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ABSTRACT

Synthesis and Spectroscopic Studies of or®' doped
glasses and transparent glass ceramics of the
Magnesium Alumino Silicate system MgO.Al,oj.z.SSioz.

Nick Raspa

This thesis reports the luminescence of cr’ in the
magnesium alumino silicate glass systems (XMgO.Aleoa-
.2.58102, X = 0.5 - 2.0) using laser spectroscopy. Glasses
and glass ceramic of high optical quality can be =asily
synthesized in the XMgO.AIZOJ.Z.SSiO2 system simply by vary-
ing X (0.5-2.0) without recourse to thermal treatment.
Evidence that Cr’’ resides in both the crystalline phase and
glass phase of the glass ceramic is presented. Furthermore
the crystalline phases are identified as Aizoa, and MgAldO4
and the glass phases as mullite (3A1203.28102) and cord-

ierite (MgO.A1203.2.58102).

In the cordierite glass emission is observed from two
levels (2Eg and 4Ta9' The room temperature and low temp-
erature Cr>' fluorescence in cordierite glass is dominated

by strong “Qm emission in which the °

T;, fluorescence
extends from 730 to 870 nm. Within the sample, there arec
centers that can be characterized as low, intermediate and

high field.



We were able to determine that the system presents an
intermediate crystal field for cr® ions (Dg/B = 2.00). The
complex spectroscopic features of cr® in cordierite Jlass
are mainly due to the large inherent inhomogeneity of the
material. As a result the energy separation and the order of
the two emitting states (4ng and 2Iifg) vary from site to
site leading to a large inhomogeneous broadening of absorpt-
ion and emission spectra and complex decays of luminescence.

4

The ‘r_, "T1

2 e———*Azg transitions 1in cordierite (glass

g
showed the maximum oscillator strengths of 1.81 X 10™* and
3.37 X 107° respectively. This can be explained on the basis

of the large inhomogeneity of the material.

Since Ccr’ is sensitive to the environment, structural
changes occuring during crystallization become evident in
the spectra as the MgO concentration is changed. We observed
that crystallization is accompanied by a relative increase
in emission from the 2Eg———an’ transition as well as
narrowing and splitting of the corresponding band. This we
related to the higher crystal field and the narrow dis-
tribution of cr’ sites generally observed in crystals. The
splitting of the ﬁ% was found to be 30 cm’' (ruby, 29
cm’ly .

Cordierite glass doped with 0.17 % Cr,0, was subjected
to a heat treatment in order to induce complete ceramtizat-

ion.

(IV)



The emission spectra and X-ray diffraction pattern of the
ceramic revealed that the crystalline phase is the magnesium
spinel MgA) 0. The emission spectra is characterized by N,
lines cent.:ered at 686 and 688 nm that can be interpreted to
arise from Cr’ ions in different environments due to cation
inversion effects. Another line was obseved at 710 nm and

was attributed to chromium pair interaction due to concen-

tration effects.

(V)
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CHAPTER 1
1. INTRODUCTION

Although glass is a solid, it is more typically recogn-
ized as a solid solution or a "frozen liquid" that possesses
a continuous random network lacking both symmetry and per-
iodicity. For spectroscopists and material scientists, the
relative allure of using glass as a possible laser relative
to a crystal is that a glass can be "engineered". Glasses
have always held a fascination because of the variety of
their compositions, which gives a certain amount of control
over their properties [1]. Glasses possess excellent optical
quality, are optically isotropic, durable, and can be doped
with transition and rare earth metals to high concen-

trations. Furthermore, glass can be molded to any shape and

size.

1.1 STRUCTURAL MODEL FOR GLASS

According to the traditional views held by Zac-
hiarisen [2] which are still valid today, the constituent
cations in a glass are divided into network formers and
network modifiers. The basic structural units which make up
the glass consist of compounds that have a definite geometry
and are connected at corners to form a random three dimen-

sional network.




Network formers exhibit either 3 or 4 coordination to form
triangles or tetrahedra which are cross linked by corner
sharing into closed network structures [3]. Intermediate or
conditiorial glass formers require the presence of one or
more additional compounds to form the glass. Other compounds
added to the glass modify the network, thus anions which
formally bridged two network forming cations may become
nonbridging. Network modifiers such as alkali, alkaline
earth, and higher valence state ions occupy interstitial

sites, usually thought of as 6 coordinating.

Sun [4], categorized oxide compounds as glass formers,
interrediates, or modifiers on the basis of their calculated
bond strength shown in Table 1.1.1. Glass formers generally
have bond energies above 100 Kkilocalories; intermediates
have bond energies of 60 to 73 kilocalories ; and modifiers

have bond energies below 60 kilocalories.

1.2 ACTIVATOR IONS IN GLASS

The colors imparted to glasses that serve as host to
transition metal ions have attracted attention since the
early history of glass making [5]. In the period 1950 to the
1960’s, crystal field theory was applied to gain insight
into the relation of color to structure. Bates [6] reviews
some of the early efforts and Wong and Angell (7] summarize

the literature up to 1976.



TABLE 1.1.1

CALCULATED BoND STRENGTH oF OXIDE COMPONENTS

SINGLE BCND

METAL | COORD I NATION NUMBER STRENGTH
(K1LOCALCRIES)
GLASS FORMERS
B 3 119
si 4 106
Ge a 108
Al 3 101
p 5 11
v 5 112
INTERMEDIATES
Ti 6 73
Al 6 57
Th 8 64
Be 4 63
Zr 8 61
MOD IFIERS
Mg 6 37
Li 4 36
Ba 8 33
ca 8 32
Na 5 20




The behavior of the activator ion in the host material
can be explained by means of crystal field theory. The metal
ion is considered to be the center of a coordination sphere
(polyhedron) formed by ligands. In this theory, the ligands
are taken as point charges which create an electrostatic
field around the central metal ion. Hence, this model simpl-
ifies the calculation of the crystal field parameter Dgq, and

the Racah parameters relative to ligand field theory.

1.3 TRIVALENT CHROMIUM AS THE ACTIVATOR ION

Over the past years there has been a surge of interset
in cr*, largely due to its demonstrated ability to lase in
various hosts. There are numerous advantages to the cr’
ion, which include; (i) the stability of the trivalent state
against both oxidation and reduction, (ii) the presence of
three broad bands and allowing efficient flashlamp pumping,
(iii) the resistance of the 4ng state to nonradiative decay
and (iv) the tendency of cr® to preferentially occupy octa-
hedral sites in the presence of other types of host sites. To
date cr” has been reported to lase in 15 materials; BeA1204
(8, 9, 10], Bepal(sio), [11], GdScAloO [12, 13],

3 12
6d_Ga0, . [14], Gd_sc,Al O, [14], La Lu Gao , [147,
Y,Gao,, [13), YScGaoO 6 [13], NaGalLiF_ [15], KznF,
(163, SiAlF, [17, 18] 2ZnWO, [19], Al (WO,)  [20], ScBO, [21]

and La3Ga2810“ [(22].



i.4 STATEMENT OF THE PROBLEM

Luminescence of Cr’' in glasses of the alumino-silicate
composition have been studied extensively by Lempecki [23].
The main emphasis was to understand the spectroscopic pro-
perties of chromium in this host material (Alumino silicate)
for suitability as a laser material. They studied mullite
(2A1203.Si02), gahnite (ZnA1204) and B-quartz (Sioa) since
these materials possess high tensile strength and very low
thermal coefficient of expansion. These properties are a

prerequisite for a laser host material.

The principle objective of this work was to system-
atically study the spectroscopic behaviour of cr® in cord-
ierite glass, glass ceramic and ceramic. The mineral cord-
ierite is a complex material whose chemical formula is
Mngl“Siso18 and capable of accepting a wide variety of

cationic impurities substitutionally at the aluminum site.

N . . 3+ * ’ s .
Among various activator ions, Cr" 1is especially 1interesting.

The ion is not only a structural probe, but also a "nucleat-
ing" agent that induces growth of microcrystallites within
the vitreous phase. Spectroscopically, one can also determ-
ine, using cr’ as the structural probe, the micro-
crystalline phase as the structure evolves from the glassy
phase to the crystalline phase via the glass ceramic. The

nature of the sites occupied by cr®® can also be determined.

5L Bigires I
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Optical spectroscopy provides the techniques (absorpt
ion, emission, time resolved, 1lifetime measurements)
necessary to calculate the crystal field and Racah para-
meters so pertinent information can be gained about the
system. The optical properties must be fully characterized
in cordierite glass before it can be investigated as a pot-
ential host matrix for laser technology. At this point,
cordierite is promising as a potential laser host material

for a number of reasons:

1. Its relative ease of fabrication.

2. Broad absorption bands which maximize
coupling to broadband sources, such as
flashlamps. Thus, it is capable of storing
a greater density of energy.

3. Strong 4Tzq f luorescence,

4, Chromium IIX can satisfy its coor-
dination requirement by substituting
as a network former or as a network
modifier.

5. High mechanical strength,



2. THEORETICAL

2.7 Ihe GLASSY SI1ATE

Glass might be described as a transparent substance
having the properties of hardness, rigidity and brittleness.
With the exception of transparency, tne properties usually
thought of as characterizing glass are those normally asso-
ciated with solids. However, glass possesses a number of
properties which are characteristic of the liquid state and
the classification of glass as a liquid of very high vis-
cosity rather than as a solid would be in accordance with

modern views [24].

A definition of what constitutes a glass according to the
National Research Council Ad Hoc Committee on Infrared tran-

smitting materials is [25]:

A glass is an X-ray amorphous "solid" which exhii:its a glass
transition Tg’ the latter being thac phenomenon in which a
solid amorphous phase exhibits with changing temperature a
more or less sudden change in the derivative thermodynamic
properties, such as heat capacity, Cp' and expansion coef-
ficient, from crystal like to liquid like values. The temp-
erature of this is called the glass transition or trans-

fc rmation temperature T Above Tg the amorphous phase has

g

g deiad
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the thermodynamic properties of the liquid state, hence is
referred to as being in the ‘'supercooled liquid", as

distinct from the glassy state.

It is useful at this point to consider the relationship
between the solid and the liquid state in order to obtain a
clearer understanding of glass structure. This implies that
a liquid cannot be structureless in the same sense as a gas
but that there must be some sort of grouping or arrangement
of the molecules in the liquid related to that which occurs
in the solid state. The units of structure (atomic or
molecular groupings) are the same in the liquid as in the
solid but in the liquid these units are not arranged in a
regular manner. Hence the liquid possesses short range order
whereas the crystalline possesses both short range and long
range order leading to complete regularity <throughout the

solid.

The relationship between the glassy state and the normal
solid and liquid states can be understood on the basis of
what happens during the ccoling of melts. For substances
which crystallize, it is observed that there is a closely
defined temperature at which solidification occurs and at
this temperature a discontinuos volume change (normally a

contraction) occurs.



