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1.1 Introduction 

Spectroscopy is the study of interaction of radiation with matter. Historically 

spectroscopy originated through the study of visible light dispersed according to its 

wavelength. Spectroscopic techniques are the indispensable tools for the present day 

scientists to study the structures of atoms and molecules. Atoms and molecules will emit 

their characteristic wavelengths, which make it possible to study and investigate their 

structures in detailed, including the ground and various excited state electron 

configurations. Spectroscopy also offers an accurate investigative method for locating the 

essential components in the materials having unidentified chemical composition. In a 

classical spectroscopic analysis, the detection of concentration of a few parts per million 

(ppm) of a trace element in a material is also possible from its emission spectrum. The 

remarkable development of new experimental methods, as well as sophistication of those 

that already exist, is giving rise to the continuous appearance of new spectroscopic 

techniques. The applications of spectroscopy not only constrained to physicists and 

chemists but also extended to various fields such as astronomy, medicine, forensic, 

industry, agriculture, defense, communication, biology, geology and astrology etc.  In 

Astronomy, the discovery that the universe is expanding quickly and isotropically 

(independent of direction) is due to the study of the spectral emission lines of 

distant galaxies which was found mainly from the observation of a Doppler shift of 

spectral lines. The identification of metabolites characteristic for cancer diseases and 

correlation of changes in metabolic profiles with extent of disease and probable prognosis 

can be done by various spectroscopic techniques like Raman, mass spectrometry Matrix 

Assisted Laser Desorption Ionization (MALDI) imaging and high-resolution magic angle 

spinning nuclear magnetic resonance (HR MAS NMR). The body fluid traces recovered 

at crime scenes are among the most important types of evidence to forensic investigators 

[1]. Although several methods have been developed over the years for body fluid 

identification, nondestructive tests that can be performed at a crime scene are still in the 

developmental stage. Fluorescence and Raman spectroscopy are among the most 

promising nondestructive methods for confirmatory identification of body fluids [2-10]. 

Fourier Transform Infra-Red (FT-IR) spectroscopy coupled with other spectroscopic 
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techniques such as atomic absorption spectroscopy (AAS)  is being used to assess the 

impact of industrial and natural activities on air quality [11]. In case of environmental 

studies, FT-IR Spectroscopy is used to analyze relevant amount of compositional and 

structural information concerning environmental samples [12]. The analysis can be 

performed not only to determine the nature of pollutants, but also to determine the 

bonding mechanism in case of pollutants removal by absorption processes. FT-IR 

Spectroscopy is also best applied whenever high sensitivity and/or speed is needed, such 

as in the analysis of pulping liquors, demanding quantitative determinations, as well as 

process and quality control applications[13]. 

Optical absorption and emission spectroscopy has been the instrumental in the 

discovery of many lanthanide elements also called as rare earth (RE) elements. Since 

from last several decades, Rare earth ions doped materials became the interesting subject 

of rigorous investigations due to their potential applications as activator ions in solid state 

lasers and phosphors because they covers a wide spectral range from infrared (IR) to 

ultraviolet (UV) and vacuum ultraviolet (VUV) spectral regions. They have been widely 

used in a variety of applications such as high density optical memory storage devices, 

under water communication, color display systems, solid state lasers in visible region, the 

color rendering of lightings, electric lamps, color TVs, light-emitting diodes (LEDs), 

scintillators, high power lasers in the visible region which can be used in a compact fiber 

and planar geometries, solar energy concentrators, optical detectors, optical data storage 

devices and in medicine etc. 

To design and develop such optical devices, thorough spectroscopic investigations 

of the optical properties such as peak wavelengths, line widths, emission cross-sections, 

lifetimes and quantum efficiencies should be evaluated. Such properties in turn depend 

on the environment of the rare earth ion and on the phonon energies of the host matrix. 

Hence, there is a meticulous requirement for the hosts which can possess low phonon 

energies and high quantum efficiencies [14]. 

 Rare earth ions also known as lanthanides play a significant role in modern 

technology as the active components of various optical materials. Due to their unique 
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properties, rare earth doped materials are having several applications and much of today's 

cutting-edge optical technology and emerging innovations are due to such materials only. 

Specific applications may employ the rare earths’ atomic-like 4f�  to 4f�  optical 

transitions when long lifetimes, sharp absorption lines, and excellent coherence properties 

are required, while others may employ the 4f�	 to 4f���5d  transitions when large 

oscillator strengths, broad absorption bands, and shorter lifetimes are enviable. Among 

the most popular solid state gain media, the rare earth ions doped laser crystals, glasses 

and more recently ceramic media have attracted the researchers with increasing interest 

because of their potential applications in many fields. In any case, these media are doped 

with rare earth ions which are nearly always trivalent. In contrast to crystalline media, 

glasses are favorable hosts for trivalent rare earth ions due to their broad inhomogeneous 

band width, possibility of tuning the wavelength, large doping capability and easy to 

mould and shape in larger sizes as well [15]. Glasses with multi components such as 

network formers and modifiers offer wide range of admirable optical properties for new 

applications by choosing and modifying the chemical composition. 

1.2 Glass or vitreous systems 

 The manufacture, development and use of glass increased rapidly after 1890. 

Different compositions were introduced for the manufacturing of different forms of glass 

like sheet glass, tubing, containers, bulbs, and a host of other products for which 

machinery also developed. Innovative methods of cutting, welding, sealing, tempering 

and the production of high quality glasses at lower price have shown the way to novel 

applications of glasses. Glasses are basically non-crystalline solids obtained by freezing 

super cooled liquids, which show short range order. Quantitative definition of the glassy 

state is a materialization of the more general and inclusive amorphous state of matter, 

which exhibits a glass transition [16]. Glasses have two common characteristics namely 

absence of long range periodic atomic arrangement and presence of time dependent 

behaviour known as glass transformation behaviour over temperature range known as 

glass transformation region. Accordingly a glass can formally be defined as an 

amorphous solid completely lacking long range periodic structure and exhibiting a region 

transformation behaviour [17]. In general, so many people think that the glass is a shiny, 
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transparent substance that breaks easily and the glass used in windows, eye glasses are 

same. But they are not. There are different types of glasses which can be prepared using 

different techniques, exhibiting different properties and having wide variety of 

applications as detailed in Table 1.1 [18, 19]. 

Table 1.1: Classification of glasses along with their formation, properties and uses 

S.No Type of the Glass Formation, properties & Uses 

A. Natural glass They can be formed when molten lava reaches the 

surface of the Earth’s crust and is cooled rapidly.  

Ex: obsidians, pechsteins, pumice etc., 

The skeleton of some deep water sponges (monoharpis) 

consists of a large rod of vitreous SiO2. 

B. Artificial glass The artificial formation of glasses occurs in various 

diverse classes of materials. Although many substances 

can be used to form glasses, only some of them are of 

practical value. 

 

C. Oxide glasses The artificial formation of glasses occurs in various 

diverse classes of materials. Although many substances 

can be used to form glasses, only some of them are of 

practical value. 

 

D. Halide glasses BeF2 is a glass-network former, which may be considered 

as weakened model of SiO2 and its structure is based on 

BeF4 tetrahedra. Fluorozirconate, fluoroborates and 

fluorophosphates glasses are the best candidates for high 

power lasers for thermonuclear fusion applications. 

 

E. Metallic glasses Metallic glasses are the materials of the present century. 

They may be subdivided into two classes, viz., metal-

metalloid alloys and metal-metal alloys. These glasses 

have extremely low magnetic losses, zero 

magnetostriction, high mechanical strength and hardness, 

radiation resistance and high chemical corrosion 

resistance properties. These materials are used as cores in 

moving magnets, recording cartridges, amorphous heads 

for audio and computer tape recording and high 

frequency power transformers. 

 

F. Chalcogenide glass These glasses are prepared based on elements of group 

VI (S, Se and Te) combined with elements of group IV 

(Si and Ge) and group V (P, As, Sb and Bi), which do not 

contain oxygen are interesting due to their infrared 
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optical transmission and electrical switching properties. 

Vitreous Se possesses photoconductive properties and is 

used in photocopiers (xerography). The Ge-As-Si glasses 

have opto-acoustic applications and are used as 

modulators and deflectors for IR rays. 

 

G. Heavy metal fluoride 

glass 

It is an extremely transparent glass being developed for 

use in optical fibers that transmit infrared rays. In optical 

fibers, infrared light transmits better over distance than 

visible light does. 

H. Sol-Gel glass This glass can be made by dissolving the ingredients in 

liquid. After that this liquid is heated such that the liquid 

evaporates leaving behind the small pieces of glass which 

are further heated to get solid glass pieces. Such glasses 

are highly useful to act as a protective layer on the 

surface of solar energy concentrators. They are used as an 

insulating material. Sol-Gel glasses are also used to 

prepare thick tubes that are highly in optical fibers.  

 

I. Flat glass It is mainly used in windows, mirrors, room dividers, 

containers and some kinds of furniture. All the flat 

glasses are manufactured in the form of flat sheets and 

used in automobile wind shields.  

J. Optical glass This type of glass is flawless and it is expensive when 

compared with other glasses. Hence, It is used in eye 

glasses, microscopes, telescopes, camera lenses and in 

many instruments used in factories and laboratories.  

 

K. Fiber glass These glasses are prepared like rods, with diameter less 

than one-twentieth the width of a human hair. It is used 

for electrical insulation, chemical filtration, and fire 

fighters suits. Combined with plastics, fiber glass can be 

used for airplane wings and bodies, automobile bodies, 

and boat hulls. Fiber glass is a very popular material 

because it is fire-resistant and washable. 

 

L. Laminated safety 

glass 

It is a “sandwich” made by combining alternate layers of 

flat glass and plastics. Laminated glasses are highly 

useful in automobiles as wind shield’s in place of 

ordinary glasses which might cause serious injuries when 

they were broken in accidents.  

 

M. Bullet resisting glass These are very thick and multilayer laminated glasses 

capable to stop the bullets fired from a point range. This 

kind of property possessed by these glasses made them to 

be much useful to use as wind shields for military tanks 
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windows, aircraft, and special automobiles.  

 

N. Tempered safety glass It is different from the laminated glass prepared by giving 

heat treatment to the glass. It is stronger than ordinary 

glass so that it is used as glass doors in stores, side and 

rear windows of automobiles, and basketball backboards, 

and for other special purposes. It is hard to break even 

when hit with a hammer. When it does break, the whole 

piece of glass collapses into small, dull-edged fragments.  

 

O. Coloured structural 

glass  

It is a heavy plate glass, accessible in lots of colours. It is 

used in buildings as an outside facing, and for interior 

walls, partitions, and tabletops.  

 

P. Opal glass This glass appears as milky white because it consists of 

small particles in the body of the glass which disperses 

the light passing through it. The ingredients necessary to 

produce opal glass include fluorides. It is used in lighting 

fixtures and for table ware. 

 

Q. Foam glass It is light weight glass capable to floats on water. Foam 

glasses are highly useful as an insulating material in 

buildings, steam pipes, and in chemical equipment.  

 

R. Glass building blocks Glass building blocks will have dead-air space inside 

them and can act as good insulators. Such property 

possessed by these glasses made them to act as bricks to 

construct walls and other structures to give good 

shielding for heat and cold.  

 

S. Heat resistant glass These glasses are prepared by using more silica content 

and less boric oxide. It is capable to expand and contrast 

without cracking during temperature changes and are 

highly useful in preaparing in the preparation of 

laboratory glass wares and special chemical apparatus.  

 

T. Glass optical fibers These fiber glasses in the form of thin rods are highly 

useful to transmit light pulsed to extremely large 

distances without any loss in its intensity and highly 

useful to carry the telephone and television signals 

without the need of repeater stations. Such fiber glasses 

are also highly useful in medical fields and control board 

displays. 

  

 

U. Glass tubing Glass tubing can be made from different glasses in 
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different sizes useful in preparing fluorescent tubes, neon 

signs, glass pipes and chemical apparatus.  

