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ABSTRACT

An outline of the use of titanium in glass ceramic production
is given.

To investigate the role of titanium in this process a
variety of procedures were necessary.

These included X-ray

diffraction, Electron microscopy, Optical measurements and Electron
spin resonance.

Two main approaches to the investigation have been adopted,

the first is through the observation of the effects of crystallisation

on gadolinium introduced into the glass matrix.

The interpretation
of the electron spin resonance for gadolinium in terms of a spin

hamiltonian has led to the suggestion of two sites for this rare
earth ion.

A crystal growth inhibition has been found to be produced by the
incorporation of gadolinium in the lithia alumina silica glass ceramics.
v

The alternative method of investigation is concerned with X-ray

induced defects and the results have been interpréted in terms of local

well ordered domains existing within the glass:



Glossary of Terms

Dragation - rapid quenching with water.

Solarisation - production of defects by irradiation

Non-bridging oxygen ions - oxygen ions in a glass which are bonded
to only one ion.
B—eucrypitite - a crystalline form of lithium aluminium silicate

Seed - small air bubbles found in glass.
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CHAPTER 1.

1.1 Introduction

Although a universally accepted definition of a glass is yet to

be found the definition given by Mackenzie (1.1) will be sufficient in

the context of this work. "A glass is any isotropic material, organic

or inorganic, in which three-dimensional atomic periodicity is absent

. . . . 4 T .
and the viscosity of which is greater than 101 poise". It is the

degree of periodicity of the basic structural units that distinguishes
between the glassy and crystalline states. The rapid cooling
techniques usual in glass production, result in the freezing in of
liquid disorder, theitype and amount of this disorder depending upon
the temperature of the melt and the cooling conditions. A great number
of glass sy;tems are now known to exist, but the most common are those

which incorporate alkali or alkaline earth oxides with phosphorus,

"silicon or'boron, together with large amounts of oxygen. A useful

introduction to the complex subject of glass can be found in the review

by Weyl and Marboe (1,2).

For many years glass has been used with its manufacture based on
empirical methods and an understanding of the scientific nature of glass
formation can be considered to begin with the work of Zachariasen (1.3).

In 1932 he proposed the random network theory in which the oxides
1]

B203, 8102, Ge02, P205 and Aszo were designated ''glass formérs' and the

5
alkali and alkaline earth oxides were called ''network modifiers'". This
concept of a continuous random glass lattice was found to be useful to
glass technologists for many years, but a more detailed look at ionic

environments led to the development of a new crystallite theory by
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Valenkov and Porai-Koshits (1.4). In contrast to. Zachariasen's idea
of a continuous network this theory favours the existence of domains
in which a high degree of local ordering occurs. Theée regions can
be considered to be small distorted crystals separated by zones of

less order.

These two theories represent extremes in the variety of possible
glass—iike structures and it appears that the extent to which one or
other applies depends upon the particular system one is observing.
Structural interpretation in the glass world is difficuit as even the
nature of pure vitreous silica and of many complex silicate crystals
is still to be completely determined (1.5 (@.6). It is thus clear that
in a complex systém like the lithium aluminium silicates a certain
amount o: information is still required to provide clarification. This
particular system has become important in recent years as it forms the

basis of many commercial ceramics.

This new field of glass technology has initiated a reversal of

"the age old problem of glass technologists to prevent devitrification.

However the devitrification of glass must be effectively controlled to
produce the optimum beneficial properties possible., Stookey's (1.7)

discovery that TiO, can act as a catalyst in the formation of desirable

2
crystaliine phases which produce pyroceram, a ceramic material of high
mechanical strength and low thermal expansion, has led to the widespread
Qse of titanium dioxide. in glass ceramic production. Much research has
been directed towérds the elucidation of the role played by titania in

the élass phase and in the glass to crystal transition and the

requirements for fine grained ceramic formation. Although it is evident



- from the literature that titanium dioxide nucleation occurs efficiently
in many glass systems the lithium aluminium silica system has been the
major consideration in this present work as it is known to produce

ceramics of great practical importance.

1.2 Nature of Titanium Dioxide Nucleation

When titanium is added to fused silica the direct substitution
of titanium ions for silicon ions would seem a reasonable possibility
if one considers the similarity in bo£h physical and chemical properties
of these oxides, However geometric considerations reveal a remarkable
dissimilarity. Whereas the Ti4+ ion has an ionic radius of 0.64 a.u.
which requires a co-ordination number of six, the Si4+ i9n is known
to exist with tetragonal co-ordination., Coupled with the inability (1.8)
of experimentalists to dope rutile crystals with any significant amount

4+

of Si0O_ or a crystal‘of silica with TiO and the general lack of Ti

2 2’

replacement of Si4+ in silicate minerals the four-fold co-ordination

of Ti4+ in glasses seems unlikel&. Turnbull and Lawrence (1.9) conclude
that a.constant six-fold co-ordination occurs for Ti4+ in Nazo - SiO2

- TiO2 glasses, whilst Rao (1.10) shows the existence of both four-fold
co-ordination of Ti4+ leading to a strengthening of the structure and

a six>~fold co-ordination leading to a weakening of the'structure in a

binary alkali - TiO_ system. It appears that titania incorporation into

2
glass depends as expected upon the exact nature of the glass system

but is usually in the six-fold co-ordination state.

This six co-ordination state as mequired by the larger titanium ion
produces a relative weakening of the glass structure in the vicinity of

the titanium ion. A resulting reduction in the viscosity is observed



and may be one of the causes for enhancement of crystallisation by
allowing the rapid re-arrangement of ions in the glass. The effects

produced by TiO_, in glass systems have been summarised by Beal (1.8)

2
and it is evident that more than one method must be considered to
explain the increased and fine grained nature, of the crystallisation

induced by the heat treatment of TiO, containing glass systems.

2

It is known (1.11) that regions exist in the Li-Al-Si system in
which lithium rich phases can develop, thus providing the possibility
fhat titanium dio#ide could influence the component distribution in
a glass leading to phase separation. Regions may then occur in which
a composition close to a crystal or in which a super-saturation of
a given crystal exiét and may result in precipitation. The resulting
crystals could act as centres of .crystal growth for the bulk
crystallisation of fhe glass, the numerous nucleation sites ensuring
thé production of a fine grained qeramic. Such a mechanism has been
suggested (1.12) to explain the role of titania in a Li 0 - AL_O, - SiO

2 273 2

glass.

An.alternative approach (1.13) is tha; the addition of titanium
produces a super-saturated condition for some titanate compound without
.phase separation. Upon increase of temperature, the resulting
reduction in viscosity allows the ré-organisation of molecules and
results in the precipitation of titanate compounds.  These precipitates
are again thought to'aqt as nucleation centres for bulk crystallisation

of the glass.

A further local ordered domain fheory has been applied (1.14) to
some compositions in the Li-Al-8i system. Titanium is said to associate

with non-bridging oxygen ions around regions of high order. This is



reasonable since the titanium could more easily obtain the requi?ed
six co-~ordination in the presence of non-bridging oxygens. The
existence.of non-bridging oxygens is a requirement of the charge
imbalance between uneven atomic distribution of positive and
negative charges in glass. These well ordered regions can then be

.

thought of as nucleation centres with the titanium acting as a catalyst

at the crystal growth front.

It has become apparent that the variability and complexity of
glasses with their dependence on thermal history and impurities makes
the universal application of one mechanism to explain the effect of

TiOz, even in one system, unlikely.

1.3 Aim Of This Work

The aim of this study was to obtain information relevant to the
production of glass ceramics and in particular to the influence of
. titanium didxide in the glass to crystal conversion. A" variety of
techniques were employed as the very nature of glass prohibits a clear

interpretation of any one set of experimental results.

Two main'approaches to the problem were considerd, the first was
by the introduction of an ionic probe to be monitored during the
crystallisation gpecif;cally'by electron spin resonance. Naturally,
advantage was taken of any additional information gained by the
introduction of such a 'probe. The-second was through the study of

X-ray induced defects.

1.4 Previous Investigations

The incorporation of transition ions to inVestigate structural



changes in glass has been a useful technique for a number of years
.(1.15X1.16). Sdnds (1.17) was the first to study the e.s.r. of these
ions in glasses, and his unexpected discovery of resonances at g =~ .6.0

L

and g = 4.2 was later explained by Castner, Newell, Holton and

3+ 2+

. 3
Slichter (1.18) as due to an Fe * impurity. Since then Fe2+, Fe , Mn ,

Cr5+ and V5+ have been used as dopants.

Observation of the effect of even small concentrations of

_transition metal ions in some glass systems is evidence of the non -
neutrality of the transition ions, which is an undesirable property of

an "inert" probe used to observe structural changes. For example recently
iron and chromium oxides when added in small percentages to glasses, in the

CaO --Mg0 - A 0, - SiO, quaternary system, have been shown by

l2 3 2

Rogerson (1.19) to affect both the rate of nucleation and the rate of
crystal growth during heat treatment. The number of commercial glass-
ceramics employing one or other of the-transition ions as a nucleation
catalyst has rapidly increased. These facts indicate that it is extremely

doubtful that transition ions, TiO, in particular, can act as inert

2

dopants in glasses.

Until recently the use of the 4f ions of the lanthanide series as
paramagnetic-dopants in this area of research has peen very limited, a
fact which may be associated with the reduced effects of the crystal
field on these ions compared with the 3d-transition metal ions. It is
probable that there is_less.distortion of the glass structure about a

i .
4:f-impﬁrity ion than about a2 3d icn since the 4f electrons are deeply
buriedlin the ion and consequently well screened from the crystalline '
electrostatic field. The lanthanide ions may thus prove more satisfactory

as inert structure-sensitive probes than the transition metal 'ions though

the effects of crystallisation are expected to be correspondingly reduced.



In order to use the rare-earths as probes in the crystallisation
process one must have some knoﬁledge of their environment in the glass.
It is-known that glass lacks definite long range order and it seems
reasonable to expect that the rare-earth may influence its immediate

surroundings.

) . .
Previous workers have associated the average environment for rare-

earth ions in oxide glasses with the equivalent rare-earth oxide
sirgcture._ Mann (1.20) .found the energy levels of Neodymium in glass,

to correlate closely'with those determined from oxide crystals and
concluded that the ions occupy sites of low symmetry. The spectral line
half widthg, of approximately 100 cm_l, were attributed to inhomogeneity

of the glass structure.

Work by Rice and Deshazer -(1.21) compared the fluorescence and
absorption spectra of europium ions in glass with the spectra of
europium in single crystals of gadolinium oxide. Some absorption lines,

7
for example the Fo-—a 5D line, of europium in the gadolinium crystals

2
were found to consist of three groups of lines indicating that three
preferential sites exist for the Eu3 ion. This agrees with the three
. . + . ’ . . '
kinds of Eu3 ion sites in europium sesquioxide with point-group

symmetries of C This rather complex monoclinic structure is also found

3°
for gadolinium sesquioxide and by diredt comparison tﬁree sites might be
expected for gadolinium in a glassy environment., Further work by Mann
anq Deshazer on Neodymium in glass suggests that the Nd3+ ion locates

in only one average environﬁent site in glass, mirroring the fact that

there is only one kind of Nd3+ ion site in the trigonal neodymium

sesquioxide.

All of the information mentioned so far, concerning rare-earth sites



in glass, has been obtained from optical observations. The use of
e.s.r. has been very limited, however the Eu3+ and_Gd3+ ions produce
resonances at room temperature and are relatively easily obfained.
Yarif' yanov et al, first studied Gd3+ as well as Cr3+, Cr5+ and Mn2+
(in various glasses) but the interpretation of the results was not at
all clear, The first theoretical explanation of the e.s.r. spectra of
Gdsf ions in a glass matfix appears to be that of ﬁicklin (1.22). By
using a spin Hamiltonian approach and restricting the magnetic field to
the x, y and z directions he was able to accognt for the main details
of the X-band resonance. His postulate of one site for gadolinium,
however, led to discrepancies which he could not explain at frequencies
away from X-band. Further no correlation was found between the
intensities of the various parts of the experimental resonances from his

calculations.