Furthermore, heat is evolved when solidification takes
place. On the other hand, for a substance which can be
cooled to the glass state, no discontinous volume change is
found and heat is not evolved with the change from the
liquid to the solid state. Instead the viscosity of the melt
increases progressively as the temperature falls and even—
tually the viscosity attains values which are about 10'*'°
Poise [26]. This is shown in Figure 2.1.1. The crystallizat-
ion process is manifested by a sudden change in volume at

T, whereas glass formation is characterized by a "gradual

break"™ in slope. The region over which the change of slope

occurs is termed the ‘“glass transition temperature" Tq.
Hence, the glassy state is continuous with the 1liquid state
and is distinguished from the normal liquid staie by the

high magnitude of the viscosity.

2.2 CONDITION FOR GLASS FORMATION

Crystallization of supercooled liquids is controlled by
two factors. The first is the nucleation rate i.e. the
number of nuclei formed in a unit volume per unit time; the
second is the rate of crystal growth, or the speed with
which the crystal-liquid moves, i.e. the rate of shift of
‘phase '’ boundary of the crystalline phase in the liquid. As
the crystal grows from a certain number of crystal nuclei

these nuclei determine the actual phase transformation.



SuPERCOOLED Liauin

GLASS
N

Figure 2.1.1 Schematic illustration of the change in volume
with temperature as a supercooled liquid is
cooled through the glass transition temperature
Tq. The dashed curve illustates the change
accompanying the structural relaxation of the

glass held at T < T;.

10



A model based on a quantitative determination of the nuc-
leation rate as a criterion for glass formation was develop-
ed by Turnbull [27]. He proposed that no nuclei should be
formed as a condition for glass formation: this condition is

defined by the relationship

n = VI I, at n'< 1 (2.2.1)

where n' is the number of nuclei formed in a sample of
volume V during cooling time t. He expressed the nucleation

rate I0 in terms of the classical theory of homogeneous nuc-

leation.

An essential prerequisite for "glass formation" from
the melt, is that the cooling be sufficiently fast to pre-
clude crystal nucleation and growth, and that the nucleation
rate should be less than 10°%m s’ [26], not to be ob-
servable in practical time scales and 1liquid volumes. The
crystalline phase being thermodynamically more stable,
crystal growth will always dominate over the formation of

the amorphous phase if allowed to take place.

1> 1925, Tammann [28] studied crystallization in super-
cooled liquids including inorganic glasses which contributed
greatly to the knowledge of nucleation and crystallization
processes. He showed that below the equilibrium melting

temperature there exists a temperature interval, referred to

11




as the metastable 2zone, in which nuclei do not form at a
detectable rate. In this zone however, crystals can grow if
nuclei are provided, i.e. if the melt is "seeded". At temp-
eratures below this region the crystallization process is
controlled by two factors: the rate of formation of nuclei
and the crystal growth rate. Melts which increase rapidly in
viscosity during cooling, such as those which can form
glasses, show maxima 12 nucleation and crystal growth rates
because at low temperatures the high viscosity hinders the
atomic rearrangements and diffusion processes which are
necessary for nucleation and crystal growth. Figure 2.2.1
shows the curves for nucleation rate and crystal growth rate

for a viscous melt.

It is evident from Figure 2.2.1 that in order to
produce the largest possible number of crystals, nucleation
should occur at or near to the temperature at which the
maximum nucleation rate occurs. The selection of the optimum
nucleation temperature is important in the production of
glass ceramics. The metastable zone of supercooling (T1 -
T,) below the equilibrium temperature occurs because the
very tiny crystal nuclei have melting temperatures apprecia-
bly below that of the bulk material. It will (lso be noted
that there also exists a temperatuire T, below which the
homogeneous nucleation rate is zero due to the high

viscosity of the melt ([29].
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EQUILIBRIUM MELTING TEMPERATURE

METASTABLE ZONE OF SUPERCOOLING
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RATE OF CRYSTAL GROWTH

RATE OF HOMOGENEOUS NUCLEATION

TEMPERATURE

RATES OF NUCLEATION AND GROWTH

Figure 2.2.1 Effect of temperature on the rates of homo-
geneous nucleation and crystal growth in a
viscous liquid.
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2.3 GLASS FORMATION: OXIDE: SYSTEMS

The question of "why do certain materials readily form
glasses on cooling a melt"? is one of great practical and
technological importance. This question may be reformulated
as "why do certain chemical compositions of materials have a
greater glass forming tendency than others"?. This aspect of
the subject is still in the ‘alchemy’ stage but is nonethe-
less useful as a gquideline for oxide glasses. The first
successful attempt to categorize materials into glass-
formers and non glass-formers was by Zachariasen (1932) [2].
At the time Zachariasen wrote his paper some 50 years ago,
the only known glass-forming materials were oxides, of which
only five formed glasses by themselves: Sioa, GeO,, B,O_,
As_O_ and P205° In addition, these five oxides can also form
glasses when mixed (up to a 1limiting percentage) with
another oxide or oxides, which are not themselves glass-
formers. The rules that Zachariasen formulated were capable
of explaining why, for example, Siozis a glass-former and

Na o is not, but why should XNa20:8102 also be a glass

former.

Zachariasen argued that those materials most likely to
form glasses readily would have an internal energy only
slightly larger in the amorphous state than in the crystall-
ine (a hypothetical amorphous phase possessing an internal

energy considerably higher than the crystal would be prone

14



to rapid devitrification). Since it is reasonable to assume
that the interatomic interactions in both amorphous and
crystalline phases would be very similar, this implies that
the atomic structure of the two phases would be very similar
in certain aspects. The structure of the glass network is,
however, aperiodic, giving rise to broad diffuse haloes in
diffraction patterns instead of sharp spots (or rings)
characteristic of the crystalline phase. Therefore
Zachariasen assumed that the oxygen polyhedra found in
oxide crystals would also occur in glasses, the only
difference being the relative orientation of polyhedra which
should be variable in glasses, giving rise to a non-periodic

structure.

The most important aspect of Zachariasen’s approach
which transcended the importance of his ‘rules’ for glass
formation was that a non-periodic arrangement of atoms could
be attained solely as a result of the incorporation of var-
iation of bond angles and dihedral angles for three dimen-
sions. In this way a continuous random network can be con-
structed in which the approach of atoms closer than a normal
bond length can be avoided, thereby minimizing repulsive
energies and hence the total internal energy. The difference
in structure for the glassy and crystalline forms of a
hypothetical, two dimensional oxide, AoQ,, is shown schema-

tically in Figure 2.3.1 (a) in which each oxygen is corner
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shared by two Ao, triangles. Contrast this with the case
shown in Figure 2.3.1 (b) which is for a hypothetical two
dimensional crystalline oxide AO, where each oxygen is
corner shared by three AQ, triangles: structural disorder
cannot be introduced as in Figure 2.3.1 (a) simply by bond
angle distortion without considerably increasing the inter-
nally energy. The amorphous state is metastable since for
crystallization to occur a substantial topological rearran-
gement of the structural units (having a large activation

energy) must occur.

Based on these arguments, Zachariasen proposed four

rules which an oxide must obey if it is to form a glass:
1. An oxygen atom may be linked to no more
than two A atoms.

2, The number of oxygen atoms surrounding an

A atom must be small (three or four).

3. The oxygen polyhedra share corners with

each other, not edges or faces,

4. At least three corners in each oxygen
polyhedron must be shared if the network

is to be three dimensional.

16



(b)

Figure 2.3.1 Two dimensional representation of amorophous
1\203 (a) and crystalline A0 (b).
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2.4 PHASE SEPARATION

An obvious example of phase separation is the nucleat-
ion and growth of crystallites within an amorphous solid.
The presence of these inhomogeneities can be detected by
small ai.,ie scattering (crystallites would produce sharp
Bragg peaks if they were of sufficient size) or the nore
direct technique of microscopy [30). One cannot under-
eastimate the importance of phase separation. For example,
when borosilicate [30] glass is heat treated, it phase
separates into a silica rich phase possessing a chenical
durability approaching that of vitreous silica. The presence
of apparently amorphous structural inhomogeneities from 20
to 200 & [31] in a number of important commercial glasses
has led to the widespread opinion that liquid separation is

an essential characteristic of glass structure in general.

The thermodynamic concept of phase separation is use-
ful because of its simplicity. A homogeneous single phase
will separate in two (or more) phases of different composit-
ions if the free energy of the system is lower than that of
the single homogeneous phase. However, thermodynamics alone
does not provide a complete description of why phase

separation occurs.
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Atomistic consideration of glass structure lead to the hypo-
thesis that reorganization of a glass into two liquids
represents the failure of the sio‘ tetrahedral network to
accomadate structural groups of widely different size. As
the melt cools to form a glass, the structural positions
become more fixed and the sio‘ groups become less able to
join with units of different size and coordination to form a
continuous single random network. This is in agreement for
the cause of phase separation of the Alzoa-sio2 system
according to Beall and Duke [32]. At high tempeatures, the
aluminosilicate liquid is stable as a single phase composed
structurally of partially linked Sio4 and Alo4 tetrahedra.
On cooling the melt polymerizes toward a corner shared
tetrahedral arrangement, this increases the internal energy
of the system thus producing a siliceous rich phase

separated from aigh alumina regions.

2.5 CONDITION FOR TRANSPARENCY AND FORMATION OF
TRANSPARENT GLASS CERAMIC

The most important optical property for transparent
glass ceramic is transmission of radiation. The passage of
light is affected primarily by the crystal size. Most cer-
amics are opaque because they are composed of crystallites
that act as scattering centers for visible light [32]. The

intensity of the scattered 1light (I(8)) is written
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as:

M -1
M - 2

4
8 6

o I (2.5.1)
A4

]

1 + cosze
I(8)= 5 ]

r

where I is the specific intensity, 6 the scattering angle, r
the distance from the scattering center, I the intensity of
the incident beam, A the wavelength of light, a the radius
of the particle, and M the ratio of the refractive index of

the particle to that of the surrounding medium.

Therefore the criteria for complete transparency in a
light transmitting material are (i) a << A, where the part-
icles are much smaller than the wavelength of light, or (ii)
M = 1, where the ratio of the refractive indicies of the
particles and surrounding medium approach unity. In case
(i), the crystallites must be sufficiently small to produce
no effective scattering in the visible spectrum. This is the
situation in the 1\1203-Si02 system, where such glass
ceramics contain a fine dispersion of crystallites in the

siliceous phase [33].

2.6 SPECTROSCOPY OF THE TRANSITION METALS

2.6.1 CRYSTAL FIELD THEORY

In crystal field theory a complex is assumed to be an
ionic molecule and the ligands act as point charges provid-

ing a constant electric potential.