 

V. Glass ceramics They are strong materials made by heating glass to re-

arrange some of its atoms into regular patterns. These 

partially crystalline materials can withstand high 

temperatures, sudden changes in temperature, and 

chemical attacks. They are used in heat-resistant 

cookware, turbine engines, electronic equipment, and 

nose cones of guided missiles. Glassy ceramics have 

some special names such as Pyroceram, Cervit, and 

Hercuvit are highly useful in preparing heat resistant 

cookware, electronic instruments, material for turbine 

engines and guided missiles nose cones.  

 

W. Laser glass These are the optical glasses doped with some rare earth 

ions to produce laser beams. In this process the optical  

glass will act as an active medium in producing laser 

light. Such laser pulses produced by laser glasses are 

even capable to initiate nuclear fusion. On the other hand 

such laser glasses are having applications in diversified 

field.  

 

X. Invisible glass "Invisible glass" is used as an anti-reflection coating on 

the surfaces of camera lenses and eye glasses. This 

invisible glass rather a thing transparent film coated on 

the surface of lenses and glassy surfaces can decrease the 

intensity of light reflected light and thereby increases the 

transmitted light intensity.  

 

Y. Photo-chromic glad These glasses will become dark whenever they are  

exposed to ultraviolet rays and clears up when such rays 

falling on them are removed. Photo-chromic glasses are 

highly useful in preparing window sheets, sunglasses, 

and instrument controls.  

 

Z. Photosensitive glass It is such a glass which is capable to reproduce any 

pattern or photograph within the body of the glass when 

exposed to UV light or heat.  As the photographic print 

then becomes the actual part of the glass, it will last as 

long as the glass itself.  

 

 

 



Chapter-1                                                                       General Introduction 
 

 

9 

 

1.2.1. Glass transition temperature 

The transition from a viscous liquid to a solid glass is called “glass transition” and the 

corresponding temperature is known as the glass transition temperature (Tg). The 

reversible transformation from a glass to a viscous liquid takes place, if the glass is 

heated to a temperature above Tg. Since the glass transition occurs as a result of increase  

in viscosity and the rate of increase of viscosity depends on cooling rate, the glass 

transition temperature is not always the same. If the chemical composition is same, the 

Tg usually depends on the cooling rate of glassy liquid. The variation of temperature and 

enthalpy showing the cooling beavior of a typical glass-forming melt is illustrated in Fig 

1.1. A small volume of a molten substance (liquid) is taken at a temperature higher than 

the melting temperature (Tm) of the substance.  
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Fig 1.1: The effect of temperature on the enthalpy (or volume) of a glass forming melt 
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When the liquid is cooled, atomic structure of the melt generally changes. The slow 

cooling to any other temperature below the melting temperature results in the conversion 

of the material to the crystalline state with long range periodic atomic arrangement. In 

this process, enthalpy decreases abruptly as shown in Fig 1.1. Further cooling decreases 

the enthalpy due to heat capacity of the crystal. However, if the liquid is cooled faster 

below melting temperature without crystallization, a super cooled liquid is obtained and 

on further cooling the atoms will continue to rearrange. The viscosity continues to 

increase and becomes too large to allow complete rearrangement to the equilibrium liquid 

structure during the time of the experiment. 

The structure begins to lag behind if sufficient time is allowed to reach 

equilibrium. The enthalpy deviates from the equilibrium line, follows a curve of 

gradually decreasing slope until it is finally determined by the heat capacity of the frozen 

liquid. Thus the viscosity becomes so high that the liquid structure gets fixed up and 

becomes independent of time. The temperature region between the limits when the 

enthalpy is that of the equilibrium liquid and that of the frozen liquid is known as the 

glass transition temperature. A slow cooling allows enough time for a viscous liquid to 

alter its local atomic arrangement to attain the minimum free energy at the corresponding 

temperature, whereas a rapid cooling causes an increase of viscosity that is too quick for 

the local atomic arrangement to follow and results in a transition into a glass at a higher 

temperature. The structure of a rapidly cooled glass is more open than that of a slowly 

cooled one because the ‘freezing-in’ of the atomic arrangement occurs at a higher 

temperature. The properties of glasses are therefore different from glass to glass 

depending on the thermal history, even if the chemical composition is the same. 

1.2.2. Glass crystal structure 

Early discussions of glass structures centered on silicate glasses, especially vitreous silica 

and alkali silicate glasses. The first models for glass structures were based on the 

structures of silicate crystals. The “microcrystal” approach suggested that glasses are 

simply masses of very small or micro crystals. The small size of these crystals can be 

used to explain the lack of structure in the X-ray diffraction pattern. Lebedev and others 
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in Russia favoured a somewhat different version of the microcrystalline model, which 

they termed as “crystalline” model. Their crystallites differ from micro crystals in that the 

structures are deformed versions i.e. not perfect lattices, of those of the crystals and are 

not merely smaller sized versions of normal crystals. A glass was then assumed to consist 

of crystallites connected by amorphous regions which are similar to grain boundaries. 

The average composition of the glass is obtained by use of the appropriate concentrations 

of two or more crystalline phases, whose composition can be determined from the phase 

diagram for that system.  

 

Fig 1.2: Schematic two-dimensional crystal structure of glassy form (Zachariasen model) 

Table 1.2: Zahariasen’s rules for glasses [17] 

Zachariasen’s rules for glass formation in simple oxides 

1.  Each oxygen atom is linked to no more than two cations. 

2.  The oxygen coordination number of the network cation is small. 

3.  Oxygen polyhedra share only corners and not edges or faces. 

4.  At least three corners of each oxygen polyhedron must be shared in order to form a 

three dimensional network. 

Modified rules for Complex Glasses 

5.  The sample must contain a high percentage of network cations which are surrounded 

by oxygen tetrahedral or triangles.  

6.  The tetrahedra or triangles share only corners with each other. 

7.  Some oxygen’s are linked only to two network cations and do not form further bonds 

with any other cations. 
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The crystallite theory suggests that the properties of glasses in a specific system 

should be associated with the phase diagram for that system. Many studies have been 

interpreted using arguments based on detection of inflections in property/ composition 

curves at compositions identical to those of specific crystalline phases [17]. 

In general, these interpretations are questionable, with little evidence to support 

the existence of residual crystalline behaviour in most glasses. Other theories which do 

not invoke the existence of crystallites also occasionally predict the changes in glass 

property trends at compositions which correspond to specific crystalline phases. From the 

perspective of the glass scientist, however it seems that the formation of a new crystalline 

phase is forced by the same changes in network connectivity which lead to changes in 

glass structures, and not that the existence of the crystalline structure forces changes in 

glass structures [17]. 

The most commonly used models for glass structures today are based on the 

original ideas of Zachariasen, and are grouped under the term “random network theory”. 

Zachariasen classic paper which never used the term random network, was not intended 

as a discussion of structural models, but as an explanation for glass formation, however, 

has been expanded through wide usage into a set of rules for formulating models for glass 

structures. These rules are summarized along with three modified rules for more complex 

systems in Table 1.2, which simply states the conditions for the formation of a continuous 

3-dimensional network. In fact, these rules adequately describe the structures of many 

crystalline phases, particularly those in silicate systems [17].  

The structural model (Fig 1.2) offered by Zachariasen provides an approach for 

describing network structures, whether or not they are glasses. In order to explain glass 

formation, Zachariasen added the requirement that these networks be distorted in some 

manner such that long range periodicity is destroyed in order to form a glass. These 

distortions can be achieved by variations in bond lengths, bond angles, and by rotation of 

structural units about their axes. 

Most of the structural models found in literature today actually address only the 

formation of a network. Very few directly address the issues of bond angle distributions, 
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bond rotations and bond length variations inherent to a random network model [17]. 

Many of these models only attempt to explain trends in one property or type of spectrum, 

ignoring masses of other data for the same system which often cannot be explained using 

the proposed model. As a result, one should be very cautious in accepting any structural 

model for glasses without a thorough understanding of the limitations of the model and 

unfortunately, possible bias on the part of those proposing the model [17].  

1.2.2.1. Elements of Structural models for Glasses 

A complete structural model for any glass must contain a number of elements, as 

indicated in Table 1.3. 

Table 1.3: Required elements to explain the structural model for Glasses 

S.No Required elements for any complete structural model for Glasses 

1.  Coordination number of all network cations. 

2.  Distributions of bond angles and rotations. 

3.  Connectivity of all network units. 

4.  Dimensionality of network. 

5.  Nature of any intermediate range order. 

6.  Morphology 

7.  Field strength, bond strength, site-specific bonding 

8.  Nature of the interstitial or free volume 

9.  Role of minor constituents, impurities, defects etc. 

 

1.2.2.1(a) Coordination number of all network cations 

The coordination numbers of all network cations which occupy sites in the vitreous 

network, i.e. the building blocks which constitute the network, provide the most basic 

element of any model for glass structures. Since these building blocks are usually well 

defined structures such as tetrahedral or triangles, they exhibit order at the level of 

several associated atoms or ions. Since this order only extends over a very short distance, 

it is termed as short range order. It follows that the starting point for any model for the 

structure of a vitreous material must lie in a determination of the coordination unit for the 
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high field strength cations, which serve as the network forming cations in the material. 

Traditionally, Shelby and his co-workers estimate the possible coordination number of 

each cation using the radius ratio, or by consideration of the coordination states usually 

observed for these cations in other materials. On this basis, they can state that silicon is 

almost always tetrahedrally coordinated in silicate glasses, that boron can potentially 

exist in either 3- or 4-fold coordination, and that aluminum and germanium might 

reasonably be expected to exist in either 4- or 6-fold coordination in oxide glasses. 

Potential coordination states for any ion can be virtually established by similar 

considerations [17]. 

Fortunately, they no longer have to rely solely on geometric arguments and 

analogies based on crystalline materials as sources for models for the coordination state 

of the network cations in glasses. Many modern spectroscopic methods can directly 

determine these states. The advent of magic angle spinning  nuclear magnetic resonance 

(MAS-NMR) has virtually removed the element of speculation from models for the 

coordination state of Si4+, Al3+, B3+, P5+ and other ions in glasses. While other methods 

can also directly determine the coordination states, MAS-NMR has proven to be 

especially useful, as illustrated by the case of aluminium, where it has been established 

that aluminum ions not only exist in the traditional 4- and 6-fold coordination states, but 

also often exist in 5-fold coordination in glasses [17]. 

1.2.2.1(b) Bond angle distributions 

After the determination of the building blocks, it needs to specify how these building 

blocks are connected, including the distributions in bond angles and rotations which 

introduce randomness into the structure. Unfortunately, experimental determination of 

these distributions is very difficult and has been carried out for very few glasses. As a 

result, while the concept of bond angle distributions remains an important part of glass a 

structural model, very little quantitative information is available [17]. 

1.2.2.1(c) Network connectivity 

Description of glass structures also always address the number and arrangement of 

bridging and non-bridging bonds which link each of the building blocks to their 
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neighbors i.e., the connectivity of the network. Most models for vitreous networks only 

consider connectivity as evidenced in the concentration and distribution of non-bridging 

oxygens (NBO), i.e., those oxygen’s which do not link network polyhedral. Spectral 

techniques such as MAS-NMR, Raman spectroscopy, and X-ray Photoelectron 

Spectroscopy (XPS) have proven to be invaluable in establishing the distribution of non-

bridging oxygen’s on the silicon-oxygen and aluminum-oxygen tetrahedral of glasses. 

Network connectivity, however, should not be considered solely in terms of NBO 

concentrations. The coordination of the network cations is also an important factor in 

determining the connectivity of the network. As an example, consider the well known 

case of alkali borate glasses. It is generally believed that the addition of small 

concentrations of alkali oxides to these glasses converts boron ions from 3- to 4-fold 

coordination, without the formation of the NBO. Network polyhedral are thus converted 

from triangles to tetrahedral, with an accompanying increase in the number of bonds 

connecting each of these converted polyhedra into the network. Unfortunately while it is 

easy to recognize the importance of network connectivity in discussing any structural 

model, it is more difficult to define this term in a quantitative manner. The use of the 

connectivity number will be illustrated throughout the following discussion [17].  