It is thus necessary to clarify the nature of the environment of
the Gd3+ ion in the glass matrix if the maximum advantage is to be taken
of this paramagnetic pfobe in the investigation of glass crystallisation.

. |
The alternative approach to the problem through X-ray induced

defects is also not well developed, It is well known that one of the
.effects of ionizing radiation on solids is to produce.free electrons

and holes which are ultimately trapped to form a type of defect centre.
The optical absorption and magnetic resonance spectrﬁ of these centres
have been extensively studied in an effort to understand the nature of
the centres and the kinetics of their formation (1.23) (1.24) (1.25)
(1.26) (1.27). The optical absorption and resonance studies of trappea'
holes suggest that the same kind of hole traps occur in many silicate,

phosphate and borate glasses having tetrahedrally co-ordinated network



formers. Most models propose that the main hole traps are associated
with non-bridging oxygen ions in the glass forming tetrahedra in which
the electrons are placed. For silicate glasses, placing these levels
in the vitreous silica band gap relates the electronic band structure

of binary silicate glasses to that of vitreous silica (1.28).

In contrast to the optical and e.s.r. studies of irradiated

. glasses little work has so far been done in connection with the
thermoluminescence propertiés of glasses (1.29) (1.30). It was considered
that-thermoluminespence would prove a useful technique in the context

of the present work as it'provides a sensitive tool for investigating

defect energy levels in either glassy or crystalline solids.
: i
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CHAPTER 2.

TECHNIQUES AND EXPERIMENTAL METHODS

2.1 Specimen Preparation

All the glasses used in this work were prepared from high
purity materials which included acid washed, 180 micron mesh
Brazilian quartz; 99.9% lithium carbonate; acid washed, crushed
sapphire;-99.95% rare earth oxides and B.D.H., grade titanium

dioxide with less than 0.05% Fe.

Compositions were chosen from the Li20-A1 -SiO2 phase diagram

203
Fig. (2.1), for the base L.,A,S, glasses. The amount of additions

of Gd203 and TiO2 to these L.,A.S. base glasses depended upon the
considerations outlined in Chapter 3. Mixtures of the constituents,
to give the compositions required, were prepgred and ground together
~in an ag;te mortar to assist dispersion before meltiné. Electrically
heated furnaces were used to melt approximately 100 gm. batches of
the individual glasses in 95% platinum 5% rhodium crucibles. The
Kanthal heatingielements allowed the temperaéure to be governed by

a Eurotherm control system. There'waslno attempt made to alter the
atmosphere surrounding the melt, although this haé been used to
produce oxidation and reduction of ions in glass melts by other
workers. The use 6f a lid on the crucibles and a constant air

environment for the melt was assumed to give an adequately constant

oxidation condition.

Glasses were maintained in the molten state for several hours
with intermediate dragation, with distilled water, to promote the

broduction of a homogeneous glass and the removal of seed. When the
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melt was seen to be reasonably 'seed-free', the glass was cooled
rapidly to room temperature by chilling on metal blocks. For some
glasses preheating of the metal blocks to 200—300°C was necessary
io prevent shatter;ng of the glass on cooling. The temperature and
time of melting varied with glass composition but was typically
1600°C'for 10-20 hours for glasses in the L,A.S. system. All the

samples produced in this way were found to be tofally glassy by

X-ray diffraction.

Additions were calculated.and added to 100% of the base glass.
Standard wet chemical analysis, performed on a selection of the
glasses at James A, Jobling Advanced Research Unit, ga;e the
composition of the glasses within a few percent of the batch
compositions. These slight changes may be due to volatilisation in
the melt or inhomogeneity in the glass. The small differences have
been assumgd negligible and the glags composition taken as that of’
the original batch when analysis results were not available. Table

(2.1) shows the compositions for all the glasses used.

.Samples required for specific experiments were specially
prepared: for use in optical absorption measurements, specimens
- were ground flat and polished to a one micron finish with diamond

paste after being cut to the required shape and size.

Preliminary heat treatment studies were made on samples placed
idioa temperature‘grédient furnace. More precise heat treatment was
-obtained by placing the samples directly into a preheated furnace
and they were returned to room temperature as rapidly as possible

after the required period of soaking at the set temperatures. The
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TABLE 2.1

GLASS COMPOSITIONS

20.

SAMPLE NOS. 5i0 AL,0, ggzg * ngz G40, N4 0,
1022 60 20 20 - - -
1023 60 20 20 0.1 - -
1035 60 20 20 5.0 - -
1036 60 20 20 5.0 1.0 -
1057 60 20 20 0.1 1.0 -
1058 60 20 20 - 1.0 -
1059 60 20 20 5.0 - 1.0
1060 60 20 20 - - 1.0
1129 60 20 20 5.0 0.18 -
1130 60 20 20 5.0 0.09 -
1022/1 60 20 20°  0.01 - -
1022/2 60 20 20 0.05 - -
1022/3 60 20 20 0.10 - -
1022/4 - 60 20 20 0.50 - -
'1022/5 60 20 20 '1.00 - -
1022/6 60 20 20 5.00 - -
1022/0/1 90 5 5 - - -
1022/0/2 80 10 10 - - -
1022/0/3 o 15 15 - - -
1022/0/4 50 25 25 - - -
1022/0/5 80 0 20 - - -
1022/0/6 70 10 20 - - -
1022/0/7 50 30 20 - - -
1022/0/8 80 20 0 - - -
1022/0/9 70 20 10 - - -
1022/0/10 50 30 - - -
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temperatures were estimated to be within 2°C of the stated values.

2.2 Differential Thermal Analysis

2.2.1 Outline of Theory

Differential thermal analysis was used to observe the;mal effects
accompanying chemical changes and structural transformations during
the crystallisation of the glasses. The temperature differential
between a sample and a thermally inert reference sample of aluminium
oxide is recorded whilst both ungergo an identical, constant rate of

temperature increase.

It has been shown (2.1) that if K is a temperature normalising
coefficient between the sample and the reference material, r is the
heating rate, Tr is the temperature of the reference junction,

A T=Tr_Ts’Cp is the heat content of the sample and its support and

A H is the amount"of heat associated with the reaction, then assuming
Cp and K are not temperature-dependent over the interval involved
during a time period dt when the reaction is occurring, the heat

balance equation is

deAT::dAH-KATdt (2-1)

If tl and tz-are the times at the beginning and end of a peak then

it follows from equation (2-1) that

ty
K AT dt - (2-2)

o

AH

K peak area (A) ' (2-3)



K is a function of sample and furnace geometry and is complicated
by specimen contraction and temperature non-uniformity arising from

problems of thermal transfer.

From equation (2-1) between temperatures t. and t

1l 2
ty ty t
K ( T, -T ) dt = C dT + d AH (2-4)
1 o] s
t] t1 t1
. - < < -
since Tr Ts + rt,(t1 € tg tz) (2-5)
aT = r (t, = t ) (2-6)
from tion (2-4) Kr (t, -t )"
rom equation - r -
1 2 = AH (2-7)

AT 2r AH (2-8)
. “max / X

From equations (2-3) and (2-8) it can be seen that the heat associated
with a given reaction is proportional to the peak area, whilst the
maximum temperature span is proportional to the square root of the

product of the heating rate and the peak area.

By.keeping e&perimental procedures as constant as possible the
temperature normalising coeflficient, K, can be assumed constant.
This entailed-constant weights and size of particles for specimen
and reference materials. A constant geometrical apparatus arrangement

was also used. As the heating rate r was kept éonstant, from



equations (2-3) and (2-8) it can been seen that the area and width
of the differential peak give a measure of the thermal éhanges

occurring in the sample.

2.2,2 Experimental

A commercial Standata 5-50 D.T.A. apparatus, a schematic
diagram of which is shown in Fig. (2.2), was used in this study.
0.30 grams of specimen and reference material were placed in
separate matched platinum crucibles, after being passed through a
250 micfon mesh sieve to ensure uniform grain size, and each was
gently vibrated to avoid air inclusions, A Pt/Rh thermocouple was
used to record the furnace temperature whilst a second thermocouple
measured the temperature differential. The e.m.f. outputs were
displayed on a chart recorder. A consistency check with two
identical specimens in two différent sets of differential therma;

analysis apparatus showed the temperaturesrecorded to differ by less

than 2° C.

2,3 X-ray Diffraction

A regular crystalline arrangement is not required for the
.production of diffraction effects as was first pointed out'by
Debye (2.2). In contrast to the sharp diffraction effects of
crystalline materigls-it is found fhat_liquids and glasses generate
only one or more broad diffuse halos. This is to be expected as the
well-defined lattice parameters, necessary to produce sharp

.diffraction lines, are absent.

In the present study the progress of the glasses towards
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crystallinity, with heat treatment, was monitored by the emergence
of the crystalline diffraction lines. X-ray measurements were
obtained. using either an A.E.I. Raymax RX3 or a Philips commercial

X-ray camera operated with a Cu Ke  tube.

As it was desirable to use the diffraction line intensities
as a semi-quantftative measure of the extent of crystallisation a
constant procedure was followed. This included three-hour exposures
with Xjray tube settings of 35 kV and 15 mA in conjunction with
Kodak industrial G film, " An inert hyspin oil b;nder was used to
hold the samples, which had been ground in an agate mortar and
passed through a 250 micron mesh sieve. After standard X-ray film
development, the negatives were processed by use of a Joyce Loebl
optical densitometer operated with a 100 micron step interval. Both
a graphical and a punched tape output were ob;ained, the latter
being analysed on an I.B.M. 1130 coﬁputer to find the appropriate
d-values. These d-values were then compared with the A,S,T.M. index

values of the expected crystalline structures.

As no sharp dividing line exists between' crystalline and so-called
amorphous materials a quantitative measure of. the crystallisation
was estimated from either the graphical optical densitometer output or

from the computer processed data.

2.4 Electron Microscopy

Preliminary observations of heat-treated glasses were made with
}
a Tesla BS 242E electron microscope. This reduced the number of

specimens which rgquired the higher magnification obtainable with

a Philips E.M. 300 electron microscope. Samples were examined by
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observation of replicas taken from freshly fractured surfaces: For the
highest resolution it was found that transmission through thin chips
provided the clearest pictures. For both microscopes a similar
double-stage specimen preparation was followed. Advantage of the
different solubility of the glassy and the crystalline phases in
dilute hydrofluoric acid was taken to enhance the image resolution.

Careful control was required to obtain the maximum possible

-advantage of the different solubilities. After several test runs

a procedure was adopted in which freshly fractured surfaces were
etched with 0.2% HF for several seconds., Plastic replication,
using acetone softening of the plastic, was followed by carbon
coating of the replica in an evacuated atmosphere. This carbon
film was then relgased by dissolving the plastic in 5% HF for
several minutes. It was then washed in acetone and distilled water
and floated onto .a copper grid. The copper grid could then be

mounted in the electron microscope.

Although structure greater than 1,000 A could be obgerved
by the replication technique finer detail required transmission
electron microscopy. It was found that the double-stage preparation
of the samples allowed observation by the transmiss}on process,
since small fragments of specimen remained on the replicas. At
large magnification, greater than one hundred and fifty thousand
times, heat generated by the electron beam was found to cause some
structural alteratiéns. This could only be avéided by use of the
replica technique, which producéd very poor resolution at this

'

magnification, or by use of low electron beam intensities and

short exposure periodswith the electron transmission measurements.
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As the latter gave the best results it was the method normally

followed.