20



The one electron Schrédinger equation is:
A
Y =EV (2.6.1.1)
where the Hamiltonian operator for the hydrogen atom is
-h? 2 e’

v -
8n2m r

(2.6.1.2)

where m is the mass of an electron, h is Plank’s constant,

2

V° is called the laplacian operator, and r is the distance

of the electron from the nucleus.

The first term expresses the kinetic energy, and the
second, the potential energy of the electron. For a many
electron system and the case where the central ion becomes
complexed the modified Hamiltonian will also include the
perturbing potential provided by the field of the ligands

and is conveniently written in the form ([34].

ZV Zze Z—f_,— (2.6.1.3)

8nm 15

z El (rl)llsl+z Vl

The term V  appears in the Hamiltonian to account for
the energy of interaction between the electrons and the
crystal field. One considers how V compares in magnitude to
the two perturbations in the free atom; the Coulomb re-

2

pulsion term [z —i—-], and the spin orbit coupling term
15y "1y

[ZEl(rl)l!SI]. Two approaches to the calculation of the
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energy levels of 4" systems have developed, arising from two
limiting conditions (weak and strong field) described in the

following section.

2.6.2 WEAK FIELD AND STRONG FIELD APPROACHES

Calculations on the relative positions of energy levels
were started by Orgel ([35] in 1952 using the weak field
approach . The ligand field is treated as a pertubation term
which splits the free ion states but does not cause them to
interact with one another. The calculation is carried out by
including the interaction between states having the same
total spin angular momentum S and I', where I' is a label
which indicates the irreducible representation of the octa-
hedral group to which the eigenstate belongs, due to the
ligand field. The results of the calculation are expressed
as energy matrices, each corresponding to a particular
zsurn_
Tanabe and Sugano evaluated the complete strong field
calculations for 4" systems in octahedral symmetry. They
treated the electrostatic interaction as a pertubation which
splits the ligand field configurations but does not cause
intermixing of different configurations. A complete calc-
ulation is carried out for states having the same S and T
due to the electrostatic interaction. The results of the

calculation are expressed as energy matrices each cor-
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responding to a particular >*'r

. The non-diagonal elements
of the matrices contain Racah parameters , which represent

the interaction between different ligand field states.

2.6.3 TANABE SUGANO DIAGRAMS

Tanabe and Sugano used the strong field approach to
calculate the energy level diagrams for the d" configurat-
ion. When the values of E/B are plotted against Dg/B for a
specific value of C/B, the result is the Tanabe-Sugano
diagram. The essential feature in the Tanabe-Sugano diagrams
is that the 2zero in energy is taken as the lowest 1lying
state arising from the lowest free atom term. Forcing this
state to correspond to the abscissa of the diagram, for all
values of Dg/B results in raising any point of any state by
the amount that was required to keep the lowest lying state
on the abscissa. The solution of the energy matrices for a
a configuration results in the Tanube-Sugano diagram given
in Figure 2.6.3.1. The diagram is drawn only up to a value
of Dg/B = 4. This value of Dg is large enough for the states
of the ion to occur in the same sequence as they were

assigned in the "strong field case".
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Figure 2.6.3.1 Sgplitting of the states of the a@°
configuration by an octahedral field.
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CHAPTER 3
3. EXPERIMENTAL

3.1 SAMPLE PREPARATION

The sodium in Zeolite X (NaX, Linde Uniofi Carbide) was
exchanged for magnesium by treating it with a 40% solution
of MgCl2 at 85°C for 10 hours (a fresh solution every 2
hours). The chromium doped cordierite glass NRC-3 (MgoO,-
A1203.2.58i09 was prepared by fusing 6.61 grams of the
magnesium exchanged Zeolite (MgX) with 7.3 X 162 grams of
high purity chromium sesquioxide (Johnson Matthey, puratronic
99.99%). Melts were prepared in a platinum crucible and
placed in 2 high temperature electrically heated furnace for
16 hours. The melting and annealing temperatures were 1600°C
and 600°C respectively. For annealing, the sample was placed
in a furnace for one hour. A schematic outlining the syn-

thesis of the samples is shown in Figure 3.1.1.

A series of chromium doped cordierite based glasses of
composition XMgO.A.1203.2.58102 where X = 0.5-2.0 at
increments of X = 0.25 were prepared. The mole % of each of
these components are listed in Table 3.1.1. The samples
NRC-1 and NRC-2 were prepared by fusing silica (SiOJ
magnesium oxide (MgO) and alumina (Al;%) with high purity
Cr203 using the same melting und annealing temperatures as

above.




[ON EXCHANGE
ZEOLITE X >

(Na,0.Al 0_.2.55i0_) 40% SOLUTION OF  (mgo.a1 0, .2.5s10,)
MgCl, at 85°cC

Mg ZEOLITE

A 1600°C
16 HRS

CORDI ERITE GLASS
Al_Mg_(si_Al)o

MAGNESIUM ZEOLITE "JEEE___A GLAss CERAMIC
(XMgo.Al 0_.2.F sio_) 1600 C
X> 1.0 16 HRs.
, 1600°C
X Mgo.A1203.2.5 §io, > GLAss CERAMIC
X < 0.75 16 HRs

Figure 3.1.1 Flow chart outlining the synthesis of
the series XMgO.A1203.2.SSiO2 where
x = 095-200.
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For samples NRC-4 to NRC-7, magnesium exchanged Zeolite X
was used as the starting material to which magnesium oxide

was added to obtain the desired compositicn.

TABLE 3.1.1

CORDIERITE SERIES
(XMg0.A1 0..2.58i0,, 0.5 s X s 2.0).

GLASS COMPOSITION (MOLE %)

SAMPLE X SJ'.O2 MgoO A1203 Cr203

NRC-1 0.5 68.40 3.70 27.9 0.05
NRC-2 0.75 65.10 9.10 25.80 0.06
NRC-3 1.0 60.60 16.60 22.80 0.06
NRC-4 1.25 55.30 25.20 19.40 0.07
NRC-5 1.50 54.0 26.70 18.30 0.07
NRC-6 1.75 51.80 31.60 15.50 0.07
L__[\!RC-7 2.0 49.20 37.40 13.40 0.06

3.2 OVEN AND TEMPERATURE CONTROLLER

A high temperature air, inert atmosphere furnace (Model
1700S- CM.Inc.Furnaces, Inc. Bloomfield N.J.) was used for
fusing and for the application of thermal treatments. The
maximum operating temperature is 1700°C. The furnace is
powered by a single phase silicon controlled rectifier (SCR)

power package (Model 831 Eurotherm Corporation, Virginia).
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The SCR is connected to a 220V line and is capable of

delivering a maximum current of 75 amps.

3.3 SPECTROSCOPY

3.3.1 ABSORPTION AND EMISSION

Absorption spectra were measured using a Cary 2300
spectrophotometer. Fluorescence spectra were obtained by
excitation with a tunable dye laser (Spectra Physics 375)
operating with Rhodamine 6G (10'3 mol/dma in ethylene glycol)
pumped by a coherent Innova 70, 4W argon ion laser operating

in the all lines mode.

The spectra were recorded using a Jarrel-Ash 1l-m Czerny
Turner double monochromator and a maximum s1lit width of 150
um. The gratings are mounted on a cosecant bar driven by a

stepper motor with a step size of 0.01 cm'l/step.

The emission signal was monitored by an RCA-C31034-02
photomultiplier, which has a flat spectral response from 200
L0 850 nm. The photomultiplier was thermoelectrically cooled
so that background dark count rate was below 10 counts s,
The photomultiplier signal is processed by a preumplifier
model SR 440 Stanford Research Systems. The preamp contains
four wide bandwidth, dc coupled amplifiers designed to be

used independently or cascaded to provide gains of 5, 25,



125, and 625 thus amplifying the output from the photo-
multiplier tube to the photon counter. The Gated Photon
Counter Model SR 400 (Stanford Research Systems) is a data
acquisition system that interfaces between the computer and
the spectroscopic hardware shown in Figure 3.3.1.1. The
signal is recorded under computer control using the Stanford
SR 465 software data acquisition/analysis system. Some of
the data was acquired at liquid nitrogen temperature (77K)
using an Oxford Instruments continuous flow cryostat (CF

204).

Time resolved emission spectra and fluorescence life-
time measurements were made with Ar'/rhodamine 6G laser
excitation and a Stanford Research SR 400 gated photon
counter. The signal was chopped using a Stanford Research
optical chopper, Model SR 450. The photon counter was trig-

gered by a photodiode synchronized by the laser pulse.

3.3.2 HEAT TREATMENT AND CERAMITIZATION OF THE CORDIERITE
"MITHER GLASS"

The first step in the heat treatment for the cer-
amitization of cordierite glass is to hold the mother glass
at a specific temperature for a specified time, in order to
induce nucleation. The second step is to raise the temp-

erature for a length of time to promote crystal growth.
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The crystallization process can be taken to completion prod-
ucing a ceramic. This was accomplished by subjecting the
cordierite glass doped with 0.17% Cr,0_, prepared in the
usual manner to a nucleating and crystallizing temperature

of 1100°C for 2 hrs and 1250°C for 4-5 hours respectively.

3.3.3 EXCITATION SOURCES

The excitation optical path (Figure 3.3.1.1) consists
of mirrors M1 and M2, a focusing lens L1, that collimates
the beam to a third mirror (M3), and a spatial filter (NRC
model 900) which spatially filters the exciting laser line.
The lenses L2 and L3 focus the laser beam onto the sample in
the cryostat. Lens (L4) is used to focus the fluorescence

signal onto the monochromator slits.
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M1

ARGON ION LASER DYE-LASER

MONOCHRO-
MATOR. CRYOSTAT
4
p o O
T = 0
PIN HOLE
- 3 (2su) L1
N\ I M
PRE- M3 N\ v M2
AMP Chopper
C..]
Computer
PHOTON COUNTER software
Argon ion Laser:Coherent Innova 70 4W
Dye-laser :Spectra-Physic model 375
Chopper :Stanford optical chopper model
SR540
Spatial filter :NRC model 900 (25u)
Cryostat :Oxford CF-204
Monochromator :Jarrel-Ash 1lm Czerny-Turner double
monochromator
Photomultiplier :RCA-C31034-02
Pre-Amp. :Stanford fast preamplifier model
SR440
Photon Counter :Stanford Gated photon counter model
SR400

Figure 3.3.1.1 Schematic arrangement of apparatus for the

measurement of emission spectra, time
resolved spectra and decay times.
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3.4 X-RAY POWDER DIFFRACTION

X-ray powder diffraction was carried out at room temp-
erature on a Philips PW 1050-25 diffractometer, using the
Ni-filtered K, radiation of copper (A = 1.5417 &) . The
samples were contained in a flat holder made of plexiglass
for the determination of the Bragg peaks of the ceramics.
When checking for the presence of the glass scattering peak,
a holder made of aluminum was used. Crushed powdered
samples, were packed in a holder, and pressed with a glass
plate in order to obtain a smooth flat surface at level with
the surface of the holder, for a perfect alignment in the
center of the goniometer. For solid bulky samples, a hole
slightly larger than the sample was drilled through the
plexiglass/Al holder, and the sample was inserted in and
held steady in such a way that a smooth flat surface of it
was at level with the surface of the holder. The goniometer
was rotated at a constant speed of 0.5° (68)/min and the

diffraction pattern was recorded.