1.2.2.1(d) Dimensionality  

Since networks can exist in both 2 and 3 dimensions, we must also specify the 

dimensionality of the network, which dramatically affects the ease with which the 

structure can be spatially distorted. Dimensionality of a network is related to, but 

certainly different from connectivity. The connectivity number only considers the 

average number of bridging anions per network unit, and does not consider how they are 

arranged. Vitreous boric oxide, for example consists of a network of boron oxygen 

triangles, while vitreous silica consists of a network of silicon-oxygen tetrahedral. 

Vitreous boric oxide can be considered to have a planar structure, existing in 3 

dimensions in much the same way a drawing on a piece of paper becomes 3-dimensional 

when the crumpled into a ball. Vitreous silica on the other hand is a true 3-dimentional 

network. This difference in dimensionality can be used to explain the radical difference in 

the glass transformation temperatures of these two compositionally simple glasses. Other 
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glasses may even exist as a tangled structure of long chain polymers, which basically 

have a dimensionality of one and again occupy 3 dimensions in the same way as does a 

ball of yarn. Dimensionality is especially important when polymeric glasses are drawn 

into fibers, where the structure can become oriented rather than random [17]. 

1.2.2.1(e)Intermediate range order 

The concept of dimensionality leads to the possibility of somewhat longer range order 

than that found within the basic building block. These blocks may be connected into 

slightly larger units, which have a more ordered arrangement than that predicted by a 

purely random connection scheme. We may find rings or chains of building blocks 

connected in a manner closely resembling those found in crystals, but yet not extending 

over significant distances within the structure. Such units are said to provide a degree of 

intermediate range order to the structure [17]. 

1.2.2.1(f)Morphology 

Morphology resulting from phase separation is frequently neglected in proposing glass 

structural models. It is not surprising that the effect of morphology is routinely neglected 

in spectroscopic studies, where the data produced are not sensitive to morphology i.e. the 

spectra obtained are basically just the sums of the spectra of the phases present. It is 

however very surprising that morphology is so often ignored in studies of properties 

which are highly dependent upon the compositions and connectivity of the phases 

present, e.g. the glass transformation temperature, transformation range viscosity, 

electrical conductivity, chemical durability, etc [17].  

1.2.2.1(g) Properties of specific ions 

Other elements of glass structures must be included in order to discuss more subtle 

variations in properties and various spectra. The field strength of both network forming 

and network modifying cations must be included in discussions of trends in properties 

with glass compositional variations. Since many modern studies include variations in 

identifying the anions which link the structure, their field strengths and ionic radii are 
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also important. The atomic radii of mobile cations, anions, and atoms and molecules must 

be considered in structural models seeking to explain transport properties [17]. 

  1.2.2.1(h) Interstitial or free volume 

The arrangement of coordination units in space to form interstices is virtually always 

ignored in structural models. Knowledge of the interstitial volume, or free volume, in 

glasses is vital to understand any diffusion-based process, as well as detailed explanations 

for the behaviour of volume-dependent properties such as the density, refractive index 

and thermal expansion coefficient. In any case, it is certain that a full understanding of 

the structure of a glass has not been obtained until we can confidently predict such basic 

properties such as density [17]. 

1.2.2.1(i) Minor constituents 

Finally the role of minor constituents, impurities, and defects must be included to 

completely characterize a vitreous structure. In many cases, the local structure around 

these sites plays an important role in determining certain properties of glasses. If so, this 

structure should be included in the complete structural model for the glass. The effect of 

impurity is especially important when the impurity is water, which is usually present in 

the form of hydroxyl. Since hydroxyl has a very large effect on the properties of oxide 

glasses, it must be included in a complete structural model. While usually ignored in such 

models, variations in the hydroxyl contents of a series of specimens may often be the 

controlling factor in determining their properties, especially if the property would vary 

only slightly for glasses of identical hydroxyl contents. Since the hydroxyl content is 

usually uncontrolled and can vary from melt to melt, most experimenters choose to 

ignore it completely [17].  

1.2.3. Glass preparation methods  

Glassy materials can be prepared by a variety of methods like  

1. Melt quenching  

2. Gel desiccation  
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3. Thermal evaporation 

4. Chemical reaction 

5. Chemical vapor deposition 

6. Electrolytic deposition 

7. Reaction amorphization  

8. Shear amorphization 

9. Sputtering 

10. Glow-discharge decomposition 

11. Irradiation and  

12. Shock-wave transformation 

Among these methods, melt quenching and gel desiccation techniques are widely 

used in the preparation of glasses. 

1.2.3.1 Manufacture of Glass in Industries  

The manufacturing of glasses in the industries [19] can be understood from the following 

flow chart Fig 1.3. 

The manufacturing of glasses in the industries [19] can be understood from the following 

flow chart Fig 1.3. 

(a) Mixing: The raw materials coming to the glass plant are carefully weighed and then  

mechanically mixed thoroughly in proper proportions. The ingredients mix known 

as “batch” goes to the furnaces in cars or in hoppers, or on conveyor belts.  

(b) Melting: The mixture will be melted at an appropriate temperature depending on 

the glass composition and constituent element present in glass composition. 

Refractory pots are used to prepare small quantities of optical, art and specialty 

glasses. Glasses in larger quantities are prepared using furnaces called day tanks 

because the whole glass preparation process in such takes 24 hours. Most glass is 

melted in large furnaces called continuous tanks. 
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Fig 1.3: Synthesis of glass in industries 

(c) Shaping and Finishing of Glass  

There are four most important techniques of shaping glass 

1. Blowing  

2. Pressing  

3. Drawing  and  

4. Casting 

Pressing is a process in which a hot melt of glass dropped into a mold will be pressed 

quickly with the help of a plunger until the glass melt spreads and fills the gap inside of 

the mold.  

Drawing is a method used for shaping the flat glasses, glass rods, glass tubes and 

fiberglass. Almost all the flat glasses produced today are shaped by drawing a wide 

sheet of molten glass into a furnace containing a bath of molten tin.  

Casting is a process in which molds will be filled with molten glass. The glass may be 

poured either from ladles or directly from the furnace, or drained from the bottom of the 

furnace. Casting is mainly used in the production of architectural, art, laser glasses and 

telescope mirrors.  

Glass 
Manufacturing

Mixing Melting
Shaping and 

Finishing of glass

Blowing

Pressing

Drawing

Casting

Annealing Tempering Inspection
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(d) Annealing is a process used to remove strains such as cracks and air bubbles 

produced inside the glass while preparing it.  

(e) Tempering is a process in which reheating is done for a prepared glass until it 

becomes almost soft. Such process done for a glass makes the glass more stronger 

than the ordinary glass. Glassy materials can also be tempered using chemicals.  

(f) Inspection: It is a process done by the engineers at glass plant to check the quality 

and desired properties by taking samples frequently from the furnace. Some  

finished glass products are also tested for shape, size, proper annealing and other 

qualities.  

1.2.4. Properties of the glasses 

The physical properties of a glass may depend upon the previous history of the specimen. 

This is particularly the case for the mechanical strength under tension, the surface pre-

treatment of the specimen is of decisive importance. Douglas [20] has given a valuable 

review of the physical properties of glasses. Following are some of the properties of 

glasses: 

i. Glass is a transparent and non-crystalline solid. 

ii. Glass has very high resistance to the water and atmospheric agencies. 

iii. Glass usually breaks in a direction at right angles to the direction of maximum tensile 

stress. 

iv. Glass behaves like insulator at normal temperatures and conductor at elevated 

temperatures. 

All the above and other properties of glasses are infinitely variable and can be tailored 

according to the particular technological requirement by choosing proper glass 

composition. Because of the peculiar properties and applications of glasses, so many 

glass companies are spending the millions of dollars on glass research to invent better 

glass with low cost and high efficiency. Hence many researchers were attracted to 

investigate the rare earth doped glasses because of their potential applications in various 

fields such as solid state lasers, solar energy concentrators, up-converters, communication 

systems etc. 
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1.3. Rare Earths 

Rare earth elements were born billions of years ago, in a supernova explosion. These 

elements have not separated into elemental minerals while they undergo to the extremes 

of geological processes. i.e., mountain formation, erosion and immersion in sea water and 

their physical and chemical properties remains same. The analysis on these elements 

gives valuable information to geo-physicists. Hence, rare earth science is important for an 

understanding of the origin of the chemical elements and lot of research is going on these 

elements to understand the properties of the rare earth metals. 

The arrangement of these rare earths in the periodic table is shown in Fig 1.4. 

 

Fig 1.4: Arrangement of lanthanides in Periodic Table 

The IIIb Group elements Sc, Y, La and the 14 lanthanides Ce–Lu are termed as rare earth 

elements. The group of elements having atomic numbers (Z) 57 to 71 are usually 

classified as lanthanides (Ln) and very often referred as rare earths (REs). The name rare 

earths were given to them because they were originally extracted from oxides for which 

ancient name was earth and which were considered to be rare. In fact, the name 

lanthanides have been derived from lanthanum, which is the prototype of lanthanides. 
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Neutral lanthanides possess the electronic configuration [Xe] 4 f 
n 

5d
m
 6s

2
, where [Xe] 

denotes the neutral electronic configuration of xenon and the number 0 of 4f electrons, n, 

ranges from 2 for cerium to 14 for ytterbium (with m = 0) with an exception of 0 for 

lanthanum, 7 for gadolinium and 14 for lutetium, where ‘m’ value is one. Trivalent state 

is common for all the lanthanide elements. In triply ionized state, lanthanide atoms tend 

to lose three electrons, usually one from 5d or 4f and two from 6s, to attain their most 

stable oxidation state as trivalent ions. Therefore, the trivalent lanthanide ions feature a 

xenon core electronic configuration, with the addition of n 4f electrons, [Xe] 4	
 ,
 where 

‘n’ varies progressively from 0 for La
3+

 to 14 Lu
3+

. Table 1.4 shows the electronic 

configurations of lanthanide ions along with their ground states and valences. The filling 

of 4	 shell can be explained by the Hund’s rule, which states that the term with highest 

quantum number S has the lowest energy and if there are several terms with the same S, 

the one with the highest angular momentum quantum number L has the lowest energy. 

Furthermore, because of spin-orbit coupling, the terms 
2S+1

L  are split into 
(2S+1)

LJ levels 

with J = L + S, L + (S-1), ...., |L − S|, where for less than half-filled shells, the term with 

the smallest J lies lowest in energy. In this manner one can easily predict the ground state 

of the ions as shown in Table 1.1, as well as the number of possible 2S+1L multiplets and 

possible 
(2S+1)

LJ states for each of the ions. Since the 4	 electrons are effectively shielded 

by the 5s and 5p electrons, they do not play any role in chemical bonding and hence the 

chemical properties of the lanthanides are much alike [20]. Thus, the trivalent lanthanides 

are sometimes referred to as “triple positively charged noble gases”. Among the 4	
 

configuration, 4	� (empty f shell), 4	� (half filled f shell) and 4	� (filled f shell) are the 

most stable ones. Therefore, besides the trivalent state, some ions also occur in divalent 

and tetravalent states. Examples are Ce
4+

 (4	�), Sm
2+

 (4	� ), Eu
2+

 and Tb
4+

 (4	� ) and 

Yb
2+

 (4	�). The possible value of valence for the lanthanide ions are also presented in 

Table 1.4. 

In lanthanide group, the ions differ in the number of electrons in the 4f shell. The 

ground state electronic configuration is 4	
 and the first excited configuration is 4	
�� 

5d. The relative location and energy extent of the 4	
and 4	
��5d configurations for the 

tri positive rare earth ions (RE
3+

) are shown in Fig 1.5. As the 4f orbitals are shielded by 
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the filled 5s
2
5p

6
 orbitals, the 4f electrons are only weakly perturbed by the charge of the 

surround ligands. The spectra of RE compounds are sharp and similar to the spectra of 

atoms. The shielding of 4	 orbitals is also responsible for the unique optical properties of 

RE ions [21]. Under the direction of Dieke [22], Johns Hopkins group generated the 

complete set of energy level assignments for all RE
3+

 ions in anhydrous tri chlorides. The 

location of different energy levels and transitions of trivalent lanthanides are shown in 

Fig 1.5. It helps us for the location of J states of RE3+, since the centers of gravity of J 

manifolds exhibit very small variations with the host. 