2,5 Optical Measurements

Several instruments were used to investigate the optical
properties of the glasses. Within the 170q/u to 1,000qya region
an Optika spectrophotometer was used whilst a Perkin-Elmer 137 E
sodium chloride absorption spectrophotometer covered the 1§/4to 294 -
.region. For higher energies a Perkin~Elmer U,V, spectrometer was

used.

When necessary, for example in the measurement of luminescence
spectra, the spec%rometer output was corrected for the quantum
efficiency of the detectors used. Both thin film and KI/pellet
techniqges were used in the infra red region, the lgtter being

required for crystallised samples.

2.6 Thefmoluminescence

Thermoluminescence (glow curve) spegtra were obtained using
a shecially designed cryostat (see Fig. 2.3) capable of working in
the temperature range from 80°K to 860°K in conjunction with an
E.M.I. photo multiplier tube (type 9514 B). 2 mm thick po;ished
samples approximately 1.2 x 7 mm were used and subjected to various
periods of radiation; at set temperatures, from a Co. tube target
" operating at 20 mA and 15 kV. Radiation was supplied to the samples
thrdugh a % inch diameter hole in the brass cryostat, masked to allowl

‘evacuation. Specimens were mounted on a copper block and the

temperature measured by direct contact of the thermocouple to the
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glass surface away from the copper. Since the glasses had a low
thermal conductivity the temperature of this side, which has the

greater probability of defects, was deemed to be most appropriate.

After éolarisation, samples were warmed at a constant rate by
a Kanthal-wire electrical heater, optically screened from the
photo multiplier.. As the sample was heated,-the thermal release
of trapped electrons resultea in thg‘release of optical photons,
which were detected by the photo-multiplier. Amplificatioq of
fhis signal was by means of the circuit shown in Fig.(2.4). The
output fram the anode was fed directly to the Y axis of an X-Y
recorder, the X axis being driven by fhe output from a copper/
constantan thermocouple, with reference junction at 77°K, attached
directly to the specimen. By the use of an internal time base the
X-Y recorder could also be used to display the luminescqnce intensity,
at a particular temperature, as a fuﬁction of the time after

switching the excitation radiation on or off.

Spectral resolution of the thermoluminescence output was
obtained by incorporation of a series of optical filters between
the sample and the photo multiplier, correction being made for the

spectral sensitivity of the detector.

2.7 Electron Spin Resonance

2.7.1 -Intreduction

The fundamental resonance condition is given by

hy = g mdH : (2-9)
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where Y = eh
B ——
2me

from equation (2-9)

g = 21,4178 ‘ (2-10)
HA
Where H is in kilogauss

and A is in centimetres

Experiments are normally carried out in the centimetre
microwave range as the higher magnetic fieldé necessary at shorter
wavelengths are qrohibitive, whilst at higher values of'wavelengths
the resolution of the spectrum becomes poor due to long relaxation

times.

In Fig.(2.5 a,b) can be seen a'comparision of the absorption
and the derivative spectra for a typical-gadolinium-cqntaining
lithium aluminium silicate glass. The greatly-increased resolution
of the e.s.r. absorption lines obtained by using tﬁe deri&ative
"technique was found necessary due to the broaa nature of the lines

found in glass.

Two major causes are responsible for the limitation of
resolution in the e.s.r. spectra of single crystals. The first is
the spin-lattice relaxation time +t , which is a measure of the
time for energy transfer to the lattice. T 'is found (2.3) to be
inversely proportional to temperature and gives rise to a half
width, for the resonance lines, at half intensity of the order

1 . T .
of 27T sec, 1. Low temperatures are often employed to assist
- 1
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resolution for this reason. A second broadening mechanism is due
to the temperature independent spin-spin relaxation time which
can only be reduced by dilution of the relevaﬁt paramagnetic ions.
Theoretical determinations are given by Van Vleck (2.4) and

Pryce and Stevens (2.5).

The first.spin—lattice mechanism may be discounted as the
main cause of broadening in the glass samples as no improved
resolution was obtaine@ upon reduction of the temperat;re of
measurement from 300 K to 4.2 K. Also the use of varying
concentrations of paramagnetic Gd3+ ions in the glass showed
that the second spin-spin relaxation was not responsible for the
broadening as no change in line width occurred. This also
discounts the possibility of dipolar broadening. It is more likely
" that the random orientation and distortions of the ionic sites

within the glaéses studied provided the majority of the line width,

The magnet employed produced a magnetic field which had a
high degree of uniformity over the volume of the samples and
negligible change was produced in the e.s.r. spectrum when the

field was rotated.

2,72 X -Band E.S.R. Spectrometer

A conventional superheterodyne X-band reflection spectrometer
with 180 Hz. field modulation allowed observation of the e.s.r. signal.
Fig. (2.6) is a block diagram representing the apparatus used for

these measurements and the relevant circuitry is shown in Figs. (2.7)

and (2.8). Microwave power is obtained from a 20 kHz. frequency



- 27 -

EiG.2:6 .
BLOCK DIAGRAM OF E.S.R. SPECTROMETER.
Balancing Arm
of Bridge
Source ‘ A)f Superhet
30Mc/st20Kehs
Klystron __M JI W’ Crystal
9G c/s WI (0
2K 25 | Magic'T’ Detector
7 stage 30M
20Kc/s ;
Oscillator [Correcting NJ::};:
(mod) Signal . |Local Oscillator 6Mc/s
Klystron Bandwidth .
)
™ L
i Discrim
Phase ] P | o .
Sensitive N ) s ) ’
Detector [ Limiter
|
’ __AFC.
: © 20Kcfs High Pass
Tuned Amp - Filter .
1
“_)0 c/s Sel-wF;ir;ia:: Low Noise
Oscillator Detector Amplifier
]
y
Hall Probe - X x-y recorder




- 28 -
FIG. 27

ource KIygtron/Cavity Locking _ System.

Source | o - —e—1Detector
Klystron |
%05 Pé.C/S % | High Pass
%. Filter
P.S.D. - 20;("%-5

FILTER _AND TUNED AMP.




PHASE SENSITIVE DETECTOR

T.A. out

-

47K T
J- Klystron
WF Reflector
22K ; -
47K *100u A f

22K% [ ]

anhh
v

‘E-
é \ % F | 1,000
K pF

KR
20 KHz A

Osc. _ _

STABILSING SIGNAL.




_30_
modulated 9.8 GHz. Mullard Klystron (type 2K 25) which has a
stabilised voltage supply. The klystron was mechanically tunable

to match the microwave frequencies of the sample cavities employed.

In order to measure the frequeﬁcy, and hence calculate
g-values, a fraction of the microwave power was coupled ouf of the
initial waveguide which feeds power to a magic T. At this magic T
the power i; equally divided petween the sample arm and the balancing
arm., In this second arm an adjustablé attenuator and phase shifter
allow the bridge to be balanced. The reflected power from these
two arms will completely cancel when the bridge is balanced and then
no power leaves by the fourth arm of the magic T. This fourth arm

leads to the signal detection circuits.

As the magnetic field is increased and the resonance condition
reached, the sampie absorbs microwave power causing the bridge to
become unbalanced. This produces an out-of-balance signal in the
fourth arm of the magic T which leads to the crystal detector. Here.
a local oscillator kl&stron supplies a mixing frequency to fhe
incoming signal to allow the reduction of frequency to a value at
which normal electronic amplification can be applied. This mixi;g
changes the input signal to 30 MHz, still retaining the 20 kHz,
modulatioh . This 30 MHz. is now selectively amplified by means of
a tuned amplifier with centre frequency of 30 MHz. and a 6 MHz.
bandwidth. A sample of this amplified signal is used to obtain
frequency lockiné of the local oscillator klystron by feeding it
back to this klystron via a cathode follower, limiter and

discriminator.
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The source klystron is also locked to the resonant cavity.
This is achieved by taking a sample of the 30 MHz. amplified
signal, which has a 20 kHz. modulation component, passing it
through a high pass filter and A 20 kHz. tuned amplifier to a
phase sensitive detector. This p.s.d. with its reference signal
from the 20 kHz. source klystron modulation oscillator, provides
a signal which is proportional to the frequency difference
between the klystron and the cavity, thus providing a locking-in

signal.

The magnetic field is modulated at 180 Hz. by a pair of
Helmholtz coils connected to the D.C. magnet pole pieces.
Detection of this modulated sigﬁal via a low noise amplifier and
pﬁase sensitive detector allows the display of the differential
of the absorption signal on an X-Y recorder. The X-axis is driven

by the output from a Hall probe.

The magnetic field sweep rate and range were controlled by
a remote control ?nit Fig. (2.9) attached to a Brentford stabilised
D.C. power supply (type GRDAQX 95/04), which operated in the
0 to 2501volts and O to 300 amps. range, to produce available

fields up to 15 koe.

The magnetic field was calibrated with a nuclear magnetic
resonance method. Additional evaluation of the field was
provided by the inclusion of a sample of diphenyl picryl hydrazyl

(D.P.P.H.).
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CHAPTER 3.

RESULTS AND DISCUSSION (Part I)

A. Structural Properties

3.1 Differential Thermal Analysis

Initial establishment of the extent of nucleation and
crystallisation in the glasses was made by the use of differential
thermal analysis (D.T.A.). Low temperature endothermic peaks
were found which are known to correspond to the nucleation
process (3.1) occurring some tens of degrees below the dominant
exothermic, crystallisation peak Tc' In all cases the lower peak
is at least an order of magnitude smaller than the crystallisation
peak and as-a result the nucle;tion transition was frequently

difficult to detect.

Several interesting fe;tures for the L,A.S. 1022 series are
shown in Fig. 3.1 (a-h). The base glass shows a small broad
exothermic peak at 824°C with some indi'cation of anothe;
exothermic peak on the high temperature sidq. Alsp observable
is a small poorly resolved endothermic peak near 760°C

.indicative of a nucleation process. Observation of Fig. 3.1 (a-c)
shows the effect of adding O, 0.1, and 5.0% TiO2 to this base
glass. Although the initial small addition produced virtually no
change, the presence of 5% TiO2 in the glass causes a reduction
of the crystallisafion temperature by approximately 50°C and at
fhe same time drastically reduces the width of the corresponding
peak in the D.T.A., output. It is known tﬁat TiO,_ can reduce the

2

viscosity of a glass melt and it is natural to consider that the
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-effects of TiO2 on the crystallisation mechanism can, in pa?t, be
explained by the increased mobility of the ions at a reduced
temperature. Unfortunately this reduced viscosity should lead

to an easier diffusion of ions to the crystal growth front and
hence produce relatively large crystals. By electron microscopy it
is shown lgter that apart from increasing the size of crystals formed
there is a remarkable reduction in the size and an increase in the
number of crystals. It is this very fact that gives the ceramics
‘their desirable physical prgperties. It is phus necessary to
consider additional or alternative methods of crystallisation
enhancement. As the greatest bafrier to crystal formation is known
to be the formation aqd growth of nuclei to a critical radius, the

formation of nuclei by the titanium seems to be a feasible process.