3.5 CRYSTAL FIELD CALCULATION

A quantitative crystal field analysis can be made by
analyzing the structure of the absorption spectra. One calc-
ulates the strong field parameters by diagonalizing the
strong field energy matrices of the Coulomb and cubic field

operators given by Tanabe and Sugano [36].
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4 4 4

The A

Zg'

a’ system are given in Table 3.5.1.

T 2p and °E energy matrices for the

T
1 2q' 1g

TABLE 3.5.1

ENERGY MATRICES FOR SYSTEMS IN AN OCTAHEDRAL FIELD

4Tl("p,‘F) =

4A254F) = -12Dq - 15B
-2Dgq - 3B 6B . .
Tzs F) = -2Dgq - 15B
8Dgq - 12B
g (a®p, b?Dp,3%:,%H) =
-12Dqgq
-6B+3C -6V2B -3V2B 0
-2Dgq
+ 8B+6C 10B V3 (2B+C)
-2Dq
-B+3C 2V3B
18Dq
-8B+4C
2 2 2 2 2
1g ("P, F, G, H) =
-12Dq
-6B+3C -3B 3B 0 -2v3B
-2Dg
+3C -3B 3B 3v3B
-2Dq
-6B+3C -3B -V3B
8Dq
~-6B+3C 2V3B
8Dgq
-2B+3C

33



The eigenvalues E, E,... E of these matrices are
obtained by solving the corresponding secular or determinan-

tal equations:

H -E H ® v 2 0000 000 0r e ssc0ss0 a0

11 12

H21 sz-Eco..-oonooo.--oo-..

® 0 0 80 50000008900 G 0P S S AL OL L 0E e e
® 5 6 5 00 ¢ 00 00 R0 sES O 0P0EO S S BSOSO N OSSR e

n.o.o.olo.o..clo.oao.-.-0..-.H -E

nn

The crystal field parameter Dg was fixed by the 4ng ———>4Azg
transition in the absorption spectrum of cordierite glass
(Dg = [E(“ng) - E(‘Azg)]/lo). The Racah parameter B was
obtained by substituting the value of Dg into the 4Tlg det-
erminantal matrix (Table 3.5.1). Using the 2Eg transition
energy in the emission spectrum, the ¢ parameter was
obtained by subsituting the Racah B parameter into the zEg
determinantal matrix. The value of the parameter C obtained

using the 2

Eg determinantal matrix was compared with the
value of the C parameter obtained using the leg transition
energy in the absorption spectrum and the 2T1g determinantal

matrix.

In calculating the crystal field parameters (Dg, B, C) the
energy of the ground state (4Azg) was subtracted from the
diagonal entries for each of the determinantal energy

. 4 2 2
matrices (Tlg, Eq, Tn;)'



3.6 CALCULATION OF OSCILLATOR STRENGTH

The room temperature extinction coefficients (¢, ¢

“! om') were calculated from the absorption data and the

mol
glass density. The densities were measured by weighing cut
and polished samples of accurately known dimensions. The
densities and the extinction coefficient wvalues for the
absorption bands (4T1q,‘Tzq<-——4Azq) are given in Table

3.6.1.

The oscillator strengths were calculated using equation

3.6.1 [37],

f = mc/nezjrcr(v)dv (3.6.1)

where m is the mass of an electron, ¢ is the speed of light
and e is the electronic charge, and the integrand is the area

under the absorption band.
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TABLE 3.6.1

DENSITIES OF SAMPLES AND THE EXTINCTION COEFFICIENT

4

4

VALUES FOR THE ABSORPTION BANDS 4Tz,,,. T, A,
e
SAMPLE DENS 1 TY ¢ mol”™ cn”
9 cm™® 4qu<——-— A, 4 el

NRC-1 2.43 8.49 13.40
NRC-2 2.37 11.37 14,92
NRC-3 2.00 17.15 26.57
NRC-4 2.19 9.92 16.23
NRC-5 2.37 5.61 9.84
NRC-6 2.70 5.46 9.78
NRC-7 2.21 3.33 7.08
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1 THE STRUCTURE OF CORDIERITE GLASS
(MAGNESIUM  ALUMINO-SILICATE).

The choice of glass composition for this

thesis is

corxrdierite Mgo.Alzos.z.ssioz. Cordierite was chosen because

of its high optical quality and superior mechanical dur-

ability. As shown in Table 4.1.1 the glass ceramic phase of

cordierite possesses a bending strength

times higher than most oxide glasses [38].

TABLE 4.1.1

BENDING STRENGTH OF VARIOUS TYPES OF GLASS CERAMIC

MATERIALS.

approximately 2

GLASS SYSTEM

MAIN CRYSTALLINE

BEND ING STRENGTH

K_O-F
2

GLASS
CERAMIC
$i0,-Li0 §i0,.1i,0 80 150
sio,.2Li O
si0,-al0 -Li,o0 B-SPCDUMENE S.S. 110 180
SiOZ-A1203“ MgO CORDIERITE 150 300
Si0,-A10 - Ca0 WOLLANSTON I TE 70 130
SiOz—Alzoa— Zno GAHNI TE 60 110
sio,~Al.0 - Mgo- F LUOROPHOGOPITE 80 105




The basic unit, or the glass forming species in cord-
ierite is $i0,. The ratio of the radius r_ to rj is about
0.30. As shown in Table 4.1.2 such a ratio implies a tetra-
hedral arrangcment [39]). The tetrahedral arrangement is also
favored by the bonding electrons in Sioa, since silicon may
be sp3 hybridized and these orbitals may interact with the p
orbitals of the oxygen. Figure 4.l.la shows a two dimen-

sional representation of the silica network in the glass

[39].
TABLE 4.1.2.
RADIUS RATIO AND COORDINATION REQUIREMENTS
IN POLYHEDRA OF DIFFERENT GEOMETRIES.
Rapius COORDINATION POLYHEDRON
0.155 - 0.225 3 TRIANGLE
0.225 - 0.414 4 TETRAHEDRON
0.414 - 0.732 6 OCTAHEDRON
0.732 - 0.904 8 HEXAHEDRON, CUBE
> 0.904 12 | COSAHEDRON

Another constituent in cordierite glass is magnesium
oxide. Magnesium is a network modifying cation, and is
accommodated randomly in the network in close proximity to
nonbridging oxygens. The nonbridging oxygens are created
since the modifier, (Mo in cordierite), disrupts the other-

wise perfectly connecced random network.
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Figure 4.1.1 A two dimensio.nal representation of the ternary
glass system Sio?-A1203-Mgo.
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The difference between a bridging and nonbridging oxygen is

shown schematically as follows;
(=Si-0—-Si=) + (Mg0) —— (=Si-O--Mg--O-Si=) (4.1.1)

where the arrangement (Si—0-Si) shows a bridging oxygen, by
contrast to a nonbridging oxygen (0--Mg--0). The structure at

this point is shown in Figure 4.1.1 b.

Alumina, A1203, the third and final constituent of
cordierite, is of secondary importance in terms of its glass
forming ability. It is recognized as an intermediate glass
former since Al%" can replace Si% substitutionally or it
can be found interstitially. The ratio of the radius of Al”
to oxygen is 0.43, therefore it can be either in a four or
six coordination environment (Table 4.1.2). The coordination
that A1% will assume depends upon the glass structure.
There are two cases to consider. If A1203 is added to a pure
silica glass, the Al* ion would be forced to assume six
coordination (Alo6)3" since the tetrahedral konding in pure
silica is very stable and not easily substituted. In this
case the Al1» ion acts as a modifier. However, due to the
presence of monbridging oxygens introduced by MgO in cord-
ierite, the 0" ions are not as tightly bound thereby allow-
ing the possibility of a four coordinated Al1* ion (Aqu)'
by substituting for si'. The cordierite glass consists of
an infinite chain of edge shared Alo, oc*tahedral cross link-

ed by A104 and Si°4 tetrahedra (Figure 4.1 1 c).
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4.2 CHROMIUM SITES IN THE CORDIERITE GLASS STRUCTURE

The infinite chain of edge shared 1\10‘5 octahedral cross
linked by Alo, and Sio4 tetrahedra in cordierite glass
provide two ways in which the cr” ion can exist in the glass
structure; (a) as a modifier, where the environment of the
cr® ion is determined by the glass structure, or (b) as a
network former by substitution into the network sites. As a
modifier, the open structure in cordierite glass provides
polyhedra large enough to accommodate the activator ion
interstitially. As a network former, the octahedral bonding
requirements of cr” can be satisfied if cr’’ replaces the

octahedrally coordinated A1** substitutionally.

4.3 SPECTROSCOPY OF CHROMIUM (li) IN CORDIERITE

4.3.1 ABSORPTION AND EMISSION IN THE CORDIERITE MOTHER GLASS

For the cr®' ion, luminescence originates from transit-
ions in the unfilled 3d electronic shell. The designations
of the transitions for cCr>* in octahedral symmetry are shown

in Figure 4.3.1.1 [34].

The optical absorption and emission spectra of the
cordierite mother glass (NRC-3) at liquid helium temperature

are shown in Figure 4.3.1.2a,b respectively.
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The principal features of the absorption spectrum (Figure
4.3.1.2a) are two broad bands with maxima at 15180 cm ' (658

nm) and 22279 cm' (449 nm) which are assigned to the vib-

4
29

‘ 2 ‘ 3 [ 4 . ]
Tlg (tzqeg) «— Azg (tzq) respectively. An interesting

3

ronically broadened transition i (t2 e)
29" 29 g 29

(t. ) and
feature in the absorption spectrum is the fine structure in
the 4ng<——4Azg transition. The absorption minimum at 14275
cm? (Figure 4.3.1.2 a) can be assigned to the zEg(—— 4A29
transition on the basis that it overlaps exactly with the
2Eg —>4Azg transition of the emission spectrum (Figure
4.3.1.2 b). The other minimun at 15259 cm ' (Figure 4.3.1.2
a) can be assigned to the 2‘1‘19(-— 4A2g transition. These
transitions are interpreted as Fano antiresonance [40] and
the transition energies are assigned to *the minima rather
than to the spectral peaks . The Fano antiresonance can be
explained in terms of a spin orbit interaction that takes
place between two energy levels that are isoenergetic such
as the discrete 2Eg or leg energy level and the 4T2q cont-

inuum. The observed dips arise from the forbidden transition

due to the mixing of states.