1.3.1. Electronic Configurations and colours in Rare-Earth ions 

Table 1.4 gives the electronic configurations, crystal structures and lattice constants of 

rare earths. It is important to understand the systematic filling of the outer electron 

subshells in lanthanides because the electronic configurations of these elements are 

playing a vital role on their crystal structures and surface structures. The outer electron 

configurations for the rare–earth elements Pr–Sm and Tb–Tm are different for the atomic 

and solid state - the divalent 4	
�� 6s
2
 atomic configurations become trivalent 4	
 (5d 

6s)3 in the solid state (where n = 2–5 and 8–12, respectively). Ce is a special case, as a 

precise value for the 4f occupancy and the resultant valency cannot be determined 

uniquely. This is the case with the other rare earth elements while forming as solid. Apart 

from praseodymium and terbium, cerium is different from the other rare earths elements 

in that it can form compounds in which it is tetravalent. It is the only rare earth that can 

exhibits a +4 oxidation state in solution. Surface studies of Pm are conspicuous by their 

absence as the most stable Pm isotope is radioactive with a half-life of 18 years. Unless 

the elemental metal or one of its alloys or compounds proves to (or is predicted to) 

exhibit interesting properties that are absent from those of its neighbours like Nd and Sm, 

this situation remains unchanged in near future also. 

The characteristic colors of the RE3+ ions are caused by the internal transitions of 4f 

electrons occurring in the visible region of the spectrum. Main-Smith [23] tried to 

correlate the color sequence in rare earth series with the 4f electronic configuration of the 

RE
3+

 ions. Table 1.4 displays a striking similarity between the ions having 4f 
n
 and 4f 

14-n
 

configurations.  
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Table 1.4: Structural, electronic properties and Colour sequence of the RE
3+

 ions. 

Element Symbol Z A Electronic 

Configuration 

Ionic Radius 

/pm 

Colour 

Scandium  Sc 21 45 (3�4�)� 78.5 - 

Yttrium  Y 39 89 (4�5�)� 88.0 - 

Lanthanum  La 57 139 4	�(5�6�)� 106.1 Colorless 

Cerium  Ce 58 140 4	�(5�6�)� 103.4 Colorless 

Praseodymium  Pr 59 141 4	�(5�6�)� 101.3 Green 

Neodymium  Nd 60 144 4	�(5�6�)� 99.5 Pink 

Promethium  Pm 61 145 4	(5�6�)� 97.9 Orange 

Samarium  Sm 62 150 4	�(5�6�)� 96.4 Yellow 

Europium  Eu 63 152 4	�(5�6�)� 95.0 Pale pink 

Gadolinium  Gd 64 157 4	�(5�6�)� 93.8 Colorless 

Terbium  Tb 65 159 4	�(5�6�)� 92.3 Pale pink 

Dysprosium  Dy 66 163 4	�(5�6�)� 80.8 Yellow 

Holmium  Ho 67 165 4	��(5�6�)� 89.4 Orange 

Erbium  Er 68 167 4	��(5�6�)� 88.1 Pink 

Thulium  Tm 69 169 4	��(5�6�)� 86.9 Green 

Ytterbium  Yb 70 173 4	��(5�6�)� 85.8 Colorless 

Lutetium  Lu 71 175 4	�(5�6�)� 84.8 Colorless 
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Fig 1.5: Relative terms position and emission transitions of trivalent rare earth ions. 

1.3.2. Optical properties of rare earth ions 

Following are some of the optical properties which make RE3+ ions as favorable 

candidates for luminescent device fabrication. 

i. Luminescence of RE3+ ion spreads in the various spectral ranges. 

ii. They have long emission lifetimes. 

iii. They have small homogeneous line widths. 

iv. They possess high refraction with relatively low dispersion. 

v. There are several excited states suitable for optical pumping. 
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1.3.3. Applications of rare earth ions in glasses 

The usage of rare earth elements in glass technology has revealed several scientific and 

technological applications as follows: 

i. Communication fibers and glass lasers. 

ii. LED and color television phosphors. 

iii. Optical glasses, filters and lenses 

iv. Light sensitive and photochromic glasses 

v. Coloring and decoloring agents 

vi. Glass polishing agents 

vii. pH electrodes 

viii. X-ray and γ-ray absorbing glasses. 

1.4. Spectroscopy of Rare Earths ions 

1.4.1. Brief Introduction 

The trivalent lanthanide ions have unique spectroscopic properties. Since the 4f 

shell is efficiently shielded by the closed 5s and 5p shells, the ligand environment has 

only a weak influence on the electronic cloud of the lanthanide ion. Although weak, this 

perturbation is responsible for the spectral fine structure. The absorption spectra of 

lanthanide ions doped into single crystals show groups of many fine lines, resembling an 

atomic spectrum. In solutions and glasses, the line transitions within one group have been 

broadened to one band. However the line width of this band is still much smaller than in 

absorption spectra of transition metal ions. The peak position of the spectral lines reveals 

the electronic structure of the 4	
  configuration. The crystal field splitting gives 

information about the symmetry of the rare earth site and about the shape of the co-

ordination polyhedron. The intensities of spectral transitions reflect also the interaction 

between the lanthanide ion and its environment. 

Trivalent lanthanide ions are used extensively for optically pumped solid state 

lasers because they possess suitable absorption bands and numerous fluorescence lines 

with high quantum efficiency in the visible and near infrared regions. Absorption, 
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emission and certain laser characteristic properties of individual lanthanide ions used in 

the thesis are given below  

Neodymium: Nd
3+ 

(4	� ) is the most extensively studied laser ion. The rapid energy 

cascade from the visible absorption bands of Nd3+ ion to the 4F3/2 level provide good 

optical pumping efficiency. The most widely used solid state laser is Nd: Y3Al5O12 

(YAG). However, CW Nd
3+

 laser action in anhydrous CeCl3 has a threshold 0.6 times 

that in YAG. Nd
3+

 doped glasses are predominantly used for the laser action for the 

following reasons (a) the absorption spectrum of Nd
3+

 in typical optical glasses extends 

from ≈ 350 nm in the ultraviolet to ≈ 900 nm in the near infrared (NIR) and (b) owing to 

the combination of favorable energy-level dynamics, the laser transition at 1.06 µm is 

capable of large energy storage [24]. 

Praseodymium: Pr
3+

 (4	�) is an attractive optical activator which offers the possibility 

to obtain simultaneous blue, green and red emissions for laser action, and the infrared 

emission for use in optical fiber amplifiers operating in the 1.3 µm telecommunication 

window [25, 26]. 

Holmium: Ho
3+

 (4	��) is a suitable candidate for up-conversion since it possesses low 

pumping energy levels (
5
I4 and 

5
I5) in the red and NIR regions of the spectrum along with 

a relatively long lived energy level (
5
I7) which acts as a good population reservoir for the 

possible up-conversion emission. Hence, there has been a significant amount of interest 

recently in Ho3+ doped crystals and glasses as up-conversion materials. In addition, 

continuous wave green up-conversion lasing action has been demonstrated in Ho
3+

 doped 

glass fibers pumped with red light [27]. The Ho
3+ 

ions in glasses can also emit bands in 

mid infrared regions at ~ 2µm. In recent years, the lasers emitting light at mid infrared 

region are widely used in the areas of laser ranger finders, LIDAR devices and remote 

sensing because of their ‘eye safe’ characteristics. The lasers of wavelength around 2µm 

can be absorbed strongly by OH¯  and the heating effects generated can make the body 

tissues concreted, carbonized and vaporized. They can be used for operation with less 

skin being damaged, less bleeding and less pollution than using the metal bistouries. The 

mid infrared laser sources also find application in atmospheric sensing of 



Chapter-1                                                                       General Introduction 
 

 

28 

 

environmentally important gases such as methane, nitrogen dioxide, carbon dioxide, 

carbon monoxide, on-line monitoring of exhaust gas pollution by industrial plants, 

vehicles and jet engines. The other possible applications include optical radar, e.g., 

collision avoiding radar, ammonia and water vapour sensing in agriculture, molecular 

spectroscopy and point-to-point atmospheric communication. 

Dysprosium: Within lanthanides, Dy3+ (4	�) ion is one of the best suitable candidates for 

analyzing the luminescence properties versus concentration as well as glass composition. 

This feasibility is due to the confinement of characteristic fluorescence spectra of Dy
3+

 

ions, consisting of 4F9/2→
6HJ (J = 7/2, 9/2, 11/2, 13/2, and 15/2) transitions, in the visible 

and near infrared regions. Within these emission transitions, the yellow band at ~ 575 nm 

(4F9/2→ 6H13/2) and the blue band at ~ 485 nm (4F9/2 →
6H15/2) are the predominant 

transitions. Also it is well known that the 
4
F9/2→

6
H13/2 transition is hypersensitive (∆L = 

2 and ∆J = 2) and therefore, its intensity strongly depends on the host, whereas intensity 

of the 4F9/2 → 6H15/2 transition is less sensitive to the host. By varying the host glass 

composition and ligand environment, the yellow-to-blue intensity ratio (Y/B) will change 

and expected that the Dy
3+

 ion will emit two primary colors. Therefore, Dy
3+

 doped 

luminescent materials find potential applications in two primary color phosphors and 

environmentally friendly rare earth based pigments and so on [28].   

Samarium: Among rare earth ions, Sm
3+

 (4	�) ion is one of the most interesting ions to 

analyze the fluorescence properties because of their need in high density optical storage, 

under water communication, color displays [29]. It has numerous absorption bands at 

wavelengths < 500 nm, and efficient fluorescence occurs from the 
4
G5/2 excited level. 

However, the emission is divided among many terminal levels and several self-quenching 

transitions are also possible. The probability for excited-state absorption from 
4
F5/2 may, 

in many cases, be stronger than for stimulated emission.  
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1.4.2. Transition mechanisms for lanthanide ions  

1.4.2a. Interaction between light and matter 

In order to describe the interaction between light and matter, it is convenient to consider 

light as a wave phenomenon. A light beam is composed of electric and magnetic fields, 

situated perpendicular to each other and to the propagating direction, and sinusoidally 

both in space and time. In other words, light is an electromagnetic radiation. A quantum 

system bathed in these oscillating electric and magnetic fields will sense both the 

variations in space and time. Because the wavelength of UV, visible and IR light is much 

larger than the spatial extension of an atom, an ion or a small molecule, the spatial 

variation of the fields over this atom, ion or molecule, light consists of spatially uniform 

electric and magnetic fields, oscillating in time. Light can interact in different ways with 

matter. In case of molecules, light can produce dissociation of bonds and other kinds of 

photochemical reactions. When atoms, ions or molecules are illuminated with 

electromagnetic radiation, they will receive energy from the light beam. In the absence of 

light, each electron will circulate within the atom, ion or molecule because of the 

presence of the electric and magnetic fields of all other constituents of the system. When 

the radiation arrives, the electrons will be pushed to and fro by the oscillating electric 

fields in the light beam. Therefore, the kinetic and potential energy of the system will be 

higher than in the absence of light. The quantum system may dispose of this excess of 

energy either by reradiating it (radiative relaxation) or by turning it into other forms such 

as heat (non-radiative relaxation). If the frequency of light ν is close to one of the natural 

frequencies of the atomic, ionic or molecular system ν0, the interaction is termed 

resonant. In this case there is a maximal energy transfer from the radiation field to the 

system. If the frequencies ν and ν0 do not match, the interaction is non-resonant.  The 

molecules obtain an induced dipole moment. The amount of excess energy received by an 

atom, ion or molecule when it interacts non-resonantly with an electromagnetic wave is 

ordinarily quite small, and it is disposed of with great efficiency by re-radiation. The 

direction of re-radiation by an individual atomic system needs not to be the same as the 

direction of the incident beam. For this reason, non-resonant interactions are frequently 

called light scattering. If a large number of scatterers are present, there will be 
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interference between the rays reradiated by any pair of them. If the scattering medium is 

perfectly homogeneous, the only scattered waves that will survive are those which are 

propagated in the same direction as that of the incident beam. This scattering process is 

called as transmission. The degree of response of the electrons to the non-resonant 

electromagnetic wave is the polarizability. Polarizability can be defined as the ratio of 

induced moment to the applied electric field strength. If the intensity of light beam is not 

too strong, there is a linear relation between the induced dipole moment and the applied 

field. However in the case of very strong intensities, non-linear optical effects will be 

observed. 