To clarify the effects of a fdreign ion in the glass
1% Gd203 and 1% Nd203 were added separately to the base glass
and to the base glass with 5% TiO2 to be monitored specifically
by e.s.r. and optical absorption. The effects on the D.,T.A,
output can be seen in Fig. 3.1. It is evident that neither
. gadolinium nor neodymium alone, apprebiaply alters the form of

the crystallisation. When, in addition to 5% TiO 1% of the

2'
rare earthsis present the temperature of crystallisation is

returned to the value corresponding to the base glass and

the transition is again broadened,

A broad low intensity endothermic pegk was found in all
thé glasses and is an indication of a nucleation region, Although'
this peak is more clearly defined whenever 5% TiO2 is present,
it is less obviously affepted-by other add#tions to the base

"glass. The enhancement of the nucleation region
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by 5% TiO,_, was found, irrespective of the presence of the rare

2
earths. It would appear that whereas the nucleation produced
by the titania is unaffected by additional ions, the enhanced
crystallisation so produced is effectively inhibited. This

can be understood if the glass is considereé to have regions
with compositions close to the resulting crystal, then only

a small amount of local rearrangement is required to produce
nucleation and_is enhanced by the reduced viscosity in the
neighbourhood of the titanium ions. However the crystal growth
requires the diffusion of ions to and from the growth front to
allow composition compatibility. The inhibition of the process

by the rare eariths may be due to their large co-ordination

requirements preventing ionic diffusion.

3.2 Electron Microscopy

The type and form of the crystallisation in the L.A.S.
glasses was followed by observation of the sample; after heat
treatment, by the use of electron microscopy. Both traﬁsmission
and replica techniques were used in conjunction with a variety
of etching procedures. A comparison of the effects of different
specimen preparation is shown in Fig. 3.2 (a-e) in which the
same saﬁple has been subjected.to the preparations shown. For

' .
detail greater than 1,000 A the replica technique proved most
useful but the fine grained crystallisation induced by the

presence of TiO_, required observation by transmission microscopy.

2

A two stage plastic/carbon replication method was found to be the

most useful,'as explained earlier. A comparison of the effects
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of magnification on the sample ip Fig. 3.2 with the same sample
preparation , is shown in Fig. 3.3 (a-e) and it can be seen
that electron transmission and high magnification are necessary

to observe the smallest structures.

From Fig. 3.2 (a-e) it is ciear that for an interpretation
of the electron micrographs a consistent method of sample
preparation must be followed. By a comparison of the appearance
of the X-ray diffraction patterns Fig. 3.5 the structures
observed are known to be the early development of /2 =-eucryptite
crystals. The onset of crystallisation.in this region is also
seen to correspond to the D.T.A, output, It is evident that
structural development was observable by electron microscopy
before the diffraction lines developed. Sampies were sub;ected
to a series of heat treatments based on the information derived
from the D.T.A., These consisted of either a single stage heating,
at set temperatures from 600°C to 800°C for one hour, or é
double staée heating in which samples initially subjected to
the single stége were subsequently held af 850°¢ for one hour.
Samples were brought as quickly as possible to these temperatures
by placing them in a preheated furnace and immediatély after
the heat treatment the samples were chilled to room temperature
by removal from the furnace. By use of this procedure it was
hoﬁed toc observe the development of the crystallisation as a
" function of the he#t treatment and also to observe changes

produced by‘the incorporation of titania and the rare earths.












The results of the electron microscopy, in terms of crystal
size and number, together with an indication of the X-ray
diffraction obseryation of crystallinity, are summarised in
table 3.1. Examples of the observed structures are given in
Fig. 3.4 (a-1), from which it can be seen that spherically
shaped structures appear after the single stage heating. As
stated above, these can be identified with the development of

/2 -eucryptite crystallites. The average size of these
structur;;z although varying slightly, was about 5,000 A for
samples of L.A,S, 1022 subjected to the single heat treatment.
For an initial temperature of 650°C the two stage heating
produced similar sized structures; however above this temperature
of initial heating much larger spherical structures developed
with radial dimensions up to 20,600 A. These spherical regions
showed internal structure which can be associated with non-
uniform development of the crystallite growth front. The large
extent of these regions intermingled with glassy regions typifies
inefficient crystal nucleation; a fact which is also evident from

the relative ease of glass formation within this composition.

When 0.1% TiO_ was added to the previous glass a small but

2
significanf reduction in the spherical structure was produced when
_ samples had undergone a similar, single stage heat treatment up

to 800°C. If the initial heating was at 850°C then the
crystallites, with diameters from 1,000 - 2,000 A were found

to be extended to 20,000 A, reminiscent of the structures

produced by the double stage heat treatment of L.A.S, 1022,

This double stage heating of the glass with'0,1% TiO, produced

2
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" TABLE 3. 1

ELECTRON MICROSCOPY RESULTS

Heat Treatment X-ray ' Relative
Glass at stated Observation of Size of No. of
No. T emperatures crystallisation Crystallisation Structures
for one hour in unit
volume
O
1022 650 C : None - -
700°C Small Amount 5,000A 28
750°C Crystalline 5,000A 14
800°¢c " 2,000A 200 - 250
[ o "
850°¢C 6, 500A 9
o o "’ .
650°C then 850°C 5, 000A 25
o o .
700°C then 850°C ' 18,000A 3-4
750°C then 850°C n 10,000A-20,000A 20
800°C then 850°C "o "10,000A-20,000A 10
1023 650°%C None 1,0004 . . 200
700°¢c " . 2,000A 120
750°¢ " ' 1,000A 500
goo’c Small Amount 1, 500A 250
850°C Crystalline 5,000A-20,000A 5
(o] o " ,
650°C then 850°C 1,000A 500
(o] O "
700°C then 850°C : 2, 500A 60
o 0 w
750°C then 850°C 3,000A 60

800°C then 850°C " 3,000A 60
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TABLE 3.1 (continued)

ELECTRON MICROSCOPY RESULTS

Heat Treatment X-ray Relative
Glass at stated Observation of Size of No. of
No. Temperatures Crystallisation Crystallisation Structures
for one hour in unit
Volume
1035  650°C None 1, 500A 25
700°¢C Small Amount S00A- Large No.
" 750°%C ) Crystalline 0-1,000A 1,500
800°¢ " 100 A Large No.
85000 " 1,000A Less
(e} (o] "
6507C then 830°C 1,000A Large No.
(o] O " n
700°C then 850°C . 1,000A-1, 500A
0 o mn 1"
750 C then 850 C 1,000A-2,000A
o] (o] " "
800 C then 850 C 8,000A
1036  650°C None 1,000A Large No.
700°C None ,1,000A "
750°¢C Small Amount 1,000A "
800°c Crystalline 2,000A "
o " "
850°C 5,000A
(o] (o] " "
650 C then 850 C 500A
o o (1] "
700" C then 850°C 1,000A
750°C then 850°C " - "
~ O O " "
800°C then -850 C 500A :

Lo

























spherical structures with an average size of 2,500 A and the
large (20,000 A) spherical regions with internal structure,
found in the base glass, were notably absent. This indicated
that nucleation had been increased by the presence of

titania.

When either 5% TiO, or 5% TiO, and 1% Gd,O, was incorporated

2 2 2°3

in the base L,A.S. glass, the crystallisation process produced
such a fine grain structure after the heat treatments that the
replication méthod for structural observation became inapplicable.
In this case greater resolution was obtainable With the
transmission method previously mentioned. If only titania was
present, a large numbei of spherical crystallites were observed
after the first stage heat treatment, the average size of which

was under 1,000 A,

The two stage heating was found to produce structures
with sizes which increased from 1,000 A to 8,000 A with the
temperature of the initial heating. This is interpreted as
the reduction of the nucleation effic;ency and increased

crystal growth at the elevated temperatures.

In all the cases considered so far the double stage heating
resulted in an increase in the crystal dimensions coﬁpared with
the single stage process. It is interesting to note that when
1% Gd 0, is added in addition to 5% TiO

produced a reduction in the diameter of the structure compared

2 the double heating

to that of the single heating which produced structures of about

1,000 A extent,



From the above it is evident that 0.1% -TiO2 does influence
the-crystallisation by increasing the nucleation efficiency;
however the much greater effects produced by 5% TiO2 are more
likely to produce the fine grained crystallisation required for
useful ceramic production. The assumption of nucleation and
crystal growth regions would appear to be justified by the results
for the single and double heat treatments. A nucleation region
exists below 800°C while near_850°C rapid crystal growth occurs.
It is not suggested that these regions are completely distinct
as the ability to nucleate crystals and propagate crystal growth
must depend on similar activation energies. They are considered
more as broad overlapping regions, as found in other systems (3.2).
If we accept the existence of these regions, the role of Gd203
in the crystallisation process is again seen to be ineffective

in the nucleation zone and inhibitive in the region of crystal

growth.

As one of the theories of TiO2 nucleated crystallisation
suggests that phase separation plays an active role in the
process it is important to note that at no stage.in any of the
L.A.S. glasses observed was any indication of phase separation
observed. Phase separation may have occurred on a scale too
small to be observed- in the present investigation, altho;gh
this would appear unlikely as previous observations of phase
separation in glasses, has shown that structural units with

_dimensions well within the limits of observability here, are

formed.



3.3 X-ray Diffraction

Standard powder X-ray diffraction procedures were followed
to investigate the extent and nature of the crystal formation in
the glasses subjected to the various heat treatments.
Identification of the crystallisation product was made by a

_comparison of the observed‘d—values, for the lattice planes
giving the most intense lines, with the expected value for
/?-eucryptite. Agreement was normally found to be within
1% - and a typical comparison is shown in Table 3.2 for L.A.S,

1022 after heat treatment at 850°C for one hour.

All the crystallisation products, produced by heating
glasses with L.A.S. 1022 as the base, gave diffraction lines
which could be attributed to the 2 -eucryptite crystal lattice.
This means that the various additions of titania and rare earths
although effecting the extent, did not affect the morphology of
the final crystallisation product. The investigatibn of the
effect of TiO2 is thus simplified to the consideration of only
one observable crystalline development. As no indication of
titanate compound formation was found-in the éarly stages of

titania-nucleated crystallisation, the precipitation of titanium

compounds seems unlikely to be of major importance.

Unit cell dimensions have been calculated for some of the
heat treated glasses and are given in Table 3.3. No systematic
change in the fluctuations seen about the value expected for

/2 -eucryptite was found, confirming that 2 -eucryptite was the

only crystallisation product on a scale large enough to be
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TABLE 3,2
SAMPLE 1022 AT

REFLECTION D 850°C FOR 1 HR.
K L CALCULATED | D OBSERVED - b.C.
o o 4.521 . 4.544 0.023
o 2 3.485 3.489 0.004
1 o 2.610 2.621 0.011
o a4 2,340 2.343 0.003
o o 2.260 2.267 0.007
13 2.122 2.096 0.026
o 3 1.921 1.891 0.030
1 2 1.631 1.636 0.005
1 a 1.449 1.453 0.004
o 6 1.419 1.422 0.003

e




TABLE 3.3

SAMPLE
HEAT
TREATMENT 1022 1023 1035 1036
a c a c a c a c

.800°C for 1 hr. 5.17 10.99 {5.25 11.98 | 5.26 10.971|5.28 11.17
850°C for 1 hr. 5.22 10.945.22 11.11|5.26 11.01|5.17 11.22

o
650 C for 1 hr.

° + 5.26 11,17 |5.25 10.99 | 5.27 10.9415.24 11.10
850°C for 1 hr.

o
700°C for 1 hr,

o + 5.18 10,98 [ 5.25 10.99 |(5.40 11.15( 5.28 11.13
850 °C for 1 hr.

o
750°C for 1 hr.

o + 5.25 10.97 | 5.14 10.98 | 5.23 11.23 | 5.20 10,96
850 C for 1 hr, N '

o
800°C for 1 hr.

+ 5.21 11.08 [ 5.24 10.97 | 5.11 11.00 (5,25 11.03

850°C for 1 hr.
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detected by this technique,

The lattice parameters of the heat trgated glasses
showed.no correlation with the temperature of crystallisation
or with the single and double heat treatments. However, a small
but definite increase occurred in the observed cell dimensions
when titania Jas present., Although this effect is only just
observable it may indicate the stretching of the crystal
latt;ce-by the incorporation of titanium. No equivalent
expansion of the céll dimensions was found when gadolinium was
present. This would suggest that gadolinium is located in the

.glassy part of the specimen and hence could act as a barrier

to the crystal growth front.