4.3.1.1 INHOMOGENEOUSLY BROADENED LINE WIDTHS

A qualitative, but significant aspect of the absorption
spectrum is the bandwith at half maximum (BWHM) or in short,
the halfwidth. The halfwidth gives a measure of site dis-

tribution of the activator ion within the host material.
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Glass is amorphous and epitomizes an inhomogeneous
system. The environment of "each ion" in the glass is
different. Therefore there exists a wide distribution of
local crystal fields between individual ion sites. This
gives rise to site to site differences in the energy levels
of the activator ion in the glass. The Cr-0 interatomic
distances vary about an average value, with distorted
symmetries, as shown in Figure 4.3.1.1.1. This means that
the energy separation and the order of the emitting states
("Tzg and 2Eg) varies from site to site. The halfwidth is in
fact a superposition of contributions from individual ions

distributed among an entire ensemble of local environments.

The 4Tzq<——4Azg transition at 15180 cm™' in the absor-
ption spectrum (Figure 4.3.1.2) was estimated to have a
halfwidth of 3433 cm'. This value is comparable to most
chromium doped oxide glasses. For comparative purposes the
halfwidths of the 4'1‘29(———— 4Azq band for some oxide glasses,
glass ceramics, and crystals at room temperature are listed

in Table 4.3.1.1.1.
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Figure 4.3.1.1.1 Schematic diagram showing some possible
octahedral sites within the host material.
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TABLE 4.3.1.1.1

HALFWIDTHS OF THE ‘ng ABSORPTION BAND IN SOME CHROMIUM
DOPED HOST MATERIALS.

HOST HALFWIDTH REFERENCE
(cm™ ')

GLASS
CORDIERITE 3433 this work
SODA L IME GLASS 3500 [41]
PHOSPHATE 3800 [(41)
CRYSTAL
LicaAlF 200 [42)
13e31\12(sio3)6 795 [43]

(emerald)

BeAlzo4 1150 [44]
(alexandrite)
GLASS CERAMIC

3A1.0_.2 sio2 1600-2600 [(45]
(mullite)

4.3.1.2 EMISSION IN CORDIERITE GLASS

The spectral features of fluorescence and phosphor-
escence in the samples studied can be interpreted with the
aid of the simplified Tanabe-Sugaro diagram for d’ ions in

an octahedral field shown in Figure 4.3.1.2.1.

One can distinguish three distinct fields; the high field to
the right of the crossover point, an intermediate field near

the crossover point and the low field to the left handside
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of the crossover point.

Figure 4.3.1.2.2 shows the emission spectrum of cord-
ierite glass NRC-3 at liquid nitrogen temperature excited at
572 nm. The spectrum consists of two broad bands centered at
820 and 692 nm. These bands can be assigned to the 4Tz--q—->
4Azq and qu———a "Azq transitions respectively. The presence
of these two bands indicates that the cr” ions are found in
an intermediate field and the zero phonon 4ng level is

2

nearly isoenergetic to the Eg electronic manifold. This

situation is depicted schematically in Figure 4.3.1.2.1c.

It is worth noting at this point that the halfwidth of
the ' (t? e )— ‘A (t3 ) transition at 820 nm (BWHM=1055
2g° 29 g 23" 2g
cm™} ) is about 2.5 times larger than the halfwidth for the
2 3 4 3 tas . _ -1
Eq(tzq)—> Azq(tzg) transition at 706 nm (BWHM= 410 cm )
shown in Figure 4.3.1.2.2 . This can be explained in the

following way.

During absorption of radiation, an electron is prcuoted

4 3
from the ground Azq(tzq

) energy level to an e orbital of
the excited electronic state 4'I‘zg(t::geq) . This results in an
increased electrostatic repulsion in the excited state,
since the e orbitals are pointed along the axes of the

octahedron, at the ligands.
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Therefore one would expect that this will result in a dis-
torted geometry in the excited state, and an increase of the
equilibrium distance between cr’ and the ligands. The band
width is proportional to the siope of the energy level curve
as a function of the intermolecular distance, taken at the
equilibrium point of the ground state [46)] . This distortion
is the major cause of the observed "broad" band. The sit-

uation is depicted schematically in Figure 4.3,1.2.1c.

The relatively sharp ZEg——an' transition centered at
692 nm shown in Figure 4.3.1.2.2 can be explained in a
similar <anner. The reason for the shurper transition lies
in the fact that both the ground state 4A“ and the excited
state 2Eg arise from the lower set of d orbitals t;, where
the 1lobes point between the ligands thus minimizing the
electrostatic repulsion. Consequently, the equilibrium dist-

ance between Cr’' and its ligands remain nearly unaltered.

The interpretation of the absorption spectrum (Figure
4.3.1.2) was based on transitions associated with cr’ in an
octahedral envirnoment. This is justified in terms of the
ligand field stabilization energy of cr’. In an octahedral
aquocomplex, it has a value of 258.8 KJ/mole which is
approximately 5 times greater than the corresponding stab-

ilization energy for cr’ in a tetrahedral field [47].
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However there is also evidence that suggests that the
octahedral coordination is preferred by cr® in most oxide
glass systems. Zarzycki [48], has determined the
coordination number and color for 4" ions ranging from n = 1
to 9 in various vitreous hnst materials in terms of their
crystal field shown in Table 4.3.1.2.1. Furthermore, the
value of the ionic ratio of cr’ with respect to the oxide

ligand is;

r

c _ 0.63 _

r T T2 " 0.48 (4.3.1.2.1)
where ¢ = cation, and a = anior. As shown in Table 4.1.2

this ratio also suggests a coordination number of 6 for

chromium (III).

In addition, Bamford [49], Bates [50], and Tisher [51],
studied the effects of compositional changes and hydrostatir
pressure on Cr(III) absorption in silicate glasses, and
concluded that the Cr(III) sites are surrounded by six

oxygens with an approximate cubic symmetry.
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TABLE 4.3.1.2.1

COORDINATION OF TRANSITON METAL IONS*DETERMINED
ACCORDING TO LIGAND FIELD THEORY C.N. =
COORDINATION NUMER.

ELECTRONIC ¥
CONF | GURA- loN TyrPpe OF GLASS C.N. CoLOR
TION
3g! ri3*| PHOSPHATES 6 géngT
as BOROS IL | CATE
V' SILICATES 6 BLUE
SILICAT*S,BORATES,
2 3+ FHOSPHAT . 3BORO-
3d \' - -
SI1LICATES 6 SREEN
3 3+| SILICATES, BORATES
34 Cr ’ 6 LIGHT-
ALUM I NOPHOPHATES GRE E N
2+
v SILICATES,ALUMINO- 6
PHOSPHATES
3q* Mn?* SILICATES, BORATES 6 VIOLET
5 2+ PALE
3d Mn SILICATES 4 OR B| el Low
Fe’® SILICATES, BORATES|4 OR © BROWN
6 2+|SILICATES, BORATES
34 Fe ’ '
ALUMI NOPHOSHATES 4 or B EEEEN
247 co2* |ALKAL INE RICH
d BORATES 4 BLUE
ALKAL I NE POOR
BORATES 6 ROSE
SILICATES 4 BLUE
8 .2+ | ALKAL INE RICH
3d N1
BORATES 4 BLUE
ALKAL I NE POOR
BORATES 6 YELLOW
SILICATES, ALMINO- 4
PHOSPHATES
3q4° cu®"’ SILICATES, BORATES 6 BL UE
ALUM I NOPHUPHATES
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4.3.1.3 CALCULATION OF THE CRYSTAL FIELD PARAMETERS

The crystal field parameters, were obtained by solving
the Tanabe Sugano matrices for the strong field approximat-
ion [36]. From the room temperature absorption spectrum
(Figure 4.3.1.2) the crystal field perameters Dg and B are
fixed by the 4ng(—-—- 4A29 4Tw(— 4Azg pcsitions, respec-
tively. From the emission maximum of the qu level (Figure
4.3.1.2.2), the C parameter was obtained. The energies f{-r
cordierite glass (NRC-3) are: Dg = 1582 cm™', B = 781 cm ),
c/B = 3.98 cm', (Dg/B = 2.3). The value obtained for the
ratio of the c(rystal field parameter Dg to the Racah para-
meter B (Dg/B = 2.3) in cordierite glass (NRC-3) is not
surprising. The emission spectrum of cordierite glass (NRC-
3, Figure 4.3.1.2.2) consists of a broad band centered at
820 nm and a sharper band at 690 nm. The broadband was
assigned to 4ng ———-)4A29 fluorescence whereas the sharper
feature was assigned to 2Eq —>4A2g R-line phosphorescence.
A~ shown in the simplified Tanabe Sugano diagram (Figure
4.3.1.2.1¢c) the two emission bands occur at or near the
crossover point, where the ratio Dg/B = 2.3. Furthermore,
The ratio of C/B corresponds very closely to that obtained

for other chromium doped oxide glass systems in an inter-

mediate crystal field environment [52].
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As an alternative mean of classifying materials and
connecting the nature of the emission band to the 1ligand
field, Kenyon [53] introduced the parameter 8. This para-
meter represents the energy difference between the 2Eg state
and the zero phonon 4ng energy level ([§ = E(‘Tzq) -
E(zEg)]. The value estimated for the cordierite glass (NRC-
3) is -806 cm™'. This implyies that the ‘Taq energy level
lies below the qu state. Table 4.3.1.3.1 shows the relation

between § and the ratio Dg/B.

TABLE 4.3.1.3.1

CLASSIFICATION OF MATERIALS IN TERMS OF THE
PARAMETER DELTA AND ITS RELATION TO THE RATIO Da/B.

High Field Dg/B > 2.3 § >0 sharp line emission
Intermediate Dg/B ~ 2.3 d =0 mixture of sharp and
. broad emission
Field (fluorescence and
phosphorescence)
Low Field Dg/B < 2.3 § <0 broadband emission
(fluorescence)

Table 4.3.1.3.1 shows that cordierite glass (NRC-3) is a low
field host material and that its emission spectrum should
consist only of a broad band fluorescence due to the
4Tzg ——>4Azg transition since 8 < €. The emission spectrum
of cordierite glass (Figure 4.3.1.2.2} however reveals the
presence of two bands arising from the 2IE:q ——>4Azq and

4T2q —-—)AAzg transitions at 692 and 820 nm respectively.
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This anomaly can be resolved by comparing cordierite
glass with other hosts by plotting Dg as a function of 3.
[54]. Figure 4.3.1.3.1 shows the variation of Dq as a funct-
ion of § for a wide range of materials. The straight line is
derived from the approximation that the energy separation of
the 4'I‘2 state from the °E is a linear function of 10Dq
assuming that Racah parameters B and C are constant. Assum-
ing that this relationship holds for glasses, the value of
Dg versus & for cordierite glass (NRC-3) is placed on Figure
4.3.1.3.1. The placement of cordierite glass appears to be
correct. It is close to LiNbO3 and and KzNaScFG, materials

of low to intermediate crystal field that have halfwidths of

1062 and 1017 cm™' respectively.