Resonant interactions are ordinarily much stronger than non-resonant ones. Each 

characteristic frequency is actually a band of frequencies of width ∆ν more or less 

symmetrically distribute around the same center ν0. The resonant transfer of energy from 

a radiation field to matter is called absorption. The absorption process creates also an 

induced dipole moment, but larger one than in the case of polarization. The transfer of 

energy from matter to the radiation field is termed as an emission or luminescence. 

1.4.2b. Optical absorption 

Optical absorption spectroscopy in the UV-vis-NIR regions is a sensitive technique to 

understand the spectroscopic properties of transition metal and RE3+ ions in complexes. 

For RE
3+ 

ions, the spin-orbit interactions are much stronger than the crystal-field 

interactions and consequently the measured band positions are only slightly affected by 

the local environments. The transitions that occur in these regions are caused only from 

the incomplete 4 f sub-shell and are either due to intra-configurational 4	
	transitions, 

inter-configurational 4	
 − 4	
��5��  transitions or charge transfer transitions. The 

electrostatic interaction yields 
2S+1

L terms with separations of the order of 10
4
 cm

-1
. The 

spin-orbit interaction then splits these terms into J states with typical splitting of 10
3
 cm

-1
. 

Finally, the ‘J ’ degeneracy of the free-ion state is partially or fully removed by the 

crystalline electric field. The magnitude of the crystal-field splitting usually extends over 

several hundred cm
-1

. The splitting of the 4	
  configuration is shown in Fig 1.6. In 

glasses, the amount of splitting is of the order of magnitude of the inhomogeneous 

broadening as a result of multiplicity of RE ion sites. Optical absorption properties of 
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RE
3+

 ions in a glass matrix are affected by changes in the environment of RE
3+

 ions and 

interaction of RE3+ ions with ligands. According to the Judd-Ofelt [30, 31] theory, the 

intensities of a set of absorption lines of a particular RE
3+

 ion in any matrix is 

characterized by three phenomenological intensity parameters �λ (λ = 2, 4 and 6). These 

parameters depend on the symmetry of crystal field at the RE
3+

 ion site and on the 

strength of covalence of the RE-ligand bond. Hence, it is of interesting to study the 

variation of these intensity parameters with host glass composition. From these 

parameters, several important optical properties such as radiative transition probabilities, 

radiative lifetimes of the excited states and branching ratios can be estimated [32, 14]. 
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Fig 1.6: Schematic diagram of the splitting of RE
3+

 energy levels due to the Coulomb, 

spin- orbit and crystal-field interactions 
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1.4.2c. Intraconfigurational f-f transitions 

Absorption and luminescence spectroscopy are important techniques in the study of 

lanthanide systems, because they allow determining the natural frequencies of a 

lanthanide ion. So, one is able to settle the energy level scheme of a lanthanide ion. The 

absorption spectra of lanthanide-doped single crystals and lanthanide salts show groups 

of narrow lines. In solutions and in glasses, the lines within a group are broadened to one 

absorption band. These lines and bands have to be ascribed to electronic transitions inside 

the 4f shell. Each small line within a group corresponds to transitions between two 
2S+1

LJ 

free ion levels or J-manifolds. They are not accompanied by a change in configuration i.e. 

intraconfigurational transitions. The principal argument for this interpretation is that the 

lines are sharp and weak, while the wavelengths of the groups of lines are very similar for 

the different lanthanide systems. The sharpness and the wavelength independence of the 

peaks are not compatible with transitions to excited state configurations (4f 
N-1

5d
1
), 

because such transitions are more influenced by the surrounding ions. The 4f←4f 

transitions are sharp because the 4f electrons are very effectively shielded by the filled 5s 

and 5p shells, which have a higher energy than the 4f shell. The intensity of the 

transitions is weak. Three mechanisms must be considered for the interpretation of the 

observed transitions [33] 

I. Magnetic dipole transitions 

II. Induced electric dipole transitions 

III. Electric quadrupole transitions 

I. Magnetic dipole transitions 

A magnetic dipole transition is caused by the interaction of the spectroscopic active ion 

(i.e. the lanthanide ion) with the magnetic field component of the light through a 

magnetic dipole. If during a transition charge is displaced over a curved path, it will 

possess magnetic transition dipole intensity. In a region as small as the extent of an ion, 

the curvature of the displacement will be only weakly apparent. Since the intensity is 

proportional to the square of the transition dipole moment, the intensity of the magnetic 

dipole transition is weak. Magnetic dipole radiation can also be considered as a rotational 

displacement of charge. Because the sense of rotation is not reversed under inversion 
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through a point (or inversion center), a magnetic dipole transition has even parity. 

Therefore, a magnetic dipole operator possesses even transformation properties under 

inversion and allows transitions between states of equal parity (i.e. intra-configurational 

transitions). 

II.Induced electric dipole transitions 

The majority of the observed optical transitions in lanthanide ions are induced electric 

dipole transitions. An electric dipole transition is the consequence of the interaction of the 

spectoscopically active ion (the lanthanide ion) with the electric field vector through an 

electric dipole. The creation of an electric dipole supposes a linear movement of charge. 

Such a transition has odd parity. The electric dipole operator has therefore odd 

transformation properties under inversion with respect to an inversion center. Intra-

configurational electric dipole transitions are forbidden by the Laporte selection rule. 

Non-centrosymmetrical interactions allow the mixing of electronic states of opposite 

parity. They are often called induced electric dipole transitions. The induced electric 

dipole transitions are described by the Judd-Ofelt theory. 

III.Electric quadrupole transitions  

The electric quadrupole transition arises from a displacement of charge that has a 

quadrupole nature. An electric quadrupole consists of four point charges with overall zero 

charge and zero dipole moment. It may be pictured as two dipoles arranged so that their 

dipole moments cancel. An electric quadrupole has even parity. Electric quadrupole 

transitions are much weaker than magnetic dipole and induced electric dipole transitions. 

At this moment, no experimental evidence exists for the occurrence of quadrupole 

transitions in lanthanide spectra, although some authors have claimed the existence of 

such transitions [34]. However, the so-called hypersensitive transitions are considered as 

pseudo-quadrupole transitions, because these transitions obey the selection rules of 

quadrupole transitions. 

1.4.3. Hypersensitive transitions 

The intensities of the induced electric dipole transitions in lanthanide ions are not much 

affected by the environment. The dipole strength of a particular transition of a lanthanide 
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ion in different matrices will not vary more than a factor of two or three. However, a few 

transitions are very sensitive to the environment, and these are usually more intense for a 

complexed lanthanide ion than for the lanthanide ion in aqueous solution. The intensity 

increases up to a factor 200 [35]. Only in a few cases has a lower intensity than in the 

aqueous solution been reported for these transitions (e.g Krupke 1966) [36]. Jorgenson 

and Judd (1964) have called such transitions as “Hypersensitive transitions” [37]. They 

noted that all known hypersensitive transitions obey the selection rules |∆�| = 0, |∆#| ≤
2	&	|∆'| ≤ 2	. These selection rules are the same as the selection rules of pure quadrupole 

transition, but calculations have revealed that the intensities of hypersensitive transitions 

are several orders of magnitude too large for these transitions to have a quadrupole 

character. Therefore, hypersensitive transitions have been called also pseudo-quadrupole 

transitions.  

No quadrupole transitions have been observed for lanthanide ions, although [34] it 

was stated that the intensity of the hypersensitive transitions 
7
F0→

5
D2 in the absorption 

spectrum and 5D0 → 7F2 in the emission spectrum of Eu3+ are mainly quadrupole in 

nature. The high sensitivity of the spectra intensities to the ligand environment as a 

general phenomenon was first noticed by Moeller and Co-workers [38] during a 

spectroscopic study of complexes of Nd
3+

, Eu
3+

, Ho
3+

 and Er
3+

 with EDTA and β-

diketonates. Hypersensitive transitions have been observed for nearly every lanthanide 

ion. The list of hypersensitive transitions is given in Table 1.5.  

 

Table 1.5:  Hypersensitive transitions of trivalent rare earth ions used in the thesis 

 

Trivalent rare earth ion Hypersensitive transition Wavenumber (cm
-1

)  

Nd
3+

 
4
I9/2 → 

4
G5/2 17300 

Pr
3+

 
3H4 → 3F2

 5200 

Ho
3+

 
5
I8 → 

5
G6 22100 

 
5
I8 → 

3
H6

 
27700 

Dy
3+

 
6
H15/2→

6
F11/2 7700 

Sm
3+

 
6
H5/2 → 

4
F1/2, 

4
F3/2 6400 
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There is a disagreement concerning the hypersensitivity of some transitions. For instance 

3H4 → 3P2 and 1D2 → 3H4 transitions of Pr3+ and the 4I9/2 → 4G7/2, 
2K13/2 transition of Nd3+ 

are considered as hypersensitive transitions by Henrie et.al.[39], but not by Peacock [40].  

Misra and his coworkers [41] argue that these transitions show hypersensitivity only in 

the presence of some particular ligands. They use the term ligand – mediated  pseudo – 

hypersensitivity for this phenomenon, because the co-ordination number and co-

ordination power, the hapticity, the bite angle and the size of the chelate ring of the 

different ligands affect the sensitivity of these non-hypersensitive transitions to a 

different degree. Karrakar [42] concluded that the hypersensitive transitions show 

differences that are characteristic for the co-ordination and the symmetry of the 

lanthanide ion. The conclusion was based on the following findings. 

1. There is a difference between the appearance of the absorption bands for 

hypersensitive transitions between six-, seven-, and eight-coordinated lanthanide ions. 

2.  Addition of unidentate ligand hexafluoroacetylacetone (HFAA) to the solutions of six 

and seven coordinated complexes results in changing the spectra to spectra resembling 

spectra of lower coordination. 

3. The removal of water from solutions of hydrated complexes results in changing the 

spectra to spectra resembling spectra of lower coordination. 

4. There is a correlation between the intensity of hypersensitive transitions and the 

coordination    number. 

1.4.4. Spectral Studies of Rare Earth doped Materials 

1.4.4.1. Electronic energy level analysis 

The electronic energy level calculations have been carried out by applying the effective 

operator model [43, 44]. The complex energy level schemes of the Rare earth ions in any 

environment results from several interactions, both within the 4f 
n 

electron configuration 

and between the Rare Earth ions and its environment. The Hamiltonian )*+,that explains 

the energy level scheme of Rare Earth ions in any environment can be expressed as 

follows  
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*+-. = /012 + ∑ 566 	76 + 89:7;< + =#>)#> + 1, + @A>(A�) + BA>(C�) + ∑ DEF̂EE +
∑ H6Î6E + ∑ JKLMKE                                                                                                         (1.1) 

Here *+-. is known as free-ion Hamiltonian and k = 2, 4, 6 and i = 2, 3, 4, 6, 7, 8 and j = 

0, 2, 4. This free-ion Hamiltonian consists of two body electrostatic interactions (56), 

spin-orbit interaction (89 ), two body configuration interactions (α, β, γ), three body 

configuration interactions (DE), electrostatically correlated spin-orbit interaction (H6) and 

spin-other orbit interaction (JK). The parameter /012 is used to shift the energy of the 

entire configuration [45]. The Columbic interaction between the 4f electrons is explained 

with the Slater integral, 56 (k = 2, 4 and 6). Standard least-square methods can be used in 

a semi-empirical fitting approach to the 4 f 
n
 electronic energy level structure. To analyze 

the quality of the fit, the standard deviation, also termed as root-mean-square deviation 

(σrms) is applied and is defined as [46-50]. 