The height of the most prominent diffraction peaks found
from densitometer traces, have been used as a measure of the
degree of crystallisation. This is feasible as the procedure of
obtaining the diffraction patterns was made as constant as possible
from sample to sample. The relative intensities of crystallisation
for the single (2) and double (1) heat treatments are shown
superimposed on the D.T.A. output in Fig. 3.1 (a-h). For a
single heat treatment, little crystallisation was detected at
temperatures less than those corresponding to the crystallisation
peak. Above Tc however, the percentage crystallisation rose
rapidly-before passing through a maximum., Again there is a
marked difference between theL.A.S. 1035 (TiO

2 only) and L.A,S.

1036 (TiO2 + Gdzoa) glasses; for the latter composition the

maximum amount of the crystalline phase was almost an order of
| -
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magnitude less than that of the specimens containing only TiOz.

Further evidence for the inhibition of the crystallisation
process by gadolinium comes from the results obtained for specimens
subjected to the double heat tréatment. The glasses containing
TiO2 show a double peak in the percentage crystallisation
curve in agreement with other workers (3.2); however, when
Gd203 is ;lso added to the glass the amount of crystallisation

developed by the second heating at teﬁperatd};s above 700°C

is much less than for the glasses containing only TiOz.

A graphical form of the densitometer outpuf for some
typical samples is shown ?n Fig. 3.5 (a~h). Large amounts of
glassy scattering can be observed with all samples of L.A.S.
before heat treatment except when both 5% TiO2 and 1% Gd203
are present, when very little glassy scattering was observed.
The ratio of crystalline diffraction to glassy scattering was
increased as the temperature.and time of heat treatment increased,
but for the L.A.S. base glass 1022 and for the glass with only
Q1% Ti0_ a smail amount of scattering remained after quite higp

2

heat treatment temperatures. The incorporation of 5% TiO2

reduced this to almost zero after the two stage heating.

The above confirms that titanium produces both increased
nucleation and crystal growth and also that when gadolinium is
" present the crystél growth is reduced. A -similar phenomenon has
been noted recently (3.3) in the production of a barium titanate
ceramic., Here the starting mate?ials are crystalline and

sintering occurs to produce the final product which is' found to
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FIG 3.5 X-RAY DIFFKACTION CURVES.
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be affected by the prescence of Gd203. It is evident that some

form of crystal growth inhibition is produced by the rare earth
in the production of the enhanced properfies, and its role may

be similar to that indicated by the effects observed in this

work.

The absence of glassy scatter before heat treatment in all

the specimens with TiO2 and Gd203 present is difficult to

explain, Glassy scatter is due to the random nature of the glass

lattice and the creation of a .well ordered structure when TiO2

and Gd203 are present cannot account for the absence of this

scattering as crystalline diffraction lines do not appear. As

yet this phenomenon'is not understood.
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B. Electron Spin Resonance.

3.4 Electron Spin Resonance of Gd3+ in glass

3.4.1 Theory of Resonance Phenomenon

Electron paramagnetic resonance is dependent on the existence
of unpaired electrons in an atom or molecule. This is because a
non-zero total angular momentum J is required to produce a

moment . p which is given by:

§ o h J (3-1)
= —Y g ! (3‘2)
= -g 8 1 - (@-3)

where g, 1is the Landé g-factor,

and B = eh is the Bohr magneton.
2mc

By applying a magnétic field H to the ion an energy level can

" be defined as

H. ' -4
gLB H.J (3-4)
and a pair of levels with different energies corresponding to

+ )
-J states result. For a particular J value the energy

difference, Ae , can be obtained, for example if J=é then
AE = g, BH (3-5)

The application of electromagnetic radiation of frequency Vv

can cause an electronic transition between the levels if

hv = gLB HZ (3-6)

Equation (3-6) represents the basic resonance condition,
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Although a free ion may justify the use of equation (3-6),
an ion is normally located within a solid and cannot be
considered to be free. A variety of forces influence ions in
solids and it is found convenient to define an effective
g-value such that

hv = BH ) (3-7)

_geff
At temperatures normally used in-e.q:gz experiments only
the ground state is appreciably occupied and effective g-values
can be used to reflect the locati§n of paramagnetic ions in
materials. In this way the complex interactions between the
paramagnetic ions and their surroundings can be represented by

a single experimental parameter.

3.4.2. The Hamiltonian

In order to understand the experimental results obtained some
attempt must be made to derive the g-values theoretically. This
requires a knowledge of the energy levels of £he paramagnetic
ion and these can be found by considering the total hamiltonian

of the ion in the particular solid.

Although only small coupling exchange forces exist in
paramagnefic systems, the orbital and spin interactions must be
considered. 1In the iron group, with incomplete 3d shells, the
3d_clectrons are locked into the field of the neighbouring ions.
This effective quenching of .the orbital motion results in a
spin-only magnetism.' The protected, incomplete, inner 4f shell

of the rare earths however, allows both orbital and spin
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contributions to the ionic magnetism.

Whenever the unfilled shell is half filled, a spherical
distribution of the charge cloud occurs and should result in
no orbital state degeneracy for the free ion. In the 3d5 6S
state of the iron group and in the 4f7 8S state of the rare
earths this would appear to be the case, but observed resonances
in crystals give conflicting evidence (3.4) (3.5). To

explain this anomaly a spin-spin interaction has been suggested

with the form

o [5:-8 3(r 8, (x5 8)) (3-8)
3 5

rjk rjk

which assumes an ellipsoidal distortion of the electron cloud.
A spin hamiltonian,ﬁ{(s)_can thus be written to represent the

spin-spin interaction with the form given below

2 2 12
B (s) =as_ + S, + 5, (3-9)

where a, b and ¢ are real.

In e.s.r it is not possible to obtain the absolute values
of the energy levels but only the relative separations and
splittings in a magnetic field. The spin ham?ltonian of
equation (3-9) can be considered to define the energy levels
.before a magnetic field is applied. It is also possible to add

a term, symmetric in Sx' Sy and Sz to equation (3-9) which will
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only alter its absolute value without affecting the relevancy

1
to e.s.r. It has become common to subtract a term §(a+b+c)s2

from the right harnd side of the equation (3-9) to enable the
hamiltonian to be subdivided in terms of two crystal field

parameters D and E. This then gives

At () = ps? - Lsseidercs? - 5% (3-10)
Z 3 X y

where D =_%_c and E =-% (a=-b) - P

\

From equation (3-10) the axial fields due to trigonal or
tetragonal éymmetry can be seen to be represented by D whilst
the result of lower symmetry orthorhombic crystal fields give
rise to the E term, The application of a magnetic field
produces a Zeeman term gf{H.S which must be added to equation
(3-10) to give the following hamiltonian for theleonditions

encountered in e.s.r.

2

A (s) = gBH.S + D(s2 - %S(s + 1)) + E(Si -5 (3-11)
Z .

Equation (3-11) is considered as the starting point for
L

an interpretation of the e.s.r. phenomenon found in glasses and

the solution, as applicable to this work, is outlined below.

3.4.3 Discussion of Spin Hamiltonian Solution

The application of the spin hamiltonian approach to
polycrystals is made difficult by the fact that the observed spectra
contain spatial averages over all possible crystal orientations

relative to the applied field. In a glass matrix the situation
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is even more complex as it is not at all certain that the
paramagnetic ion is in only one site. At best one can probably
assume similar co-ordinations for the probe ions, but the
inter-ionic spacing in the immediate vicinity of the probe ions
will differ throughout the sample, Consequently a second
average must be '‘made in attempting to ?eproduce the observed
resonances and such an analysis may be'of little value unless

a great deal of structural information is also known about the

- glass matrix.

A broad g2 resonance is to be expected for transitions
between two pure states, but to accoﬁnt for the high. g-value
resonances found in glasses containing Gd3+, consideration must
be given to forbidden ( lAfﬂs]> | ) transitions, which require the
presence of strong crystal field effects to remove the limiation
imposed by the seleétion rules, The low field transitions are

then effectively those between the crystal-field-split doublets

of the J = 7

E state.

The hamiltonian of equation (3-11) can be written

2

2 1 2
It (s) = g,AHS, + g A (HS + HySy) + D(S = FB(S+LIME(S, -5))

(3-12)

A simplification can be made by assuming g isotropic with

= = g.which gives
.g” EL 4 g

' ' : 2 1 -2 2
= - -8
A#G) =g ﬁ (stz + HS_ + HySy) + D(sz 3s(S+1))+E(sx y)

(3-13)
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Classical mechgnical angular momentum can be represented
by a vector whose direction corresponds to the sense and axis
of rotation and whose magnitude corresponds to the value of the
angular momentum about this axis. However quantum mechanics
limits the available knowledge to the magnitude of the angular
momentum and its component in one direction. The relationship
between the components of S may be expressed in a definite form
if these component vectors are represented as operators which

obey the following commutation relations.

[SX'Sy = iSz;[Snyz] = 18, [SZfsx = iSy (3-14)
\

where [Si'sj S.S - 8.8

=2 545 o1 (3-15)

' m 2 2 2
and the magnitude of S ish(S#)where S = S;2<+Sy+sz (3-16)

Two operators A and B are said to commufe if_LAqB] 2 0 which
means that A and B may be precisely known at the saﬁe time and
can be represented by diagonal matrice;. It has also been shown
(3.6) that in a representation where 82 and Sz are diagonal, the

operators Sz, Sz, Sx and Sy have the following properties:

52 lM>» =8(8+1) |mM> (3-17)
s, | M> =m JmMp, (3-18)
s, Iud = (s(s+n)-mumal) ) 3 {ml) (3-19)
S_ !M> = (s(s+1)-mm-1) ) B lu-> (3-20)
where S = S+ iS and §_ =85 - iS . (3-21)

and lM) represents a spin state,



From (3-13) and (3-21) the spin hamiltonian becomes:

. . « 2 - l
M) = g /3 stz+Hx(°++s-)) + D(SY - 35(8+1))

2 2
+ E(S+ S_)

— (3-22)

Now since we can represent the applied field H in terms of
components along the z and x directions such that Hz = H cos¥é
and H_ = H sin ©& we have

RE(S) = gﬁ(H cos & 5, + %H sin® (s_ + s_))

D, .2 E .2 2
3088, - 8(5S + 1)) + (S - 87) (3-23)

Matrix elements can be found from:equation (3-23) by applying
the rules given in equations (3-17) to (3-21) to the

J = % gadolinium ground state., The matrix.elements can pe
calculated by the use of 'operator eqﬁivalents' as described
fully by Stevens (3.7) and Bleaney.and Stevens (3.8). These
calculations have been made once and for all and are’

tabulated (3.9). The formation of the matrix using thes; values

is outlined below.
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Firstly the diagonal components are given by

[ BS
wlo

) + (7.3)

<—%ln(s)‘ [—%> =g @B Hcosb (-

-2 lms) |-2D-epicsd H+2 aa

<—§\u(s> |-2> -epncos® <-§)+% (-9)
30 | 3pmranend cheD cn

(3=-24)
<%}u<.s) \ %>=gﬁ Hoos & ( ) +73 (-15)

(ilus | 3)-se

3lww | E>-spuems ¢

e o]

cos & ( §)+§ (- 9)

5 D

§)+§' (1.3)
.7 7 7 D )
<-2-ln(s) l-§>=gﬁ Heos® ( D +3  (7.3)

next the first order off diagonal elements are

' 5 3
-5 7 1 . 63 - 35
< E! H(S) —§> =-2-gf3H slqs Y T)
<_.§.}H(S) __5_ _'.!'_ H 1 9 gg - 1_5 é
D) _ 2 —2gﬁ sin 4 2
o T ey .5 I TP /gg - 35
\ Zln(s"-2>‘2gﬁH5m9L4 4)