4.3.1.4 THERMALIZATION EFFECT IN THE EMISSION OF CORDIERITE
GLASS

Figure 4.3.1.4.1a,b shows the emission spectrum of the
cordierite mother glass (NRC-3) taken at room and at 1liquid

nitrogen temperatures respectively.

It is immediately apparent that there are significant
spectral changes which accompany the change in temp-erature.
The room temperature emission spectrum shown in Figure
4.3.1.4.1a is characterized by a broaband centered at 780 nm
and a shoulder of weaker intensity at 690 nm that can be
assigned to the 4'1‘29 ——-)41\29 and 2Eg ——>4A29 transition re-

spectively.
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At 77 K the “1‘29 —-)‘A?g transition is displaced towards
lower energy and is centered at approximately 840 nm and
the qu —->4Azq transition (690 nm) is more intense (Figure
4.3.1.4.1b). The spectral changes are due to the thermal-
ization effect. The increase in the band intensity of

zEg ——-)4A2g transition at 77K can be explained in the follow-

ing way.

Figure 4.3.1.4.2 shows the three level system present

in chromium (III)

Figure 4.3.1.4.2 A schematic representation of the energy
level scheme in chromium (III).

The number of photons emitted from each level ("Tzq and qu)
based on a kinetic model for a three level scheme is given

by Equation 4.3.1.4.1 [55].

4 4
N (T, ,—3) P A, EXP(-8/KT)

(4.3.1.4.1)
N (2Eg ———>4Aq) Azx(P32+ A:n)
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where N(‘T 2—9—»‘;\20) and N(ZEq—a‘Azq) are the number of photons
emitted from the 4139 and 2Eq excited states respectively.
A, and A are the emissive probability of the excited

state, P, and P are the non radiative probabilities and

>> .
AJI AZI

The position of the r 2—9—)‘1\29 and ’E q———)‘Azq transitions
are directly related to the thermally equilibrated excited
states ﬁ% and ‘T&f According to Equation 4.3.1.4.1 the
qTifﬁAa, transition predominates at high temperatures,
whereas the "’Eq———a"Aaq transition predominates at 1liquid
nitrogen temperature. Furthermore, the sharper linewidth of
the ZEJ—+4Aa’ transition (Figure 4.3.1.4.1b) can Dbe
attributed to a weaker vibronic coupling between the 2Eg and

4

the Tm excited states that occurs when the temperature is

reduced (77K).

Using the semiclassical model [56] to explain 1line
shapes arising from the interaction of the electronic states
with the vibrational modes of the crystal, one can accourt
for i) the sghift of the 4'1‘2(’—-——941\?q transition towards
lower energy at 77K (Figure 4.3.1.4.1b) and ii) the increase
in the band intensity of ZEg——eﬁgq transition at 77K

(Figure 4.3.1.4.1b).
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The semiclassical approximation for 1linear interaction

according to Kiel {56] is given by,

172
I _(E) = [ tanh(hwéZkT)] Exp[-(E -E b)a.
' n(ahw) °

tanh (hw/2KT)
(ahw) 2 (4.3.1.4.2)

where hw 1is the oscillator energy, E. is the energy
difference between the ground and the excited states, and a
is the coupling constant that takes into account the

electron lattice interaction.

In an intermediate crystal field, the excited elect-
ronic manifold 4T“ is shifted relative to the ground state
‘Aa’ (Figure 4.3.1.2.1), and the transition energy (En) for

ek q 4
the transition T} —~—¢Ad becomes,
g Y

. 2
E =FE + hw.n(w) —--;-hw (4.3.1.4.2)

ab abs

whure n(w) is the distribution ot vibrational states.

An example of the linear mode 1line shapes for the

‘Tz -——fAZJ'transition at temperatures T = 77,and 300 K, was

g
plotted using Equation 4.3.1.4.2 and is shown in Figure
4.3.1.4.3a,b. The energy of the emission band at T = 77 K is
clearly red shifted relative to the emission band at T = 300

K (Figure 4.3.1.4.3a).
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Figure 4.3.1.4.3 The line shapes due to the semiclassical
approximation for the 4Tzq —-)‘Aaq
transition at (a) T = 77K ,and (b)
T = 300 K.
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We are now in a position to explain the shift towards
lower energy of the ‘Tzq ——a‘Azq transition At 77 K (Fiqure
4.3.1.4.1b) . A schematic representation of the ground state

'A. and excited state ‘ng energy levels in an intermediate

29
crystal field are shown in Figure 4.3.1.4.4a,b. At a temp-
erature T > 77 K, higher vibrational levels are occupied due
to thermal equilibrium resulting in a iTzq —a‘Azq transition
which is higher in energy than the same transition at T >

77K (i.e) [ E (‘ng ——>4Azg), T > 77K > E (‘ng——-)‘Azq). T =

77K, Figure 4.3.1.4.4a,bj].

Figure 4.3.1.5 a,b shows the resulting line shapes for
the 2IE:g —)4A29 transition at T = 77 and 300 k. The features
that are immediately apparent are i) narrowing of the band
shape at T = 77 k and ii) the line shapes are not shifted
relative to one another (Figure 4.3.1.5 ab). This points to
the fact that the ZEg ———>4Azq transition is totally independ-
ent of thermalization. Figure 4.3.1.4.4a,b schematically
illustrates this point by showing that the energy of the
2Eg —-)4A29 transiton is nearly the same at both low and high

temperatures.
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Figuce 4.3.1.4.4 The simplified Tanabe—-Sugano diagram

showing the configuration coordinate

diagram of Cr' energy levels and

the

possible transitions at (a) T =77 ¥
and (b) T > 77K.
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Figure 4.3.1.4.5 The line shapes due to the semiclassical
approximation for the 2Eg —-a‘Azq
transition at (a)T = 77K,and (b)
T = 300 K .
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4.3.1.5 TIME RESOLVED EMISSION IN CORDIERITE GLASS

Time resolved spectroscopy is invaluable since it

enables an accurate distinction between the 2IE:g and ‘r

2g
energy levels of cr’ and of the equilibrium between the

population of the two ! ‘rels,

The time resolved emission spectra at 77K of cordierite
glass (NRC-3) excited at 573.95 nm are shown in Fiqure
4.3.1.5.1. The gatewidth was set at 150 us and the delays

varied from 0 us to 150 us. Figure 4.3.1.5.1 shows that for

a delay of 150 us the broad band centered at 840 nm disappears

completely, while the narrower band centered at 692 nm
persists. This confirms the band assignment of 4T£—>
quqtransition to the broader band at 840 nm and it is also
in accordance with the spin selection rule AS = 0. Since the
2Eg——ad.lfng is spin forbidden, the probability of emission
from that state is lower and therefore possesses a longer

lifetime as shown in Figure (4.3.1.5.1).
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Figure 4.3.1.5.1 Time resolved emission spectra at 77K for
cordierite glass (NRC-3), under 573.5 nm
laser excitation at different delays. The
gate width was set at 150 us.
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4.3.1.6 DECAY MEASUREMENTS IN THE CORDIERITE GLASS

The 22 —A and ‘r. — ‘A transitions at 653

g 2g 2g 2g
and 820 nm in the cordierite mother glass (NRC-3) have been
found to decay approximately with 1.3 ms and 51.9 us respec-
tively at room temperature. These values are consistent for
chromium (III) in glass [57].Furthermore, it has been estab-

lished that the glass possesses an intermediate field

strength (Dg/B = 2.3).

Theoretically, if a system possesses an intermediate

crystal field environment the energy separation between the

4 2

2q and Eg energy levels should be nearly zero. This

implies that it would be impossible from the decay measure-

ments to recognize the 4

T and the ?‘Eg levels because of
the strong vibronic coup... of the excited energy levels
¢ssuming that the non radiative qu ———)‘ng transitions are
rapid (Equation 4.3.1.4.1). The ¢bove arguement is in
contradiction with the fact that the decay times are dis-

tinguishable.
This apparent contradiction may e resolved if we

assume the co-existence of low, intermediate, and high field

sites.
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Wojtowicz and Lempicki [58] showed with mullite that

although thermal equilibrium is achieved between the ‘T

’9
and the 2Eg energy levels for particular sites different
sites will contribute luminescence with different gquartet
and doublet emission and with different decay times. Thus
since the radiative lifetime T,'(qu) and t(‘Tzq) are vastly
different, the effective lifetime will depend strongly on
the spacing of these two levels. A crystal field varying
rom site to site (as is the case in glasses) changes the
spacing and the order of the two excited states (dTag and

qu) and a distribution of effective lifetime due purely to

the crystal field variation will be obtained.

4.4 STRUCTURAL AND SPECTRAL CHANGES UPCN MODIFYING THE
MAGNESIUM OXIDE CONTENT IN THE MAGNESIUM ALUMINO-
CILICATE SYSTEM.

A series of chromium dop=d magnesium alumino-silicate
glasses (NRC-1 to NRC-7) were prepared by changing the Mgo
concentration to give XMgO.A1203.2.SSiOZ, where X varies
from 0.50 to 2.0 (Table 3.1.1). It was found that a
cont:rulled change in the modifier content (MgO) for this
pariicular oxide glass produced a '"transparent" glass
ceramic of high optical quality without recourse to thermal

treatments.
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4.4.1 ABSORPTION IN THE CORDIERITE SERIES

Figure 4.4.1.1 shows the liquid helium absorption spec-
tra of the "glass" with varying concentration of magnesium
oxide. We note changes in the peaks positions and the
appearence of another band at approximately 500 nm. This
band is assigned to the ZTzqe——-— 4Azq transition. A partic-

4

ularly noticeable feature is <that the Tlg' 4‘1‘29(—— 4A2

g
transitions are blue shifted with increasing MgO concentrat-

ion which amounts to an increase in the Dq value.