NOPQ = R∑ (STUVW�STXYZ)[T\]
^                                                                                                  (1.2) 

Here are /E_`a and 	/Ebcd are the experimental and calculated energies for the level i and P 

is the total number of experimental energy levels included in the fit. 

1.4.4.2. Nephelauxetic effect–Bonding parameter 

The nephelauxetic effect which is designated to measure the covalency of rare earth-

oxygen bond in the host matrix arises because of partially filled f-shell. Whenever a rare 

earth ion enters into a host matrix, the electronic orbitals present in 4f configuration are 

deformed in the host ligand field due to the nephelauxetic effect. The overlap produced 

between the oxygen orbitals and the 4f orbitals, contracts the energy level structure of the 

rare earth ions and lead to the wavelength shift. To get an idea about the nature of rare 

earth
 
ligand bond, the nephelauxetic ratios (@) and bonding parameters (δ) have been 

evaluated by using the following relations [51, 52]. 

@ = eX
eY                                                                                                                       (1.3) 
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Where ϑc is the wave number (in cm
-1

) of a particular transition for the rare earth ion 

under investigation and ϑa is the wave number (in cm-1) for the same transition of an 

aqua-ion. The bonding parameter f  is calculated using the formula [51, 52]. 

f = ��gh
gh                                                                                                                      (1.4) 

Here  @̅ is the average value of @. Depending on the field of environment, the bonding  

parameter ( f ) may be positive or negative indicating covalent or ionic bonding 

respectively. 

1.4.4.3. Intensity of Absorption bands - Oscillator strengths 

The concept of intensity of absorption bands (oscillator strengths) was first introduced by 

Ladenburg [49]. The oscillator strength of a transition is a measure of the intensity of a 

transition and it is the ratio of the actual intensity to the intensity radiated by one electron 

oscillating harmonically in three dimensions [32, 14]. The experimental oscillator 

strength of an absorption transition (fexp) is directly proportional to the area under the 

absorption curve and is expressed as 

	_`a = �.���Pbj
kl_j m n(o)�o	 = 4.32 × 10�� 	m n(o)�o	                                                   (1.5) 

Here m and e are mass and charge of an electron, c is the velocity of light, N is the 

Avagadros number, n(o) is the molar absorptivity of a band at a wavenumber o (cm
-1

). 

The integral corresponds to the area under the absorption curve. All the units are in CGS 

system. The oscillator strength is a dimensionless quantity. The molar absorptivity at a 

given wavenumber is calculated from the Beer-Lambert’s law 

n(ϑ)�o = �
bd rst .u.                                                                                                           (1.6) 

Here C is the concentration of the rare earth ions (mol/l), l is the light path in absorbing 

medium (cm) and rst .u.  is the absorptivity or optical density. For trivalent rare earth ions, 

the oscillator strengths of induced electric-dipole transitions are of the order of 10
-6

. 

1.4.4.4. Mixed electric and magnetic-dipole line strengths 

Though the majority of 4f n intra-configurational transitions of trivalent rare earth ions 

are induced electric-dipole type, certain transitions are neither pure induced electric-
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dipole (ED) nor a pure magnetic-dipole (MD), but contains ‘ED’ and partial ‘MD’ 

contributions [14, 32]. The ‘ED’ and ‘MD’ oscillator strengths have to be calculated 

separately. The line strength of the electric dipole transition is given by the expression  

�Sv)wx , 	wyxz, = {�∑ �||}�,,� ~〈wx��|�	wyxz〉~�	                                                       (1.7) 

Here �|	(� = 2, 4, 6)are the J-O intensity parameters which represent the square of the 

charge displacement due to induced electric-dipole transition and are host 

dependent.	��(|)��are the doubly reduced matrix elements evaluated in the intermediate 

coupling approximation for a transition wx → wyxz and are considered to be the host 

independent [50]. Similarly magnetic dipole line strength [51] can be expresses as 

��v)wx , 	wyxz, = _j�j
��Pjljbj∑ �||}�,,� ~〈wx‖# + 2�‖	wyxz〉~�                                       (1.8) 

The non-zero matrix elements will be those of the diagonal in the quantum numbers α, S, 

and L. The selection rule on J is ∆' = 0,±1 which gives three different cases for the 

magnetic dipole elements in above Equation 

Case-1: 'y = ' 
〈wx‖# + 2�‖	wyxz〉 = t	�'(' + 1)(2' + 1)��/�                                                  (1.9) 

Here t is the Lande’s factor and is expressed as follows 

t = 1 + '(' + 1) + �(� + 1) − #(# + 1)2'(' + 1)  

The Lande’s factor describes the effective magnetic momentum of an atom or electron, in 

which the orbital angular momentum L and spin angular momentum S are combined to 

give a total angular momentum J. 

Case-2: 'y = ' − 1  

〈wx‖# + 2�‖	wyxz〉 = 	 � �x (� + # + ' + 1)(� + # + ' − 1)(' + � − #)(' + # − �)�
�/�

        (1.10) 

Case-3: 'y = ' + 1  

〈wx‖# + 2�‖	wyxz〉 = 	 � �
(x��) (� + # + ' + 2)(� + ' + 1 − #)(# + ' + 1 − �)(� + # − ')�

�/�
  

(1.11) 

Here the matrix elements are evaluated in Russell- Saunders coupling scheme from the 

above equations (1.9), (1.10) and (1.11) 
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Before the evaluation of magnetic dipole contribution, the matrix elements should be 

transformed into intermediate coupling scheme. The principle magnetic dipole (MD) 

transitions in the absorption spectra of trivalent rare earth ions are expressed in the 

following Table1.6.  These values are valid for the randomly-oriented systems. Magnetic 

dipole transitions are weak. Their intensity in general is a factor of magnitude weaker 

than electric dipole transitions. Several transitions show a mixed dipole character, which 

means that they gain intensity by both the MD and ED mechanisms. 

Table 1.6: Magnetic dipole transitions of trivalent rare earth ions used in the thesis [14] 

S.No Rare 

earth ion 

Transition Energy (cm
-1

) Magnetic dipole  

strength  

(10
-6

) Debye
2 

1.  Nd
3+

  
4
I11/2←

4
I9/2 2000 15 

2.  Pr
3+

 
3
H5←

3
H4

 
2300 90 

3.  Ho3+ 5I7←
5I8

 5100 123 

  
3
K8←

5
I8

 
21300 6.4 

4.  Dy3+ 6H13/2←
6H15/2 3500 138 

  
4
I15/2←

6
H15/2 22300 5.7 

5.  Sm
3+

 
6
H7/2←

6
H5/2 1100 339 

  4G5/2←
6H5/2 17900 2.1 

 

1.4.4.5. Judd-Ofelt theory for induced electric dipole transitions and evaluation of 

Judd- Ofelt parameters 

In 1962 Judd [30] and Ofelt [31] independently derived expressions for the oscillator 

strengths of induced electric dipole transitions of f 
n
 configurations. Their theories were 

known as Judd-Ofelt (JO) theory, since their results were similar and published 

simultaneously. The basic idea of JO analysis is that the intensity of the forbidden f − f 

electric-dipole transitions can arise from the admixture of 4f 
n 

configurations with the 

excited configurations of opposite parity (for example: 4f 
n-1

5d or 4f 
n-1 

5g). The odd part 

of the crystal-field potential was considered as the perturbation for mixing states of 
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different parity into the 4f 
n
 configuration. The experimental oscillator strengths can be 

compared with the total oscillator strengths of the absorption bands of trivalent rare earth 

ions by using the following equation [53, 54]  

	_`a = 	Sv + 	�v                                                                                                         (1.12) 

This means that experimentally measured oscillator strengths could be expressed to a  

good approximation in terms of absorption of light by electric and magnetic dipole 

oscillator strengths. The total oscillator strength (	_`a) of an absorption band with energy 

ν (cm
-1

) is given by 

	_`a)wx , 	wyxz, = �ljPbe
��(�x��) �(


j��)j	
�
 �Sv)w�, 	wyxz, + �	��v)wx, 	wyxz,�                      (1.13) 

Here h is the Planck’s constant, n is refractive index of the medium, 
(
j��)j	
�
 	 is the 

Lorentz local field correction and accounts for dipole-dipole correction. ‘J’ is the total 

angular momentum of the ground state, (2J+1) is the degeneracy of the ground state 

2S+1
LJ and ν is the wave number of the transition. The magnetic dipole transitions are 

weak and their intensities are relatively independent of the surrounding lanthanide ions 

and they are found to be 1% or less than the electric dipole oscillator strengths (	Sv).  

The experimental oscillator strengths are therefore approximately equal to electric dipole 

oscillator strengths,  

i.e.,  	_`a = 	Sv                                                                                         (1.14) 

 Therefore the experimental oscillator strengths can be equated to the calculated oscillator 

strengths of an induced electric-dipole transition from the ground state, (ΨJ) to an excited 

state (Ψ'J') by the Judd-Ofelt theory as 

	_`a)wx , 	wyxz, = 	bcd)wx , 	wyxz, = �ljPbe
��(�x��) �(


j��)j	
�
 �Sv)wx , 	wyxz,�                         (1.15) 

Oscillator strengths of various observed transitions are evaluated using Eq. 1.14 and are 

used in Eq. 1.15. A least squares fitting approach is then used for Eq. 1.15 to determine 

the J-O parameters which gives the best fit between experimental and calculated 

oscillator strengths [14]. The quality of the fit is determined by the root mean square 

(rms) deviations between the measured and calculated oscillator strengths by using the 

following relation 
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fOPQ = 	 �∑(9UVW�9XYZ)jk ��                                                                                                (1.16) 

Here N is the number of observed transitions used in the least square fit method. Since 

the intensity of f-f transitions in rare earth complexes is ligand dependent, several authors 

have tried to correlate the intensity parameters with the chemical nature of the metal-

ligand bond, with the properties of the ligand itself or with the structure of the complex. 

Zahir et al. [55] reported that �� depends on the asymmetry of the rare earth ligand field. 

According to Oomen and van Dogen [56], the ��   parameter depends on short-range 

effects i.e., the covalency of the ligand field and/or structural changes in the vicinity of 

the lanthanide ion. The �  parameter seems to be mainly dependent upon long-range 

effects and this parameter can be related to the bulk properties of the glass. Reisfeld and 

Jorgensen [57] stated that the �  parameter follows the same trend as the ��  parameter. 

The �  and ��   parameters were considered as indicators of viscosity for RE ions in 

glasses. Kaminiskii et al. [58], first introduced the spectroscopic quality factor (χ) which 

is also one of the important characteristic parameter for predicting the stimulated 

emission in any laser active medium. It depends on �  and ��  parameters and is defined 

as  

� = ��
��                                                                                                                           (1.17) 

1.5. Luminescence characteristics of Rare Earth ions & Radiative properties 

One of the most important features of a successful analysis of the intensities of f-elements 

by the J-O theory is that it provides the basis for calculating the radiative transition rates 

which is the characteristic of any given excited state (	wyxz) 
For the luminescence spectra the spontaneous emission coefficient also known as 

probability for spontaneous emission or Einstein coefficient for spontaneous emission is 

often for an excited state can be expresses as follows [14, 59] 

:�)wx , 	wyxz, = �l�e�
��(�x��) �(


j��)j	
�
 �Sv)wx, 	wyxz, + �	��v)wx, 	wyxz,�                       (1.18) 

Here :� is the spontaneous emission probability per unit time,  wx , 	wyxz  are the initial 

and final states, o (cm
-1

) is the energy gap between the states, n is the refractive index of 

the medium, �Sv  and ��v are the electric and magnetic dipole line strengths respectively 
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The total radiative transition probability (AT) of an excited state is the sum of the terms 

calculated over all the terminal states 

:�)wx, 	wyxz, = ∑ :�)wx , 	wyxz,	�z�z                                                                            (1.19) 

AT is related to the radiative lifetime (τR) of an excited state and is expressed by using the 

following expression 

��)wx, 	wyxz, = �
0����,	�z�z�

                                                                                          (1.20) 

The fluorescence branching ratio from the relaxing state to a particular lower lying state 

is given by 

@�)wx , 	wyxz, = 0����,	�z�z�
∑ 0����,	�z�z�	�z�z

                                                                                 (1.21) 

The branching ratios can be used to predict the relative intensities of all emission lines 

originating from a given excited state (wyxz). The experimental branching ratios can be 

found from the relative areas of the emission bands. The peak stimulated emission cross-

section, σse (ΨJ, Ψ′J ′) between the states (ΨJ) and (Ψ′J ′) having a probability of 

:�)wx , 	wyxz,	can be expressed as 

NQ_)wx, 	wyxz, = |W�
�lb
j∆|U�� :�)wx , 	wyxz,                                                                    (1.22) 

Here �a is the transition peak wavelength n is the refractive index and �_99is its effective 

linewidth found by dividing the area of the emission band by its average height which is 

represented as follows. 

