown [58]. Adding 
redox species such as cerium, where the different oxidation 
states can act as electron traps or donors, can improve 
radiation hardness.
 Radiation-induced defects have also been suggested 
as a way of simplifying glass recycling since remelting 
destroys any colour induced. The limitations to such an 
approach to date have been that the colour usually induced 
is brown, with the purple manganese colour being the 
main exception. Recently workers have investigated the 
possibility of improving the long-term stability of these 
colours using silver additives to the glass [59].
 Since strongly absorbing species give rise to an 
associated refractive index change, their deliberate 
introduction can be used to produce diffraction gratings. 
This effect was fi rst identifi ed by Hill et al. [60] in 1978. 
Such gratings are now introduced deliberately along the 
length of optical fi bres using an excimer laser and phase 
mask [61]. This induces refractive index modulation along 
the length of the fi bre, which means that the fi bre becomes 
an almost perfect refl ector at a specifi c wavelength (a Bragg 
grating). Such fi bres can be used for wavelength division 
multiplexing or signal shaping; alternatively they allow 
a variety of sensing applications, e.g. a length change 
in the fi bre induced by temperature or stress will give a 
corresponding change in the transmission characteristics. 
Similar methods, which produce 3D images, allow the 
possibility of information storage and the production of 
photonic crystals (see below).
 The mechanisms producing these effects in fibres 
have been hotly debated. A typical analysis attributes the 
effects giving rise to Bragg gratings to E′ centres or various 
oxygen defi cient sites and, particularly, their germanium 
analogues, although radiation induced density changes 
may also be a factor [62]. Defects typically involve unpaired 
electrons (*) and include the non-bridging oxygen hole 
centre, ≡Si–O* (620 and 440 nm), E′ centre, ≡Si* (215 nm), 
peroxyl radical, ≡Si–O–O* (260 nm), and trapped electrons. 
These absorb at the wavelengths indicated typically in 
the near UV with tails into the visible; defects associated 
with Ge species are generally at longer wavelengths than 
their Si analogues and the associated refractive shifts 
are larger in Ge doped glasses. Their concentration can 
also be increased by appropriate processing e.g. higher 
temperatures in the fi bre pulling process for glass fi bres 
and can be enhanced by the presence of dissolved H2 in 

OTHER GLASS–LIGHT INTERACTIONS
Fluorescence and lasers
While the concentration of colouring ions is usually 
deliberately maintained at a low level in optical glasses, 
there are some specifi c properties that can be achieved by 
adding these ions. In particular the addition of rare earth 
ions leads to materials that fl uoresce strongly in the visible/
near-IR regions and can be used to produce lasers. Doped 
optical fi bres allow the possibility of optical amplifi cation 
in-fi bre without the need for electronic amplifi cation.
 The effi ciency of lasing systems depends critically on 
the lifetimes of the optically excited states in the key lasing 
levels. If the excited atoms lose their energy quickly to 
the lattice as phonons, then correspondingly higher input 
energy levels are required to produce lasing action. One 
key factor that infl uences the excited state lifetimes is the 
phonon energies of the lattice in which the active ion is 
dissolved. If the lasing levels are separated by an energy 
that is large compared with the average lattice phonon 
energy, then the probability of the downward transition 
is low, because each transition requires the simultaneous 
production of many phonons. Thus there has been a search 
for new glasses with low phonon energies to act as hosts 
– these are materials with a wide infrared transmission 
window because their natural vibrational frequencies are 
at low frequencies (long wavelengths). The hosts required 
have heavy ions and weak bonding; weak bonding results 
when the charges on the constituent ions are low compared 
with silicate glasses (Si4+ and O2–) and/or the constituent 
ions are large so that inter-ion separations are increased. 
Examples include:
– ZBLAN fl uoride glasses (ZrF4-BaF2-LaF3-AlF3-NaF) and 

its many variants [51];
– other halide glasses based on chlorides, bromides and 

iodides [51];
– chalcogenide glasses (e.g. As-Ge-Se or Ge-S) where 

oxygens are replaced by the larger and heavier 
chalcogenide ions (S, Se, Te) [52];

– heavy metal oxide glasses (e.g. based on tellurites or 
gallates) [53];

– partially crystallised glasses where the dopant ions 
segregate into a low phonon energy, crystalline phase 
[54].