4.4.2 CALCULATION OF THE CRYSTAL FIELD PARAMETERS IN THE
CORDIERITE SERIES

The absorption data were used to calculate the crystal
field parameters using the Tanabe Sugano matrices [37]. Dg
and B were determined from the 4ng and 4qu transition
energies. The resulting energies and the crystal field para-
meters are shown in Table 4.4.2.1. The estimated crystal
field parameters point to small changes in the field
strength of the activator ion between individual samples.
The estimated values reflect the magnitude in the blue shift

observed in the absorption spectra of the serie (Figure

4.4.1.1).
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Figure 4.4.1.1 Liquid helium absorption spectra of cr® in
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TABLE 4.4.2.1
SUMMARY OF SPECTROSCOPIC DATA FOR CHROMIUM (lIl) ABSORPTION
IN XMgO.Al1.0..2.58i0, WHERE X = 0.50-2.0. BAND POSITIONS IN
UNITS OF WAVENUMBERS.

4

e——-AZ

2

SAMPLE |°E_ T Tae Ty, Dy B C/B

g g

NRC-1 14268 15262 15080 22168 1508 753 3.98
NRC-2 14301 15312 15130 22275 1513 767 3.83
NRC-3 14275 15259 15180 22279 1518 758 3.99
NRC-4 14255 15318 15150 22417 1515 787 3.77
NRC-5 14308 15280 15410 22576 1541 763 3.96
NRC-6 14292 15319 15410 22680 1541 780 3.83

NRC-7 14272 15378 15430 22881 1543 810 3.68

Figure 4.4.2.1 shows a plot of the oscillator strengths

for the transitions °*

T_ |, Y —'a versus MgO concen-
29 1g 2g
tration. We clearly see that the maximum oscillator strength
of 1.81 X 107" (. «—'a ) and 3.37 X 10" (‘T «—*a )
2g 29 1g 29
occur for the mother glass (NRC-3), and are comparable to
values obtained for other glass systems [59]. The fact that
the maximum oscillator strength occurs for the mother glass
is not surprising since in the glassy state Cr’" resides in

a lower symmetry than in the crystalline state thus lifting

the parity forbidden d-d transitions.
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The ocillator strength in glass ceramics for the transition
‘Tzqe—— 4Azg containing gahnite has been found to be 0.52 X

107¢

(60], which is comparable .o the values found in this
study for the samples where crystallization is believed to

be occuring.

4.4.3 EMISSION IN THE CORDIERITE SERIES

The emission spectra for Cr®* in the mother glass and
six samples of varying concentration at liquid helium temp-
erature are shown in Figure 4.4.3.1. All of the spectra
with the exception of NRC-1, NRC-2, and NRC-7 show two feat-
ures: a broad band centered near 840 nm and a sharper feat-
ure near 694 nm. The broad band is assigned to the

2

"TZ ————)"Azg flourescence whereas the sharp feature is °E

g g

——e‘Azg R-line phosphorescence. The presence of the two
bands indicates that both intermediate and low crystal field
sites are present. The inhomogeneously broadened 2Eg results

from the wide range of crystal field sites.

The emission spectra of NRC-1, NRC-2 and NRC-7 show
mainly sharp peaks and the broadband emission. Therefore the
question which arises is if it is possible to identify the
phase(s) within the sample that give rise to the sharp peaks
and the broadband. We begin by examining the equilibrium
diagram for the ternary syst. Mg0-11\1203-sio2 shown in

Figure 4.4.3.2 [61].
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This figure shows the presence of cordierice (2Mg0.2A1203.
—ssioz), sapphrine (4Mg0.5A1203.2SiOZ), mullite (3A1203.-
2Sioz), forsterite (Mgo.sioz), spinel (MﬁO.Alzos) , proten-
statite (Mgo.sioz), cristabolite (Sioz), periclase (MgO) and

corrundum ( Alzo 3) .

Based on the equilibrium diagram the samples NRC-1 and NRC-2
are of composition which places them in the mullite region,
whereas the samples NRC-3-4-5-6 and 7 in the cordierite
region. The emission spectra of samples NRC-1 arnd NRC-2 is
very similar to ruby (A1203:Cr3*) [62]). Therefore the peak
at 693 nm (Figure 4.3.7.2.4) can be assigned to the zero
phonon 2Eg —e‘Azg line (R1) and the two ©peaks at
approximately 700 and 704 nm to the N2 and N, lines respect-
ively [16]. Further evidence was provided from the lifetime
of the R line (3 ms) which is very similar to what is found

+

for A10.: cr’ [63].
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The emission spectra of samples NRC-1 and NRC-2 at room
temperature (Figure 4.4.3.3) show conclusive evidence of
the A1203:Cr3* crystalline phase. The spectrum is character-
ized by two sharp peaks at 693 nm that are separated by 30
cm™ (AIZOS:Crg* splitting = 29 cm™” ) and are assigned to

the R, and R, splitting of the 2Eg state. The origin of the

splitting is shown schematically in Figure 4.4.3.4 [64].

Tl
2
2
4
T2
2.I.1
°E 29 cm”’
RI RZ
OCTAHEDRAL FIELD OCTAHEDRAL +
TRIGONAL FIELDS
(A) (B)

Figure 4.4.3.4 Energy level diagram of cr’ in an
octahedral fiell (a) Fine structure in
the °E level. The 29 cm™' splitting in
the %E states results in two sharp
fluorescence lines found in A1203:Cr3" (b) .
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Figure 4.4.3.3 Room temperature emission spectra of cr” in
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2.55i0, X = 0.5, 0.75)
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It is worth noting that at 10 K, the emission spectra of the
samples NRC-1 and NRC-2 (Figure 4.4.3.1) do not chow the
splitting pattern (R, and R, lines) of the 2Eg energy level.
This is a si..ple consequence of the Boltzmann distribution

which is conveniently written as,

N
PP _ exp (-AE/KT) 4.4.3.1

Lower

where N / N is the ratio of the population of
Upper Lower

electrons between an upper and lower vibrational level, AE

refers to the spacing between the vibrational levels. At 10 K

the ratio NUpp / N is negligible. Thus, the spectra

er Louer
of the samples NRC-1 and NRC-2, show transtions originating

only from the R line of the %% energy level.

This conclusion is not unreasonable if we consider; (i)
the composition of the samples NRC-1 and NRC-2 places then
in the mullite region and (ii) the MgO concentration is not
high enough for the formation of stoichiometric cordierite.
Therefore, the situation arises where both the formation of
mullite glass, and the crystallization of A1203 is occuring.
The cr” ions partition between the mullite glass phase
which gives rise to the residual broadband in the emission

spectra and MgO which results in the sharp peaks.

Upon increasing the MgO content from X = 1.00 to 1.75
it was observed that the emission spectra are typical of

glass.
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The composition of these samples (NRC-3-4-5 and 6) is such
that it places themm in the cordierite region of the equil-
ibrium diagram, therefore, the emission and absorption

spectra are typical of cr’ in cordierite glass [63].

The equilibrium diagram (Figure 4.4.3.2) predicts the
formation of cordierite and the magnesium spinel (MgA1204)
for the sample NRC-7. The em._ssion spectrum of this sample
(Figure 4.4.3.3) is composed of a prominant 2Eg ——)“A2g emis~-
sion and broadband 4’1'29 ———)"Q'Azg transition. The 2Eg———>4A2g
transition shows two broad lines at 690.3 nm and 692.2 nm
which can be assigned to two types of Cr’' ion in MgA1204
which has undergone inversion [65-67], whereas the broadband

is typical of glasses and is assigned to cr® ions in cord-

ierite glass [63].

Spectroscopically, it was found that the samples NRC1
and NRC-2 consists of microcrystallites of mullite, where the
cr® ions reside mainly in the alumina phase as (Cr3+:A1203) .
On the other hand, the samples NRC 3, 4, 5, and 6 have shown
no evidence of phase separation, and were identified as the
cordierite glass (MgO.A1203.2.SSiOZ) based on the phase
diagram. Finally, the sample NRC-7 was identified spectro-
scopically, and found to contain the Mg spinel phase
(MgAIZOA) as the crystalline phase. Th2se changes can be

explained in the following manner.
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From a structural point of view, magnesium is a
modifier. These cations occupy holes or intersitial gites

thus "modifying" the continuous random network of a glass by

breaking it up.

In other words, the modifier opens the glass structure by
breaking bonds producing the so called "dangling bonds or
*non-bridging" oxygens:; this process is shown schematically

in Figure 4.4.3.5.

| | }
\
\0 O\Si/o (|) (\/Si\
O-—-Si-—-o/ \o Mg°+ o—sSi—0 Mg
/ | / |

O S

N N

O o—-

Figure 4.4.3.5 Schematic illustration of the effect of the
addition of the alkali oxide MgO to silica.
Each molecule added converts a bridging oxygen
to two non-bridging oxygens.

The reason that bonds break in the presence of Mgm is that
a repulsive potential is build up between the cation that
makes up the glass network, si"’, and to a lesser extent

3+

A1*, and the modifier, Mg® ion,.
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The effect of Mgz’ therefore is such as to maintain a
minimum "internal energy", (by expanding the polyhedra with-
in the network), necessary to Kkeep the glassy matrix

aperiodic.

The other component that plays an important role is the
cr® ion. It must be remembered that cr®' not only acts as a
probe ion, but is also a nucleating agent. At a certain
critical concentration, it acts by raising the interfacial

surface energy ,7, thus lowering the energy ,AGV, (Equation

(4.4.3.1)) [33] necessary to form a new crystalline phase.

AG = nr’ AGV + 41tr27 (4.4.3.1)

4
3
AG, is the change in the free energy per unit volume
associated with a phase transformation of the supercooled
liquid to a solid crystalline phase, ¥ is the interfacial

energy per unit area, and AG is the total energy. Mgz"

serves to maintain an amorphous network, however, cr
raises the internal energy and promotes crystallization
since an amorphous phase possessing an internal energy con-
siderably higher than the crystal would lead to rapid devit-
rification: The ratio [MgO]CONC'; [Cr:“] conc. determines

whether the glass will remain amorphous or phase separates

into regions of microcrocrystallites embedded in the glass.
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Table 4.4.3.1 summarizes the results obtaired spectro-

scopically,

and the relation between the concentration of

g0, the number of non-bridging oxygen (NBO), and the type

of network obtained.

TABLE 4.4.3.1

THE VARIATION OF THE AVAILABILITY OF
NON-BRIDGING OXYGENS BY CHANGING THE
CONCENTRATION OF MAGNESIUM OX1DE.