∆�_99 = m .(|)
. YV ��                                                                                                        (1.23) 

Here ¡(�)  is the intensity at the wavelength �  and ¡Pc`	 is the maximum emission 

intensity. Good laser transitions are characterized by large cross-sections for stimulated 

emission. 

Strong emission probabilities and more transitions from a level lead to faster decay and 

shorter lifetimes. The theoretical radiative lifetime ��)wx, 	wyxz, calculated from the J-O 

intensity parameters (�λ), can be compared with the measured/experimental lifetimes, 

�_`a)wx, 	wyxz,. The discrepancy between predicted and experimental lifetimes is clearly 
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due to the manifestation of non-radiative process (WNR) either by multi-phonon 

relaxation rate (WMPR) or energy transfer rate (WET). 

From the measured and calculated lifetimes, the quantum efficiency (η) is estimated by 

using the following expression  

¢ = £UVW
£��¤¥�                                                                                                                   (1.24) 

 

 1.6. Excited state radiative and non-radiative relaxation  

The study of excitation and de-excitation of rare earth ions due to intra 4f electron 

transitions provides a deeper insight into mechanisms involved in excitation. A typical 

time-resolved intensity spectrum is shown in Fig 1.7. The curve is described by integral 

solutions to appropriate rate equations which account for the possible excitation and de-

excitation mechanism. An excited trivalent rare earth ion may relax to the initial ground 

state through radiative transition or phonon emission or by transferring its excess energy 

to a nearby trivalent rare earth ion or by a combination of relaxations. At very low 

concentrations of dopant ions, when the interaction between the optically active trivalent 

rare earth ions is negligible, the fluorescence decay curves can be fitted for Intensity (a. 

u) versus time (ms) to a single exponential function. A perfect single exponential decay 

indicates that the energy transfer between luminescent ions is not dominant and the 

lifetime of the excited level can be simply determined by finding the first e-folding times. 

The fluorescence intensity as a function of time can be described by the following 

equation. 

¡(F) = ¡�{�¦ £§                                                                                                                (1.25) 

Here I0 is the fluorescence intensity when t=0. The value τ represents the lifetime of an 

excited state and is reciprocal to the probability of a spontaneous emission from the 

excited state to the ground state. A logarithmic plot of the intensity versus time should 

help to determine lifetime. It is evident from Fig 1.7 that after time τ the intensity of the 

excited state has decreased to 1/e. 
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Fig 1.7: A typical time-resolved excitation and de-excitation curve of Trivalent Rare 

Earth ions 

1.7. Non-radiative relaxation 

An excited trivalent rare earth ion produced by absorption of a photon, also relaxes to the 

lower energy state via a non-radiative process. Any deviation from a single exponential 

decay is unambiguously attributable to a non-radiative decay due to energy transfer to the 

4f electron system after the excitation source is turned off, provided if only a single local 

environment is present. Typical examples are the energy transfer between different 

trivalent rare earth ions such as cross-relaxation and excitation migration between the 

same types of trivalent rare earth ions. Another example would be the population of a 

multiplet by another multiplet, which is energetically located above, but within the same 
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ion. If the measured lifetime of the emitting state is denoted by τexp, the total decay rate 

(1/τexp) is the sum of radiative (AR) and non-radiative (WNR) decay rates.  

�
£UVW = :� + k̈�                                                                                                          (1.26) 

The non-radiative decay rates play an important role on the quenching of lifetime. There 

are mainly four non-radiative decay processes, contributing to the reduction of measured 

lifetime of the emitting level. 

k̈� = �̈^� + S̈� + ©̈ª + <̈«                                                                           (1.27) 

Here WMPR, WET, WCQ and WOH denote the non-radiative decay rates corresponding to 

the multi-phonon relaxation, energy transfer between donor to donor or donor to 

acceptor, concentration quenching and hydroxyl (OH) groups, respectively. 

1.8. Multi-phonon relaxation 

The non-radiative processes competing with luminescence are energy loss due to the 

local vibrations of surrounding atoms (called phonons in solids) and to electronic states 

of atoms in the vicinity, such as energy transfer, which may be resonant or phonon 

assisted. When energy transfer and cross relaxation are not the predominant mechanisms, 

the multi-phonon de-excitation is reasonably well described with the exponential energy 

gap law [57] 

�̈^� = ¬{I(−=	∆/)                                                                                               (1.28) 

where ∆/ is the energy gap between the luminescent level J and the closest lower level J ′ 

, the parameters B and α are dependent on the host, but independent of the rare earth ion 

chosen as well as the specific electronic level from which the decay occurs. When the 

energy gap between the excited level J and the next lower electronic level J ′ is larger 

than the phonon energy, several lattice phonons are emitted in order to bridge the energy 

gap. It is recognized that the most energetic vibrations are responsible for the non-

radiative decay, since such process can conserve energy in the lowest order. 

In glasses, the most energetic vibrations are the stretching vibrations of the glass network 

polyhedra. It was shown that these distinct vibrations are active in multi-phonon process, 

rather than the less energetic vibrations of the bond between RE ions and its surrounding 
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ligands. It was demonstrated that these less energetic vibrations may participate in cases 

when the energy gap is not bridged totally by the high energy vibrations. It was found 

that the logarithm of the multiphonon decay rate decreases linearly with the energy gap. 

The average phonon frequencies (ћω) of some of the network formers [57] are presented 

in Table 1.7. 

Table 1.7: Average phonon frequencies (ћω) of some of the network formers in glasses. 

 

S.No Glass Matrix Phonon Energy 

 ħ¯	(cm
-1

) 

1.  Borate  1400 

2.  Phosphate 1200 

3.  Silicate 1100 

4.  Germanate 900 

5.  Tellurite 700 

6.  ZBLA 500 

7.  ALS, GLS 350 

8.  LaF3 (crystal) 350 

 

1.9. The process of Energy transfer in Rare Earth ions 

An atom excited to a higher energy level can also relax to the ground state by non-

radiative energy transfer by giving energy to a second nearby atom. Non-radiative energy 

transfer is often used in practical applications such as to enhance the efficiency of 

phosphors and lasers. To allow energy transfer between the excited donor D* and the 

acceptor A*, some interaction mechanism is needed. The basic theory for energy transfer 

has been worked out by Foster [60] and Dexter [61]. The rate of energy transfer from the 

donor centers to the acceptor centers is given by 

v̈0 = �l
ħ |〈wvw0∗|*E
¦|wv∗w0〉|� mtv(o) t0(o)�o                                                (1.29) 

wv 	and wv∗  refers to the wave functions of the donor center in the ground and excited 

states respectively, w0  and w0∗  are the wave functions of the acceptor center in the 
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ground and excited states respectively and Hint is the D-A interaction Hamiltonian. The 

integral in Eq (1.29) represents the overlap between the normalized donor emission line-

shape function tv(o)	and the normalized acceptor absorption lineshape function t0(o) . 
Owing to the formation of ion pairs or by the significant modifications in the intensities 

of the emission lines, the migration of energy between different active ions seems to take 

place with the increase of active ions concentration. Such migration of energy can takes 

place in several different ways: 

(i) Resonant energy transfer, 

(ii) Phonon-assisted energy transfer and 

(iii) Ion pair emission and absorption 

(i) Resonant energy transfer 

When the sensitizer ion goes from its excited state (D
*
) to its ground state (D), the 

emitted photon excites another ion (an acceptor ion), from its ground state (A) to its 

excited state (A
*
). If the two transitions (i.e. D

*
 → D and A → A

*
) have the same energy, 

then the energy transfer is termed a resonant energy transfer. A schematic representation 

of resonant energy transfer mechanism is shown in Fig 1.8. 

(ii) Phonon-assisted energy transfer  

An energy transfer process in which considerable mismatch exists between the excitation 

energies of the acceptor and the sensitizer, the phonons take up or gives up the difference 

of energy to obtain phonon assisted energy transfer or non-resonant energy transfer and is 

illustrated in Fig. 1.8. 

(iii) Ion pair emission and absorption 

In this case the sensitizer decays from its excited state D* to its ground state D and 

simultaneously the acceptor ion is excited from its ground state A to its excited state A*. 

The energy difference between the levels D* and A* is emitted as a photon. In case of ion 

pair absorption, the roles of the acceptor and donor are reversed (see Fig 1.9). 
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Fig 1.8: Resonant energy transfer and Phonon assisted energy transfer 

mechanisms 
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Fig 1.9: Ion pair absorption and emission 
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The interaction Hamiltonian (Hint) in Eq.(1.29) possesses different types of interactions, 

namely multipolar (electric and/or magnetic) interactions and/or a quantum mechanical 

exchange interactions. The separation between the acceptor and donor ions and their 

wavefunctions nature decides the predominant interaction. So far, the experiments on rare 

earths have been interpreted mostly in terms of electric multipolar interactions between 

the ions. 

According to the character of the involved transitions of the donor and acceptor 

centers, the energy transfer mechanism for electric multipolar interactions can be 

classified into three types. When the transitions between donor and acceptor are of 

electric dipole in character, then interaction comes under electric dipole-dipole (d-d) in 

nature. In general, this process correspond to the long range order and the transfer 

probability varies with 1/R6, where R is the separation between the donor and acceptor. 

The other electric multipolar interactions are only relevant to shorter distances. The 

dipole-quadrupole (d-q) interactions and quadrupole- quadrupole (q-q) interactions varies 

as 1/R8 and 1/R10 respectively. Energy transfer probabilities due to multipolar magnetic 

interactions also quite similar to that of multipolar electric interactions.  Thus, the transfer 

probability for a magnetic dipole-dipole (d-d) interaction also varies with 1/R6 and higher 

order magnetic interactions are influenced at short distances only. In any case, the 

multipolar magnetic interactions are always much less important than the electric ones. 

Inokuti and Hirayama [62] modified the basic theory for energy transfer proposed by 

Foster [60] and Dexter [61] to account for energy transfer between 4f shells of trivalent 

rare earth ions. They showed that the luminescence decay can be described by the 

formula 

¡(F) = ¡�{I ±− ¦
£u − ² �

¦
£u�

�/;³                                                                                  (1.30) 

Here t is the time after excitation, ��  is the intrinsic decay time of the donors in the 

absence of acceptors. Q is the energy transfer parameter defined as 

² = l
� ´ �1 − �

;�µ�C��                                                                                                (1.31) 

Q depends on S and the Euler’s function Γ which is equal to 1.77 for dipole-dipole (S = 

6), 1.43 for dipole-quadrupole (S = 8) and 1.30 for quadrupole-quadrupole (S = 10) 
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interactions. N0 is the acceptors concentration, which is almost equal to total 

concentration of lanthanide ions and R0 is the critical transfer distance that is defined as 

the donor–acceptor separation for which the rate of energy transfer to the acceptors is 

equal to the rate of intrinsic decay of the donors. The dipole-dipole interaction parameter 

CDA describes an elementary energy transfer of direct donor acceptor interaction between 

the trivalent rare earth ions at the distance R0 and is given by 

	¶v0 = �u·
£u                                                                                                                       (1.32) 

An alternative theoretical approach proposed by Yokota-Tanimoto [63] can also be 

applied to explain the energy transfer mechanism at higher concentrations. Yokota and 

Tanimoto have obtained a general solution for the donor decay function (migration) 

including both diffusion within the donor system and donor-acceptor energy transfer via 

dipole-dipole (S = 6), dipole-quadrupole (S = 8) and quadrupole-quadrupole (S = 10) 

coupling. 