Such materials also display two photon absorption 
processes giving visible light output by the application 
of longer wavelength IR radiation. This arises because 
the lifetime in the fi rst excited state is long enough that 
a second excitation step is possible before decay has 
occurred. The same approach allows the possibility of, for 
example, generating a 3D dynamic image within a large 
glass block by using two intersecting laser beams [55]. 
It has even been possible by using anti-Stokes shifts of 
fl uorescent emission to produce cooling effects [56].
 Another important aspect of this work is to broaden 
the fl uorescence band of the rare earth ion to allow a 
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the glass [63]. Analysis of the lifetimes of these defect 
states by combining annealing experiments with optical 
or electron spin resonance studies can help identify the 
relevant mechanisms involved but are also necessary to 
show that Bragg gratings can have a useful lifetime. One 
method adopted for commercial gratings is a deliberate 
anneal before use; this can eliminate the less stable, short-
lived species leaving a fi bre whose gratings can survive 
application over many years.
 Some of the defects produced by irradiation can have 
extended lifetimes. Kawasaki et al. have reported blue 
phosphorescence in Eu2+-doped calcium aluminosilicate 
glasses and at 510 nm in calcium aluminoborate glasses 
which can still be visible in a darkened room after 10 h [64]. 
This is attributed to thermally stimulated recombination 
of the holes and electrons produced by irradiation at 
shallow traps in the material. Such materials are a possible 
alternative to the crystalline phases used in luminous 
paints.
 Lasers can excite a specifi c transition in a rare earth 
which then indirectly excites local structural changes 
as it relaxes back to the ground state. This relies on the 
fact that glassy structures are not unique and minor 
structural reorganisation is possible without breaking 
the network bonds (for example note the semi-permanent 
densifi cation of silica by the application of high pressure). 
Such approaches can be used to give local density changes 
that then give a diffraction grating in the glass; such a 
grating can subsequently be erased by light or heat. This 
approach is suitable for holographic data storage [65].
 Certain categories of glasses, particularly chalcogenides, 
can be signifi cantly affected by light, which can cause 
major bond rearrangement and give corresponding changes 
in properties. One example of the use of this is in the 
production of photodiffractive elements. Light exposure 
can change the chemical durability of the glass and 
allow differential etching; appropriate light exposure can 
allow the production of surface structures appropriate to 
diffraction gratings and more complex structures. Similar 
mechanisms are operative in some recording media 
with short wavelength light used for writing and longer 
wavelengths used for reading.
 Focused high energy laser radiation can also give 
rise to surface etching and has been used for marking 
glass containers. Lens systems that allow focusing at 
controlled depths within a large glass block can allow 
complex 3D images to be written and give the appearance 
of a translucent image because of the light scattering 
characteristics of the induced defects [66]. The latter 
systems used Nd:YAG radiation at 1.06 µm where glass is 
transparent. The high intensities used initiate non-linear 
absorption processes and allow marking damage.

Effect of temperature on colour
Temperature normally has only a small infl uence on the 
absorption spectrum and colours are stable near room 
temperature. With larger temperature increases, peaks 
broaden due to increasing thermal vibrations and this is 
most noticeable for spectra showing fi ne structure, e.g. 
the rare earths and some transition metals such as cobalt 
[67]. Small red shifts in absorption peaks can also occur 
as the ligands move away from the active dopant [21]. 

Major changes may be noticeable near Tg if coordination 
alters, for example, in nickel-containing glasses, the nickel 
coordination can change from tetrahedral to octahedral 
and the colour from yellow to purple [4]. This change starts 
below Tg and the kinetics of the reaction are suffi ciently 
slow that either coloured state can be preserved by rapid 
quenching.
 Noticeable colour changes occur in glasses coloured 
by semiconductor particles since temperature changes 
the semiconductor band gap and so shifts the absorption 
edge. Cadmium sulphide coloured glasses are yellow at 
room temperature but at liquid nitrogen temperatures 
are almost colourless, the absorption edge shifting to the 
UV region. Conversely, heating changes the colour from 
yellow to orange and ultimately to red. Such effects are 
important in glass fi lters, for example, aircraft landing 
lights in countries where the normal daily temperatures 
are unusually high, given that the lights themselves cause 
substantial heating.