X Mgo .A1203.2.58:102 0.11% Cr

3+

PHASES OBTAI NED

% Mgo -

SaMPLE X (MOoLE) | NBO/Cr™ |CRYSTALL INE GLASS

NRC-1 .5 3.70 70 |(@A1,0 :cr’') / MuLLiTe
NRC-2 0.75| 9.10 175 [(al,0 :ce’") / MuLLiTE
NRC-3 1.0 16.66 340 CORDIERITE
NRC-4 1.25{( 25.20 556 CORDIERITE
NRC-5 1.50| 26.70 640 CORDIERITE
NRC-6 1.75} 31.80 710 CORDIERITE
NRC- 7 2.0 37.40 820 (M'GI:1204: / CORDIERITE

cr’ )

NBO = NON-BRIDGING OXYGENS

As shown in Table 4.4.3.1,

samples NRC 3-6 are cord-

ierite glass. One observes that below 16.66 mole % MgO, (X =

0.5, 0.75 NRC1,

NRC2) the formation of the glass ceramic

with 1\1203 as the crystalline phase. The lower magnesium

content reduces the number of dangling or non-bridging

oxygens, thus the glass is energetically less favourable.
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Furthermore, the ratio of magnesium to cr’ decreases
in going from NRC 3 to NRC 1. Hence, the greater number of
chromium ions per magnesium ions create regions rich in the
nucleating agent. This promotes the rate of formation of the
microcrystallites 1\1203 in the glass.The formation of the
spinel (NRC-7, MgA1204) ph7se can be explained on the basis
that once stoichiometric cordierite glass was formed upon
cooling the melt (below the liquidus point), there remained
sufficient magnesium that resulted in the formation of the
spinel. This is not unreasonable since NRC-7 contains the

highest magnesium content (37.4 % mol MgO) in the series.

4.5 HEAT INDUCED CERAMITIZATION OF CORDIERITE GLASS

A Cordierite glass doped with 0.17 % Cr 0, was prepared
using the same melting and annealing teperatures as for the
cordierite series. It was later heat treated at 1100°C for 2

hours and crystallized a% 1250°C for 4-5 hours to produce an

from this point onward. The purpose is to describe the
spectroscopic properties of the ceramic and from there to be

able to identify the crystalline phase present.

4.5.1 EXCITATION SPECTRUM OF THE CERAMITIZED CORDIERITE

In Figure 4.5.1.1 we show the excitation spectrum of
the cr* doped ceramic (NRCC) and the absorption spectrum of

the cordierite glass (NRC-3).
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Excitation spectra of the ceramitized
cordierite (NRCC)(a) cumpared to the absorption
of spectrum of cordierite glass (NRC-3) (b).

at liquid helium temperature.
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When the glass is subjected to heat treatment to form the
ceramic, the Cr” excitation spectrum undergoes a change jn
the positions of the quartet-quartet transitions (4qu,
‘Tzqt—— 4Azq). The transitions are blue shifted to 400 nm

and 550 nm respectively.

We calculated the value of Dg for both the cordierite
glass and ceramic and found values of 1575 cm ! and 1818
cm™' respectively. This allows us to conclude that there has
been an increase in the crystal field in going from the

glass to the ceramic.

The halfwidths also provide information about the dist-
ribution of iield streagths of the activator ion in the
glass and the ceramic. For the Cordierite glass (NRC-3) the
transition °T2q<-— ‘Azq has a halfwidth of 2700 cm’
compared to a halfwidth of 2000 cm’ for the ceramic The
decrease in bandwidth in going from the glass to the ceramic
is attributed to ordering, which results in a more
symmetrical environment in the crystalline phase. The
question that arises is why the activator ion when given a
choice, migrates from an amorphous environment into a
crystalline phase of higher symmetry? This can be explained

in terms of the ligand field stabilization energy which has

a value of about 5 times greater in crystalline solids (47].
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4.5.2 EMISSION IN THE CERAMITIZED CORDIERITE

Figu—-e 4.5.2.1 shows the emission spectrum of the
ceramic (NRCC) excited at 573.0 nm. The spectrum is
characterized by the two intense emission bands centered at
688 and 692 nm that can be attributed to the 2Eq - "4A29
transition. These two broad bands are known as N, lines and
correspond closely to the N, lines in the emission spectrum
of the chromium doped spinel (Cra’:MgAlzo‘) reported by

Mikenda and Preisinger [68].

The halfwidths of the peaks positioned at 688 ard 692
nm have been estimated to be 63 and 65 cm’! respectively
(Figure 4.5.2.1). Based on this, the N, lines cannot be

2

assigned to the Ri,R2 splitting of the Eq level. These

values for the halfwiths are much greater than those
reported for cr  in crystalline solids such as ruby

(A1203:Cr3*, BWHM = 30 cm').

The X-ray diffraction pattern of the ceramic shown in
Figure 4.5.2.2 confirms that the only crystalline phase
present 1is the magnesium spinel (MgA1204:Cr3’). The ceramic
sample was determined to ke biphasic and consists of a
crystalline phase embedded in a glassy phase. The residual

glass is indicated by the broad band between 10 to 15° (8).
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Figure 4.5.2.1 Emission spectrum taken at 77 K for the
ceramitized cordierite ceramic (NRCC)
excited 573.0nm
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Figure 4.5.2.2 X.R.D. pattern for a completely ceramitized
sample cordierite (NRCC) (a). X.R.D. pattern
for the aluminum sample holder (b).

90



The question arises as to the specific nature of the
luminescence centers which give rise to the emission of
these lines. The N lines are structure dependent and are the
result of pertubations, in the positions of the cr’ energy
levels. One can account for the presence «f the two bands
with maxima at 688 and 686 nm by assuming that there are two

ar
classes of Cr’' ions.

The first type or class of cr® ions are those that
occupy the normally ordered spinel, where the octahedral
positions are completely occupied by cr’ ions. In Figure

4.5.2.3 a schematic representation of a direct or "normal

foct ]
2

the Fd3m-0h (N0.227). The Mgz’ cations occupy tetrahedral

[tetlB

spinel" (A 0,) is shown ([69]. It crystallizes in
position A (8a Wyckoff site) with a T, site symmetry,
whereas Al%* cations occupy a trigonally distorted octa-

hedral site, B sites, with a D, site symmetry.

The second class of Cr>’ ions result from .ie degree of
inversion that is always present in synthetic ‘‘sinel samples
like our material [71]. The degree of inversion, (i = 10%-

30%), for synthetic samples may be written as

Mg (6)
W56} + TG (4) (4.5.2.1)

|
]

2+

where Mg(6) = Mg~ in octahedral coordination, and Mg(4) =

2+

Mg® in a tetrahedral courdination.
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Figure 4.5.2.3 Stereoscopic view of octahedral cr” in
the spinel network
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Due to the degree of inversion, the cation distribution
within the first two coordination spheres of the sub-
stitutional cr® ions deviate from the noruwal distribution
resulting in the second class of cr’* ions. The inhomo-
geneity of the two broad lines at 688 nm (BWHM = 63 cm'i)
and 692 nm (BWHM = 65 cm ') can be associated with small
site to site energy differeices due to "second" nearest

neighbors.

4.5.3 CHROMIUM PAIR INTERACTION IN THE CERAMITIZED
CORDIERITE

Figure 4.5.3.1 shows the complete emission spectrum of
the chromium doped ceramic (NRCC). The spectrum is charac-
terized by two bands with maxima at 688 and 692 nm and two
broader bands centered at 710 and 740 nm. Note that the
origin of the bands at 688 and 692 nm was dealt with in the

previcus section.

The band at 710 nm is attributed to the presence of
chromium pairs. This situation occurs when two cr’ ions are
iy nearby sites interacting antiferomagnetically and creat-
ing exchanged coupled pairs that have characteristic lires
at 710 nm [70]). Significant exchange pairs of cr” emission
in crystals ordinarily appear when the concentration of the
dopant is 0.3 mole % [70]. In the 0.17 % Cr o, ceramic

2

sample (NRCC), the cr’ concentration is 0.08 mole %.
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Figure 4.5.3.1 Emission spectrum of cordierite ceramic
(NRCC) doped with (0.17 Créoa) excited at
573 nm at 77K.
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Even at this concentration chromium pair interaction must be
occuring to a considerable degree as evident from the
appearence of the band at 710 nm. This may be due to the
possibility that the cr’* ions are distributed unevenly
between the crystalline and the residual glass phase (Figure
4.5.2.2 ). The question arises as to whether cr® would
partition equally between the two phases. Although it is
energetically less favorable, the amorphous siliceous net-
work contains large polyhedra able to accept cr® as a net-

work modifiers.

Therefore we can imagine that during the crystallizat-
ion process of NRCC a significantly greater number of act-
ivator ions migrated into the crystalline phase. Clearly,
this implies that the concentration of cr? is greater in

the Mg-spinel phase.

The broad emission band centered at 740 and extending
to 840 nm (Figure 4.5.3.1) can be attributed to the transit-
ion 4ng"—’ 4Azg and is due to cr’ ions in low crystal
field sites. This is reasonable since some of the chromium

ions have probably remained in the residual glass phase.
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CHAPTER 5

CONCLUSION

In this thesis we have presented the luminescent prop-
erties of cr’™ doped (XMgO.Al 0 .2.55i0)) in three distinct
phases. These are the cordierite glass (MgO.Al;%.Z.SSiOz,
NRC3) , glass ceramic (X = 0.5 - 2.0, NRC 1 - 7), and finally
the completely ceramitized cordierite m»roduced by subjecting

the precursor cordierite glass to a heat treatment schedule.

The cordierite series NRC 1 - 7, consist of cordierite
glass and glass ceramics of high optical qualities that can
be easily synthesized in the XMgO.A1203.2.SSiO2 system with-
out recourse to thermal treatments. The most significant

results are

(1) The changes in the emission spectra which are consist-
ent with the formation of a glass ceramic (X = 0.50
and X = 0.75), glass (X = 1.0 - 1.50) and glass ceramic
(X = 1.75 - 2.0).

(ii) Evidence that cr” is found in both crystalline and

glass phase of the glass ceramic.

(iii) The crystalline phases have been identified as
aluminum oxide (A1,0)), and magnesium spinel
(MgA1204), and the glass phases mullite (3A1203.
-zsioz) and cordierite (MgO.Alzoa.Z.SSioz).
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These conclusions raise a number of questions:

1) What are the sizes of the crystallites found in the glass

ceramic present in the cordierite series?

Raman spectroscopy can be used to determine crystallite
size, since the size of the crystallites is directly related

to the position of their surface vibration modes [71].

Glass ceramics are of interest for laser technology
because they combine the advantage of crystalline hosts
(quantum yield close to unity) with relative ease of the
manufacturing tecnology of glasses. The size of crystallites
is a factor that determines the possibility of a host
material to lase. However, as Wojtowicz and Lempicki aptly

stated:

“lLaser application will be ultimately determined by

the possibilty to reduce scattering losses by at
least an order of magnitude. Should that prove
possible the technology of ceramics will make them

stronger contenders for large scale lasers" [72].

The next question is whether any of the materials produced

show a gain?
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This can be answered by employing a technique called
pump probe. In this technique, a laser is used as the pump
source, to induce stimulated emission in the sample, and a
second laser, the probe, is employed to determine whether

the emission from the sample shows a gain.
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