CHwo | > demnano(S 1) b
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- i
<' g H(S) |- §> = %g A Hsin 8 643 _145 )
<_§ H(S) -—1-> -l 4 usine /83 -3 ) %

2 2 =38 sin < e
3

e
N oo
—

) | 3% =g p w8 (82 '%)

4"\
N |

H(s) ]'3‘) =%gﬁ Hsin&(%?— - é)é

P
N en

H(s) | %} =‘;‘g/3Hsinﬂ(—GZ3- - 175)%

H(s) | -2-) =%g/3 Hsin&(% - %)é

”\
N

e | 3) -l Auamg(8 - )

-\ N\
N eo vl

3
H(S) I %) =%g/9Hsin¢9(§4§ - 175)
<_§l H(S) l '%) =%g/9 Hsin&(% %5:1
and finally the second order off diégonal elements are
) =
<<’i % ' H(S l + g ;> % szzj
<t§! 'H(S) lt§> _ %.‘3/?:_
<t§[ O ERYETS
Eilwe [72) - 2 om0

o feo

(3-25)
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The resulting 8 x 8 matrix becomes;

1
N
N
SRpns—
N =
\/
Ss—
e
N~
ment—
N | en

-2 12> |-2) |

2
3

2

1
2

N [en

N
v

-%G+7D G'fz8' E
2

' 28 _§G+D o' 14 E3fs’ o 0 0

2
g3 6 128 3.5 ¢ (e 4 15 0 0
= 2. 2 2
, ,
0 e 3ls’ ;. [&0 -3 ' 4 E[I o
2 2 2
0 ) {15 o 4 2650 c'leo E 33
: 2 2
.0 ) 0 E {15 G.Ss_zo gc—sn G' lag'
A 2
' ” E 35 c'la8 5
) 0 ) ) = > 2G+D
o ) 0 0 ) E 351- G'S_z_zg

'whereG=g/3Hcose and‘G'=ég[5Hsin9

It was found convenient during computation to divide this

matrix into three submatrices which are given below. This allowed

the crystal field parameters D and E to be varied.

i)
2
0]
0
(0]
0
0
E 521
2z
G' 128
2
7
§q+7D
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The E matrix becomes C -

-7 _ 5 -3 -1 J * 3 5 7
E , 2> , 2 , 2> ,'2 ’z> ,2> ,2> '2
- —;’-> 0 0 2.292 0 0 0 0 0
—§> 0 0 0 - 3.354 0 0 0 0
3
-S> 2202 o0 o 0 3.873. 0 0 o
1
L . 0 0 3.873
2) 0 3.354 0 | | 7 ) 0
-l> 0 0 3.873 o 0 0  3.354 o
3 ' .
2) 0 0 0O  3.873 0 0 o 2.292
. | .
5) 0 0 0 0 3.354 0 0 0
7 . o
2 o) 0 0 0 0 2.292 o) 0

- and the D matrix is

> R FD D 1 10 1D D 13

7 o 0 -0 0. 0

1 1 ] ]
o N[ ™= N len N}q
NN N vV AV Vg v
. o - -

O

(o]

1

3]

o

o

(@)

(@

Nien

[ RN
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whilst finally the D and E independent terms become -

DD D DD D 1D 1D
2 2 2 2 2 z 2 2
- -;—> 0 2.646 0 0 0 0 0 0
B %> 2.646 ) 3.464 ) o) 0 0 o
\
- %> 0 3.464 0 3.873 0 0 0 0
- %> 0 -0 T3.873 0 4.0 o~ o 0
%) 0 0 0 4.0 0 3.873., 0 0
%) 0 0 0 0 3.873 o' 3.464 0
§> 0 0 0 0 0 3.464 0 2.646
%) 0 0 0 o 0 0 2.646 0

¥
By solution of the sum of these three submatrices for a
particular set of values of E, D and o an energy level scheme

can be found for the gadolinium ion for a definite value of the

external magnetic field H. As H is varied an energy level diagram

. of the type shown in Fig. (3.8) is produced. - It is then possible

to predict the magnetic field values of possible transitions. On
Fig. (3.6) all the possible X-band transitions are indiéated; however
since in glasses anlaver;ging process must be employéd to account for
the observed spéctrum it is necessary to find a measure of the

expected relative intensities, which depend on the transition

‘probabilities. -
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3.4.4, Transition Probabilities

It is well known (3.10) that transition probabilities can be
calculated by adding a perturbation to the hamiltonian. From

. . 2
equation (3-13) by adding H,” cos wi the hamiltonian becomes;

#(S) =g/_:.(sx1+sy_1+sz£) . h2 coswf(cosat.i+sinac_j')

(3-27)
where H, cos u:é represents the oscillatory magnetic component of
the microwave energy and where e gives the orientation of h in

the x-y plane. -

The probability (¥p,s per unit time that a paramagnetic ion
initially in the state [M) 'will be found in the state [m’> is

given by Pake (3.11) as

2
Vi .
w,,, = |<~]| H lm>, 9(”) (528
m .
i
where g (¥ ) represents the resonance line shape distribution.
However, the nature of g () 'is not important in the calculation

of relative line intensities which are given by

P

m

m.' ="(m'l H.'l"‘>r (3-29)

When the crystal field is such as to cause mixing of the basis states
it is possible to represent the mixed states as linear combinations

of the eight basis states.




For example two such mixed states can be of the form

|a) = é Qmul’“'> | (3-30)

|b> — 2 bn_ !m> | | (3-31)

In this case the transition probability as given by equation (3-29)

becomes

Pab = (% 113 ﬂ)t(cosu <al S, + 5_|b)

2 _
— L Sinee <qlS+-S_Ib>) , (3-32)

= (ihgﬁ)z(coszac (Ql S.,."‘ S..lb>’.

b Sintec <alS, =S [B>Y) (3-33)

The variable site occupation means that in a glass all
orientations have equal probability so an average must be taken over
. 2
all possible values of &€ ., Since the average values of sin &

2
and cos &€ is 4, equation (3~31) becomes

Py = (2 hap) (2 <alS, +S 165 + £<el5,-5165")

(3-34)

.- (%haﬁ)z(@lsflb)t-r <alS_[b>) (3-35)

It has been possible with the aid of a computer programme

given in Appendix I to calculate all the energy level differences
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between predicted energy levels with—the J = % state for
particular magnetic field values. This energy difference is
compared with the microwave energy applied and if it is within
a specified tolerance the.probability is calculated to give a

measure of both field positibn and intensity of the expected

transitions. .

The computed output can be drawn as a histogram of'
field orientation.” Again since all orientations of the glass
sites have equal probability a summation must be made for all
field orientations. Since isotropy in the x-y directions has
been assumed in the derivation, a weighting factor of 2 siné#
+ cos & must be used to correct the relative transition
probabilities. Evaluation of the results of these calculations

are presented in the Section 3.4.6.

The spin hamiltonian of equation ( 3.Jl ) will be seen later
‘to lead to an explanation of some of the structure found in the
electron spin resonance signal of the gadolinium containing glass.
However, the approximation of symmetr& in the x-y plane may lead to
somé inaccuracies. In order to evaluate the effect of non
uniformities in the x~y plane an alternative hamiltonian was
considered in which the external magnetic field is restricted to

fhe x-f plane., The hamiltonian ( 3.8! ) thus becomes
. .
#s) = 98(Hs, + K5, +H, ) D(sy-y3(s+7)

+ E(S;.— S;)

wheére we assume‘ 3” = aL = 3
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Let H = 0 ;
z
H = H cos o
x
H = H sin &
y

then ﬁ(ﬁ) = 9 Y. H(cos& S, *S5in& Sy> +)(s_:.-lis{s+l))
+E(S:-S;) (3-36)

using 5 ;:_. (5.-5.) and § = i.(s,,-;- S_>

and substituting into eduation (3-36) gives
H(s) = £ 9pH(sia0+ i cor0)S, ~ L qpH(5ind-icos8)S_

+__);_(35;..5[s+a))+.§£(s:¢ S_") (3-37)

Equation (3-37) can now be solved in a similar way to equation
(3-23)., Again spatial averages over all possible angles for the
external field must be made and transition probabilities
calculated. This results in a histogram of transition intensity
versus magnetic field for a particular crystal field value. To
obtain the observed form of the reson;nce absorption this x-y
intensity variation must be added to the result for the x-z plane.
\

The results of this further calculation are presented in

Section (3.4.6).

3.4.5. Results

-,
3

E.s.r. absorption was anticipated only for glasses con;aining

3+ .
Gd ions, however, specimens of all the glasses prepared were
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examined in order to eliminate the possible existence of impurity
resonances (for example from Fe3+) whigh might interfere with the
Gd3+ spectra., Resonances were never found in any specimen which
did not contain gadolinium, a feature which also confirmed that
the titanium ions, when added to the glasses, were predominately
in the non-magnetic Ti4+ state. Consequently any possible
influence of these ions on the Observed spectrum due to cross
relaxation phenomena can be ruled out. In further support of

this conclusion the temperature dependence of the spectra for
glasses containing both gadolinium and titanium ions was not typical
of that to be expected for a resonance spectrum dominated by cross

relaxation (3.5).

The resonance.spectra for three gadolinium concentrations

(0.09%, 0.2% and 1.0%) were examined in preliminary measurements
in order to détermine the optimum conditions for the present
investigations. The general form of the spectra in the range from
H=0 to 8k&a is the same for all the compositions with relatively
sharp resonances at g # 5.9 and 4.3 and a much broader high-intensity
resonance with its centre field qorresponding to g == 2.0. This is

shown for the glass L.A.S. 1058 (i.Q% Gd) in Fig. (3.6). There is
also evidence of some further structure associated with this large
peak iﬁ the vicinity of g = 2 but it has so .far proved impossible to

resolve this.satisfactorily.

The only variation evident from decreasing the gadolinium

concentration is associated with the broad central resonance which

decreases in intensity but has a constant half-width. There is no
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corresponding change in the higher g value line intensities _
and again their half-widths are independent of composition;
consequently it can be assumed that there are no appreciable
interactions between the Gd3+ iops leadiné to exchange narrowing
of the lines in the concentrations studied. These features are
typical of those found by earlier workers with gadolinium doped
glasses, and the use of 1.0% gadolinium concentration_employed
in the previous investigations of other, workers allows a more

meaningful direct comparison of the various sets of results.

The resonance spectrum of the 1% Gd3+ sample Fig (3.7)
is similar to that found by these earlier workers (3.12) (3.13)
(3.14) using éther types of glass matrix. Differences dué to the
glass matrix were found when the differential of the e.s.r.
absorption of 1% Gd3+'in lithium aluminium silicate, sodium
silicate and sodium bofosilicate,glass were compared. These

are shown in Fig. (3.8) and will be discussed later.

The main interest in this study was in the lithium aluminium
silicate glasses and it was found for gadolinium-doped glasses in
this system tﬂat after heat treatment the intensities of the
gz(g = 5.9) and g5 (g = 4.3) resonances (see Fig.(3.7)) decreased
with respect.to the gl resonance as the heat treatment is incircased
.above about 600 °C. This decrease, which is shown in Fig., (3.9)
occurred for both the L.A.S. 1036 (Gd and Ti doped) and L.A.S. 1058
{Gd doping only)lglasses. However, the detailed variation of the
intensity ratio eof the gy and g3 résonances (12/13) depends upon
the composition of the glass under investigation. For the L.,A.S..