Polarisation effects
Generally, glasses are isotropic and light transmission is not 
affected by its plane of polarisation. This ceases to be true 
when glass is subject to stress and indeed crossed polars 
are used to assess the state of strain in glass artefacts. 
Certain glasses have structures where optical anisotropy 
can be permanently induced by drawing at high strain 
rates near to Tg. This applies to some phosphates where the 
glass structure is based on chains rather than 3D networks 
and to some phase separated glasses [68,69]. Anisotropy 
can also be induced by photoinduced crystallisation using 
polarised light [70].
 The Faraday effect in glasses has also created 
considerable interest. This relates to the rotation of 
the plane of polarisation of light as it passes through a 
material in a magnetic fi eld. The Verdet constant relates 
the magnitudes of angle of rotation to field strength. 
Applications of this effect are in optical and laser-based 
devices that require rapid switching or protection against 
back-refl ected light, modulators, non-reciprocal elements 
in laser gyroscopes and sensors [71,72]. The plane 
of polarisation is rotated in one sense by diamagnetic 
materials and in the reverse by paramagnetic materials. 
Materials in the former group that show particularly large 
effects include PbO–Bi2O3–Ga2O3 glasses where the lead 
and bismuth ions have highly polarisable 6s2 fi lled orbitals, 
while the latter group has glasses containing rare earth 
ions with unpaired 4f electrons, such as Tb3+, Pr3+ and 
Dy3+ [73]. The equivalent effect for electrical fi elds is called 
the Kerr effect [74].

Sol–gel systems
Glass production by a sol–gel route has been a major 
activity over recent decades [75]. Organic derivatives of 
glass-forming materials are the starting point. They are 
converted to a gel by hydrolysis, and subsequently densifi ed 
by careful drying and heat treatment. The elimination of 
high temperature processing allows the incorporation of 
various colorant species, particularly those that are volatile 
or temperature sensitive, with much greater control of 
particle size [76]. A range of intermediate products such 
as the ormosils (organically modifi ed silica) can also be 
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made. This has allowed the production of a whole range of 
colouring effects based, for example, on the incorporation 
of organic colouring species into an inorganic matrix, 
although there are a range of organic glass formers (e.g. 
sugars) and even a few low melting point inorganic 
glasses (e.g. lead tin fl uorophosphates) that offer similar 
fl exibility.
 This technology is particularly applicable to thin 
coatings; bulk specimens easily crack during densifi cation. 
Among the functional coatings being developed are 
coloured layers, interference fi lters, antiglare coatings, 
photochromic and electrochromic fi lms [77].
 More subtle techniques have involved the use of self-
assembling systems where scaffolds with a regular 3D 
array of holes are induced to give structures related to the 
geologically produced opals. The resulting materials are 
termed photonic crystals and act as 3D diffraction gratings 
with many unusual properties. One-dimensional photonic 
crystals can also be produced by building alternate layers 
of varying refractive index; mistakes in such sequences 
allow bandpass fi lters to be made with a transmission that 
varies with angle of incidence [78].

SUMMARY
Glassmakers over millennia have developed the technology 
for producing a rainbow of colours in glass with the goal of 
producing a wide range of aesthetically pleasing artefacts. 
The last century has seen major strides in understanding 
the origins of these effects and in placing colour and its 
control on a fi rm scientifi c footing. More recently interest 
has focused on ways of using the interactions between light 
and glass, for example to produce the optical equivalent of 
electronic amplifi ers, switches and integrated circuits, or to 
produce micro-engineered glass components. New optical 
effects have been discovered as new glass forming systems 
have been identifi ed and with new production technologies 
such as the sol–gel techniques. The potential for continued 
development of coloured glasses seems enormous and is 
further enhanced by the possibilities generated by the 
use of coatings to modify optical behaviour, a subject not 
within the scope of this review.
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