1.10. Concentration quenching 

In general, in any given material, the intensity of emitted light increases with the increase 

of concentration of a luminescence center is mainly due to the enhancement in the 

absorption efficiency. But this behaviour occurs only up to a particular concentration of 

the luminescent centers. This concentration is called critical concentration. Beyond this 

critical concentration, the intensity of emitted light (luminescence intensity) starts to 

decrease. This process is called as “Luminescence Concentration Quenching”. 

The main reason to occur “Luminescence Concentration Quenching” in a given 

materials is the energy transfer process between the luminescent centers. At one 

particular concentration, the average distance between the luminescent centers decreases 

in such a way that the energy transfer process becomes favourable and leads to the 

“Luminescence Concentration Quenching”. The process of “Luminescence Concentration 

Quenching” can be explained on the basis of two mechanisms. In one mechanism, the 

excitation energy can be transferred to large number of centres before being emitted due 

to efficient energy transfer. These centres can be settled down in their ground state by 

infrared emission or by multi phonon relaxation. These centres also act as energy sinks 



Chapter-1                                                                       General Introduction 
 

 

51 

 

within the transfer chain and leads to the quenching in the luminescent intensity. In the 

second mechanism, the excitation energy cannot be transferred to the luminescent centres 

but this energy is lost from the emitted state through the cross-relaxation process which 

occurs only by resonant energy transfer between the two identical nearest neighbouring 

centres. This process happens only due to the particular energy-level structure of the 

luminescent centres.    

Fig. 1.10 shows a simple possible energy level scheme involving cross-relaxation. 

We suppose that for isolated centres, radiative emission (E3→E0) from level E3 

dominates. However, for two nearby similar centres a resonant energy transfer 

mechanism can occur in which one of the centres (the one acts as donor) transfers part of 

its excitation energy, for instance (E3- E2) to the other centre (the one acting as acceptor). 

This resonant transfer becomes possible due to the particular nature of the energy levels, 

in which the energy for the transition E3→E2 is equal to that of the transition E0→E1. As 

a result of the cross-relaxation, the donor center will be in the excited state E2, while the 

acceptor centre will reach the excited state E1. Then, from these states a non-radiative 

relaxation or emission of photons with energy other than E3-E0 will occur; in any case, 

the E3→E0 emission will be quenched. 
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Fig 1.10: Cross-relaxation between pairs of centers 
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1.11. Effect of OH group 

The effect of the OH group can be estimated from the FT-IR spectra. The influence of 

OH group will increase with the increase in trivalent rare earth ion concentration, since 

the possibility of the interaction between OH and trivalent rare earth ions increases with 

the increase of trivalent rare earth ion concentration. at similar OH group contents. The 

OH group will rise to energy transfer from trivalent rare earth ions to nearby OH groups 

and then decrease the radiative lifetime of trivalent rare earth ions. The energy transfer 

rate, WOH is proportional to the acceptor and donor concentrations [64]. When the glasses 

are prepared under dry O2 atmosphere, the decay rate of OH is minimized [65]. 

1.12. Up-converted luminescence  

A process of luminescence where the photon energy of light emitted is higher than that of 

the light generating the excitation. When an activator ion emits radiation as a 

consequence of being excited with incident light, the wavelength of the fluorescence is 

usually longer than that of the exciting light. This means that the photon energy is 

reduced. However, under some circumstances up-conversion fluorescence can occur, 

where the wavelength of the emitted light is shorter. This is possible via excitation 

mechanisms which involve more than one absorbed photon per emitted photon. There are 

several up-conversion mechanisms namely energy transfer up-conversion, excited state 

absorption, multistep excitation sequential energy transfer, cooperative transfer of energy 

between a pair of ions and photon avalanche etc. Out of these up-conversion 

mechanisms, the most important mechanism is the excited state absorption (ESA).  

1.12.1. Excited State Absorption (ESA)  

ESA was used as a mechanism of up-conversion by several workers following the 

proposal by Bloembergen [66] as shown in Fig 1.11. For incident photons with energy 

resonant with the transition energy between the ground state 1 and an excited state 2, then 

the ion is excited to state 2. Further, if the ion while in state 2 can absorb an incident 

photon (i.e. there is an excited state 3 whose energy above the state 2 is equal to the 

photon energy) then the ion can be raised to state 3. Thus, we are left with some excited 
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ions which have excitation energy much higher than the energy of the incident photon, 

and any transition from this level 3 to a level lower in energy than level 2 would give an 

emission whose frequency is more than the incident photon frequency i.e., an up-

converted emission as shown in Fig 1.11. 
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Fig 1.11: Excited state mechanism in rare earth ions 

 

1.13. CIE Colour coordinates  

Appropriate combinations of blue and yellow emissions produce white light in addition to 

the generation and control of different colours in solid state display devices [67-70]. The 

white light that could be obtained by the emission of (Glass name) glass has been 

analyzed in the frame of the chromaticity colour coordinates. The chromaticity 

coordinates x and y are calculated from the tri-stimulus values according to equations 

  = ¸
¸�¹�º                                                                                                                    (1.33) 
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» = ¹
¸�¹�º                                                                                                                     (1.34) 

Here X, Y and Z are the colour matching functions which give the stimulation for each of 

the three primary red, green and blue colours needed to match the degree of stimulation 

required to match the color of P(λ). The colour matching functions can be evaluated 

using the following equations [71]. 

X =  m x¾(λ)P(λ)dλ
Á

                                                                                                     (1.35) 

Y  m y¾�λ�P�λ�dλ
Á

                                                                                                      (1.36) 

Z  m z¾�λ�P�λ�dλ
Á

                                                                                                      (1.37) 

The envelop of all monochromatic color coordinates makes the perimeter of Commission 

Internationale de I‟Eclairage (CIE) 1931 chromaticity diagram shown in Fig 1.12. 

 

 

 

Fig 1.12: CIE Colour chromaticity diagram 



Chapter-1                                                                       General Introduction 
 

 

55 

 

All the multi-chromatic wavelengths will lie within the area of chromaticity diagram. The 

color purity or color saturation of particular dominant color of a source is obtained by the 

distance in the chromaticity diagram between the emission color coordinates and the 

coordinates of equal energy point, divided by the distance between the equal energy point 

and the dominant wavelength point. Thus the color purity is given by 

Color	purity = Î(Ï�ÏÐÐ)j�(Ñ�ÑÐÐ)j
Î(ÏÒ�ÏÐÐ)j�(ÑÒ�ÑÐÐ)j                                                                            (1.38) 

Here (x, y) (xÓÓ, yÓÓ)and (xÔ, yÔ)	are the chromaticity coordinates of the emission light, 

equal energy point and the dominant wavelength points respectively.  

1.14. Aim of the present work 

The work for this thesis is aimed at the preparation and characterization of good optical 

glass systems doped with certain rare earth ions for better luminescence efficiency in 

different regions of the electromagnetic spectrum. It is well known that glasses doped 

with rare earth ions have attracted a great deal of attention because of their potential 

applications in diversified field of science and technology like solid state lasers, optical 

fibers, luminescent solar energy concentrators, up-conversion devices, LED and colour 

television phosphors etc [72]. The main advantage of glasses is that they can be prepared 

easily when compared with crystals with large homogeneity, low non-linear refractive 

index and large doping concentration. The relationship between local structure and 

luminescence properties of glasses doped with rare earth ions have been widely 

investigated to prepare new glasses and phosphors suitable for the aforementioned 

applications. The luminescence properties of rare earth ions in glasses are strongly 

influenced by the ligand field surrounding them and on the phonon energies of the host 

glass. In general a host glass with low phonon energies can give high quantum efficiency 

by suppressing non-radiative decay transition rates [73, 74]. Therefore the ultimate aim of 

the present work is to prepare glassy systems with low phonon energies with good 

transparency, high thermal stability, good rare earth ion solubility and better suited for 

the above mentioned applications. We have a good number of glass formers available in 

periodic table. But among them boric acid (B2O3) is one of the best glasses formers 
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available in periodic table because, it can form glass alone at low temperature, with wide 

spectral transparency, high thermal stability and good rare earth solubility. All the 

aforementioned novel characteristic features make borate glasses as an exalting host best 

suited for rare earth ion doping to prepare the devices to cater the above mentioned 

applications. However borate glasses cannot act as good luminescent hosts due to their 

high phonon energies (~1300 cm
-1

) [75, 76]. One way of reducing such high phonon 

energies possessed by borate glasses is by adding heavy metal oxides having low phonon 

energies such as bismuth and lead oxides [77]. Among all the heavy metal oxides, we 

have selected Bi2O3 to add to B2O3, because Bi2O3 being a heavy metal oxide possessing 

high phonon energies of borate glass. Among all the heavy metal oxides, we have 

selected Bi2O3 to add to B2O3 because, Bi2O3 besides being a higher valence oxide and 

having low field strength and high polarizability cannot form glass alone; however in 

presence of a good glass former like B2O3, it gives a good glass with less phonon 

energies [78]. Moreover, bismuth containing glasses can exhibit broad band 

luminescence in NIR regions, which finds applications in diversified fields such as fibre 

lasers and telecommunications [78]. 

In recent years glasses containing ZnO have attracted the scientific community because 

of its role in increasing chemical stability and reducing the thermal expansion of the 

glass. Their wide band gap, large exciton binding energy and intrinsic emitting property 

make them as promising candidates for the development of optoelectronic devices, solar 

energy concentrators, ultraviolet emitting lasers and gas sensors [79]. Presence of Al2O3 

in a glass can increase mechanical and thermal stability of the glass. 

The other way of reducing the redundant phonon energies of borate glasses is by adding 

heavy metal fluorides such as BaF2 and CaF2, because the latter metals are having 

phonon energies of the order of 350 cm
-1

 which is very less when compared with the 

phonon energies of borates. Moreover, such fluorides present in borate glasses can 

enhance the solubility of the doped rare earth ions. It is well known that OH content 

present in a glass can reduce luminescence efficiency of the glass by absorbing the light 

emitted by the glass through radiative emissions process. Thus more OH content present 

in a glass is a detrimental for the luminescence efficiency of the glass. Fluoride 
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compounds present in borate glasses can also react and remove OH content present in 

borate glasses and indirectly helps the borate glass to improve their luminescence 

efficiency [80, 81] 

The scientific patronages offered by the aforementioned chemicals, motivated me to 

prepare two germane glass systems having their generic chemical composition as follows 

and doped them with few rare earth ions with an aim to investigate the enhanced 

luminescence properties.  

1. ZnO-Al2O3-Bi2O3-B2O3 (Zinc Alumino Bismuth Borate – ZnAlBiB) 

2. ZnO-Al2O3-BaF2-CaF2-B2O3 (Oxy-fluoroborate – OFB) 

In general, the study of optical properties of rare earth ions in glasses depends on the 

chemical composition of the glass former and modifier, which reveal fundamental 

information about energy level positions, absorption and emission cross-sections, 

radiative and non-radiative decay rates, branching ratios, energy transfer through cross 

relaxation and concentration quenching. In view of the key role of optical spectroscopy of 

rare earth doped glasses in science and technology of lasers, up-converters and fiber 

amplifiers, the present work is focused on optical and fluorescence properties of Nd
3+

, 

Pr
3+

, Ho
3+ 

doped Zinc Alumino Bismuth Borate (ZnAlBiB), Dy
3+

 and Sm
3+

 doped Zinc 

Alumino Fluoro Borate (Oxy-Fluoroborate) (OFB) glasses. 

 