1058 glasses, increasing the temperature of heat treatment led to
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FIG 3.8 E.S.R. DIFFERENTIAL ABSORPTION SPECTRUM
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a sudden increase in Iz/I3 above about SOOOC. This temperature
corresponds to the onset of crystallisation as described earlier.
Fig. (3.10) shows the variation of this ratio with increasing

heat treatment temperature. .Fig. (3.10) shows also the behaviour
of the glasses.kontaining both titanium and gadolinium for which
the results are obviously different, the 12/13 ratio decreasing
with increasing nucleation'heat'treatment temperature. Comparison
with the D,T.A. and crystallisation data of Fig. (3.1) suggests
that these variations in the intensity ratio aré associated with

the onset of crystallisation, differences occurring due to the

different methods of nucleation.

The observation of Gd3+ spectra in other glass matrices
shown in Fig. (3.8) shows that although the resonance line
positions appear to be‘independent of the glass host the relative
intensities of these lines change-from one matrix to another. The
relative reduction in the broad gl(gt 2) resonance produced a
greater resolution of the individual lines when the gla;s host
was changed froh lithium aluminium silicate to sodium silicate
and finally to sodium borosilicate. This increased resolution
correlates with a reduction in the viscosities at comparable
temperatures for these three glasses. As the'presence of TiO2
in L.A.S. glass, also makes the Gd3+ spectra more easily resolvable and

since titania is known to reduce the viscosity, the correlation

seems reasonable.

Measurements made of the resonance spectrum on a single sample
at 77 K and 4.2 K did not differ appreciably from those made at room

temperature.- From this and the fact that below 1% Gd203 concentrations
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no line narrowing of the spectra was observed, it can be concluded
that the broad nature of resonance lines was due to the non-
uniformity in the rare earth crystal field environment and the

random orientation of the ion sites within the glass.

Measurements showed that the high g value structure produced
3+ '
by the Gd at X-band was absent at Q band frequency. This is
in agreement with the observations of Nicklin (3.14) who found

that at'frequencies away from X-band, resolution of- the spectra

gradually decreased. This is shown in Fig. (3.11).

3.4.6. Results of the Crystal Field Calculations

The solution of equation (3-23) produced a series of energy
'levels, for the external field set in various directions with
respect to the X-2 plane. It was necessary to have a measure

of the crystal field parameters D and E which could then be varied
to allow a simulation of the experimental results. For the

X-band measurements as discussed pre;iously the high g value
resonances are indicative of crystal field mixing of the basis
states. To observe the mixed states fhe microwave energy must be
comparable with the crystal field energy. Consequently the value
of the microwave energy could be used as a gtarting value for

the crystal field parameters D and E., It was also considered likely
that the crysfal field would show some degree of axial symmeiry,
inherent in thé initial assumption of isctropic g values. This
allowed the variation of D and E to be semi-syétematic. Even so,
values of D and E were chosen across the entire range from the
strogg crystal field case, when zero field resonances predominated,

to the low crystal field, pure Zeeman region.
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Although eigenvalues, eigenvectors and transition probabilities

were found en route to the final expected transitiop intensities
only an indication of their values for a few typical cases are given
in Table (3.4). It is more appropriate to consider the histograms
obtained by summation of the spatial orientations for individual
crystal field parameters. Some of the histograms formed in this
_manner are shown in Fig. (3.12). By a comparison of Fig. (3.12) with
the numerically_integrated differential absorption specfrum of
Ga>" in 1ithium aluminium silicate glass it is apparent that no -
single set of D and E values adequately accounts for the observed
results. However, it can also be seen that the dominant broad
" peak at g & 2 requires a summation over relatively low crystal
field valués. This is to be expected as in the pure Zeeman limit
the basis states must remain pure. Transitions theﬂ occur with
the normal "free ion", ll&ﬂﬂ,l==l'_ selection rule which produces
g values with magni?udes close to.2. The broadening is then
thought to be due, as discussed earlier, to random orientation
and crystal field fluctuations of the Gd3+ environment in the

. )

glass matrix.

It was found that a relatively narrow, well defined region

" of hiéh transition probability occurred in the regién of ga 6

for a range of crystal field values. The remarkable stability of -
this absorption with respect to the crystal field could account for
the relative narroﬁ form of this line in the glasses. A dual site
occupation must be suggested éo account for the two different
resonance lines (gl,gz) as no - individual crystal field value was

found to describe both position and intensity of these two distinct
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TABLE 3.4

Example of Predicted Transitions at X-band for Gadolinium

Crystal Field Parameters

Magnetic Field

in a High Crystal Field

D = 0.07 cm

0.60 kG. in Z Direction

Predicted Eigen Values

-0.43

-0.41

Eigen Vectors

0.0000
=0.2177
0.0000
.0.9288
0, 0000
-0.2995
0. 0000

0.0148

Moments

0.82

0.0520

0.0000 -

-0.6410
0.0000
0.7588
0. 0000

-0,1032

00,0000

0.62

_0.

22

-0.11 ° -0.04 0.22

-0.0849 0.0000 0.0000 =-0,0188

0.0000 -0,4058 0,8876 0,0000

0.7611 0.0000 0.0000 0.0125

0.0000 0.1932 0.3162 0,0000 °

0.6344 0,0000 0,0000 0.1463

0,0000 00,8910 0.3339 0,0000

-0.1051 0.0000 0.0000 0.98920

0.0000 -0.0642 -0.0263 0,0000

1.

32

=-1.54 3.68 ~-4.88

Predicted X-band Transitions

Eigen Values

-9.92295E-02

-4.19270E-01

Transition Probability = 9.2109

Eigen Values

2,21458E-01

=9.92293E-02

Transition Probability = 10,7572

E = 0,025 cm

0.9949

0. 0000

0.0987

0. 0000

0.0172

0. 0000

0.01351

0, 0000

6.92

0. 0000

0.0005

0. 0000

0.0070

0.0000

0.0706

0.0000

0.9975

-6.94
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Gd3+ resonance features. Certain discontinuities in the calculated
histograms arise due to the mesh size used for the computation in
both magnetic field value and orientation interval. These
irregularities will be smoothed'out by a reduction in these

increments but no new features appear to be developed.

From the integrated spectrum Fig. (3.13) ;t can be seen that
the resolution is greatly reduced compared to the experimental
differential curve. This together witﬁ the broad nature of the
curves and the necessity for a finer mesh for combutation means
that an exact fit with the experimental results will require
extensive computation. However, the summation of transition
intensities due to crysfal field values around D = 0.06 cm_1
and E = 0.015 cm-1 whil .t accounting for the resonance with
g & 5.9 also produciad shusorption peaks ut aither side of the
g = 2 region as shown in Fig. (3.13). It is suggested that this
accounts for the poorly resolved structure in the g « 2 region fo;
Gd3+ doped L.A.S. giass which may be similar to that observed for the
equivalently doped sodium borosilicate glass. If this is so then
the absorption with g = 4.3 is not yet explained. However, when
the hamiltonian ( 3-37) representing the assymmetry in the x-y
plahe was solved the low crystal field values of D and E produced
a marked absorption in the region of g = 4.3. It is therefore

suggested that two sites exist for the gadolinium, one with a

high cryétal freld and the other with a much lower crystal field.

. To enable a good fit to be oﬁtained with the experimental

results a gaussian distribution in the crystal field parameters was
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used. ' The resultant values for the low crystal field site were found
to be D = 0.018 . b 0.004 , E = 0,005 g 0.002 whilst the other

site had D = 0.065 % 0.005 E = 0.025% 0.005§ Gm.-lAlthough

an exact fit with the experimental results requires more

extensive computation, the averaging procedures adopted have

obviously predicted the main features of the experimental data.

From the overall integrated absorption intensity an estimaté
can be made of the relative occupation for the two proposed sites.
This is found to be approximately 1:20 for the high and low

crystal field sites respectively with 1.0 mole % gadolinium

in a lithium aluminium silicate glass.

To verify the values of the crystal field parameters found

P}
measurements of e.s.r. absorption were made at Q-band frequencies
(~4x lO10 Hz). A broad low intensity absorption was found in

the region of g 22 2 with no high g value absorption lines.

" Microwave energies which corresponded to Q-band frequencies were
used to calculate the expected intensity and position of-the
transitions for the-level schefle corresponding to the high and low
crystal field values found to explain best the results at x-band.
In agreement with the experimental results only a broad low

intensity absorption in the region of g = 2 was predicted.

Various useful information has been obtained by employing
the spin hamiltonian approach to account for the main reschances
- 3+ .
of the glasses containing Gd but an alternative method of
analysis is possible. This has been described by Koster and

Statz (3.15) (3.16) and uses the fact that the matrix elements
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contained in the expression for ?he oscillator strengths suggest
that a great many transitions may occur between the eight levels,
including some at very low field values. The hamiltonian used

in this treatment is formed by using basis wave functions of the
correct symmetry and Koster and Statz have shown that the matrix

elements of fﬁz between two states Tﬁ and 1? may be written

LAH 7> < pp a7 (b Ul s My e 05)
v pip 97 (M + Hy Uy'e H,;)

(3 -36)

Where the g ZS \s are fitting parameters and the v 's are

matrices which have been derived once and for all for many

symmetries by Koster and Statz. The zero field splittings are

assumed to ?xist ab initio and the level separations aré then

also used as f;tting paraﬁeters. Unlike the spin hamiltonian

approach the g values are not related by simple constants and

there is, in consequence, considerably more flexibility in fitting
t

observed resonances using this method. Due to the difficulty of

interpretation of.the glass spectra this procedure was not

followed and is only given as an outline of a-possible alternative

method.

3.4,.7. Discussion

Inh the light of the randam -orientation of the distorted
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environments about the Gcl.3+ ions making the spectra interpreﬁation
incomplete, it was found more useful to attempt to employ the
characteristics of the resonance spectra themselves (i.e. line
width, resonance field and linelintensity) as a means of

¥

obtaining information indicating possible correlations between

the structural and electronic properties of the glasses.

The most sensitive feature of the spectrum, Fig. (3.7)
the low field resonances and, as has been shown, the relative
intensi?ies of these lines vary with heat treatment, the detailed
variation depending upon the composition. However, the line
lwidths and resonance fields are essentially constant, If the
increase in the 12/13 ratio with heat treatment tempera?ure
observed for the LfA.S. 1058 glasses is taken as the normal
behaviour then the sudden drop in this quantity in the
titanium~-containing L.A,S. 1036 glasses must be taken as an

indication of an interaction between the Gd3+ and Ti4+ ions.

If the Gd3+ is in only one site in fhe glass and the low
field resonances arise from transitions between the strongly
hybridized doublets of the J = % manifold it is difficglt to
see why the presence of titanium ions during crystallisation

should affect one of the resonance lines more than another. It
is poSSible that at Gd3+ sites, which have a Ti4+ ion in the
nearest neighbour shell, the change in the crystal field is
sufficient to ch;nge the eigentunctions of fhe levels involved

in the low field transitions and hence the transition probability

between them. Changes of this type would normally be accompanied

“““Asz'rslr{u’””ﬂl]],
1'6 JuL 1973

SEcrion
[.IBRARY
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by changes in the energies of the levels concerned and
consequently in the resonance field values. As this is not
observed any changes must be such as to leave the average
resonance position the same. The spin hamiltonian approach
coupled with the preceding considerations again suggests that

a two site model is to be preferred.

In this case, it is convenient to consider the g = 5.9

and g =~ 4.3 r;sonances as being produced by Gd3+-;ons at two
different sites. The structural evidence described earlier
suggests that on crystallisation with titanium present, the
gadolinium and titanium ions may become jéintly involved in
complexes in the crystallising glass. If this is so, then the
zero field splitting of the ground state may be modified by the
presence of the quadrivalent titanium ions as described prgviously.
These changes will depend on the location of the Ti4+ ions with
respect to the sjﬁmetry axis of the local electrostatic field at

the Ga°¥ site.

Under these conditions the obseryed changes in the resonance
line intensities would seem to suggest that (i) titanium is
incorporated into one site in preference to another or (ii) the
crystal fiela is less sensitive to the presence of Ti4+ at one éf
the sites compared with the other, or finally (iii) that the
Gd3+ ions are ejected from one of the sites as crystallisation
develops. It is also interesting to consider the overall
‘reduction found in gadolinium=-containing glasses, irrespective of

titanium presence when the glasses are subjected to the heat
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treatments causing crystallisation. Eventually only a broad

g o~ 2 absorption is found after crystallisation. The development
of a well-defined crystalline structure as the glass crystallises
will produce an increased influence on the Gd3+ ion, Ultimately
the.rare earth ion may be located within the crystalline phase

or in the residual glassy phase. Either process could give rise
to the observed spgctra as in both cases the Gd3+ ion is expected
to be subject to a greater crystal field by the_developing —_
crystals. It is clear from the discussion and from.the results
of previous workers (3.12) (3.13) (3.14) with various glass
matrices that the observed spectra are predominately produced

by the rare earth ions. So it cannot yet be decided whether

the Gd3+ ion will be finally 1ocateq in the crystalline or
'residual glassy environment. However, the electron sgin
resonance of coﬁmercial gadolinium oxide powder shows a broad

g = 2 absorption. This is to be associated with the-
polycrystalline state of the sample but gives a measure of the
width of the Gd3+ resonance under these conditions. The result
of crystallisation of the glass is to ?educe the Gd3+ résonance
to a similar structure to that found with gadolinium oxide. This
similar structure due to a high symmetry, low crystal field
environﬁent for the Gd3+ ion indicates that a crystalline
environment may result for the gadolinium ion in a glass ceramic.
It is difficult to describe the two sites suggested for the
gadolinium in d;tail, as the parameters D and E used in the

calculations cover a broad range of possible crystal field

environments. ' It may be that the low crystal field site is
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produced when gadolinium directly substitutes for a silicon ion
whilst the other site is more likely to be due to the gadolinium

located in an interstitial position.

The observed change in the Gd3+ spectra as the glass
matrix changes, shown in Fig. (3.8) can thus be explained by
either a crystal field distortion or a site occupancy change.
The latter is preferred as no change in the effegtive g-vélues was
found when the host lattice cha;éed. From tﬁé_observation of_
gadolinium in a borosilicate glass it would appear that the
direct substitution of gadolinium into a symmetric site is less
likely than in the lithium aluminium silicates. Alternatively the
reduced viscosity at an equivalent temperature of borosilicates,

may favour the production of interstitial pesitions for

gadolinium ions.

A comparison of the computed absorption for gadolinium in a
high crystal field envirwnment, with the obsorved absorption from
this crystal field component for gadolinium in a borosilicate glass

is given in Fig. (3.14).
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FIG.3.14(a) Derivative of E.SR. signal for 1% Gd,0, in a
Borosilicate glass with a broad g=2
component indicated by the broken curve.
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(b) Difference of the curves in fig (a)
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CHAPTER 4.

RESULTS AND DISCUSSION (Part 2)

4.1 Introduction

- It is evident that the results outlined in Chapter 3 do not
.provide a complete understanding of.the role played by the
gadolinium and titaniuﬁ in the crystallisation of the L,A,S.

glass composition chA;;h. To clgrify the position_;n alternative
approach to the e.s.r. monitoring of rare earth ions was considered.
This second method caﬁ be summarised as the observation of

induced defects produced in the glass matrix by X-ray radiation.
Additional information could be obtained by this method as
eleptron spin resonance signals were known to be associated with
the defects and the titanium ions, if the latter could be
converted to the paramagnetic T13+ state., Defect production was
also thought likely to reflect the glass matrix stability and
hence elucidate the mechanism of nucleation and initiallcrystal
growth., Since both gadolinium and titanium were seen earlier

to play relevant roles in the‘crystaliisation process, information
obtained from the defects should lead to some clarification of

the problem. X-ray irradiation was chosen as this energy is
sufficient to produce internal ionization in the glass specimens,
but not to produce ionic displacements which would gomplicate the

investigation.

In addition to the observation of the defects by e.s.r use

was made of thermoluminescence and optical phenomena. Luminescence
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characteristics of glasses containing various rare earth ions
were measured as a preliminary to carrying out the
thermoluminescence measurements. X-ray luminescence spectra of

Pr3+, Sm3+

, Tb3+ and Dy3+ doped Soda glass are shown in

Fig. (4.1), and the positions of the emission bands are listed
in Table (4.1) along with the overall colour of the lumihescence
after Shulgin et al, (4.1). U.V. excitation has been reported
(§.2) (4.3) to produce spectra of the same form. This i§_to.be
expected as all the observed peaks are rela ted to electronic
transitions between Stark éomponents of the energy levels of the
tripositive rare earth ions. As can be seen from table (4.1)
the gadolinium jions gave a single emission band at 313-315 nm.
The luminescence intensity of this band was found to be an order

of magnitude greater for the same Gd concentration when the

0
23
base glass was changed from sodium silicate to lithium aluminium
silicate. A lower absorption coefficient in this wavelength range

for the L.A.S. glass accounts for this increased intensity.
Measurements of the total luminescence emission with increasing
temperature showed that the observed intensity is appreciable
to above 650 K. For example fig. (4.2a) shows the temperature
3+ 3+
dependence of the Dy (490 nm peak) Tb (553 nm peak) and
Gd3+ (314 nm peak) luminescence in soda glass. The data for
a3 3+ . . .
Gd and Dy is replotted in fig. (4.2b) as a function of
reciprocal tempéraxure and it is evident that the thermal
.quenching of the luminescence is given by the relation (4.4) below.

I(T) = I_(1 + Cexp(-W/kT)) (4-1)

‘whHere W is the activation .energy of the quenching process. For
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TABLE 4.1

Activator Colour Luminescence Peaks (nm)
3+ . =

Pr White 420-430 530-550 620-645
3+

Sm Orange 560 573 604 650

Too* Blue/Green 382 416 450 490 550 590
3+ . '

Dy White 485 490 587

ca>t 313-315
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the case of Dy3+ in sodium silicate glass the data gives

W = 0.20%0.03 eV, and for Gd°' in L.A.S. glasses W = 0.1%0.03 ev.
The persistence of luminescence emission to the high temperatures
observed justifies the choice of a rare earth probe as an

indicator during the thermoluminescence measurements.

The resulés for Tb3+ do not follow this classical behaviour
ané no attempt has been made to interpret them; It is noted,
however, that Bieringer and Montgoméry (4.5), in a study- of
radiation induced absorbance in rare earth doped silica also
observed abnormalities specific to the terbium doped sample.
This was attributed to the production of dopant-asspciated
traps anq may be the origin of the failure of equation (4~1) to
fit thq experimental thermal quenching results of terbium in

sodium silicate and L.,A,S. glasses,

4.2 Thermoluminescence

4.2.1 Theory

_Thermoluminescence involves the thermal actiyatiod of.
electrons and/or holes from traps and_their'radiative
recombination, Although energy gaps are normally associated with
the §eriodic nature of»the crystalline state it can be seen from
the optical absorption of glasses that an equivalent gép exists
in the glassy state. Recent work (4.6) has attempted to derive
a theoretical model for band-gaps in amorphous materials but this
requirés material inhomogeneities to exist within the sample. The

band edges are not well defined in the amorphous state with the

density of states tailing into the gap, since this band gap is
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forbidden only when there is perfect order. . Electron tranéitions
are considered to occur within this forbidden band. Electrons can
be éaised from the valence band to the conduction band by application
of sufficiently high energy radiation., Excited electrons, so
produced, may either recombine directly with the created holes

or rehain in traps located near the conduction band. A échematic
diagram of the hole and electron traps is shown in Fig. (4.3a).

As the temperature of the irradiated sample is increased and

" sufficient thermal energy is supplied the trap#ed electrons

can be released. By their recombination with holes these freed
electrons can produce an optical frequency emission whose intensity
is a measure of the trap population whilst the temperature of
emission gi;es an indication of the depth of the trap. Electron
traps can be located at point defects, substitutional defects,
impurity defects etc., and in general the recombination site may

be different from the production site due to migration of the

defect or energy transfer procesées.

In order to establish an applicable thgory for this process
the number and occupancy of the electron and hole traps must be
known together with the degree of charge transfer between these
levels. Several approximations can be made to facilitate the
procedure. The U.,R.W, formalism due to Urbach (4.7), Randall and
Wilkins (4.8) is commonly adopted, in which electron escapé from
trapping centres and subsequent emission of radiation is assumed
to be a thermally activated process of first order. The probability

per unit time of this process is

P = bexp(-E/KT) (4-2)
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n

where E is an activation energy and b is the so-called "frequency -
factor" (4.7). 1If n(t) represents the number of filled traps at

time t, then

-dn/dt = bexp(~-E/KT) n . (4-3)

For an initial number no of traps at a constant temperature T°

n(t,To) = noexp(—Pot) ' (4-4)
where P_ = bexp(-E/KT_) (4-5)
and -dn/dt = Ponoexp(—Pot) . (4-6)

represents the intensity of the light emitted after a time t.

An exponential decay is predicted.

The integration of equation (4-3) for a linear increase in
‘temperature, gives the shape of the glow curve. The solution is
given by G, Bonfiglioli (4.9) in terms of the parameters E and/q
as |

AE/XT? = exp(-E/KT) . (4-7)

where thg temperature T* corresponds to the maximum of the glow
peak and /8 represents the speed of warming. An exponential
increase in the emission is caused by the thermal depopulation
of the defects and ceases when the number of electrons in the
traps becomes small, the lighé output falling to zero when the
traps are empty. The above calculation assumes only one electrgn
trap and one hole frap, but there is no a priori reason why the

number of holes and traps should be equal or limited to one,

particularly in the glassy state,
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Yokota (4.10) used thermoluminescence in the investigation
of fused quartz and later Kikuchi (4.11) noted that the broad low
temperature glew peak in fused quartz and other glasses was not
found in crystalline quartz. This broad peak followed the
temperature of irradiation to the lowest temperatures available
and ied him to suggest that this band of the glow curve is due to
many shallow electron traps whose levels are distributed over a

wide range.

The rate of decay of 1um}nescence after the incident
radiation is removed has been found not to resemble that of a
bimolecular process. Several attempts have been made to obtain a
theoretical fit to the experimental decay curves. Kikuchi (4.11)

proceded as follows:

Let £ represent the depth of a trapping level from the
- bottom of the conduction band and the density of electron occupied
trapping levgls ffom & to & + de immediately after the removal
- of £he X-ray irradiation be z( ¢ )dg . .Then the intensity of the
luminescence I(t),.t secs, after the irradiationceasesis given

by (4-10).

SO
I(t) = I Cb exp(-bt exp(- € /kT) z( € )de (4-8)
[o]

where b is a frequency factor, k is Boltzmann's constant, T is

the absolute temperature and C is a constant,.
1

1f we assume that the trapped electron distribution to be

uniform from levels E_ to Es as shown in Fig., (4.3b)

d
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i.e. 0 < E£< E, z(€) =0 .
E & € S E, 2(8) =4 (4-9)
E, < € z(€) =0

where Es and Ed are the most shallow and the deepest trapping
levels occupied by the electrons respectively at t = O, then
substitution of (4-9) in (4-8) gives

E

1t) = | ¢ A.Cb exp(- & /KT)exp(-bt exp(- & /kT))dE (4-10)
. ES
= Io exp(—bxdt) (1- exp(-b(xs-'xd)t)) (4-11)

b(xs- xd)t

i
where X_ = exp (-ES/kT); X, = .exp (-Ed/kT);

d

and‘Io is the luminescence intensity at t = 0

Since x_3) X (4-11) becomes

dl

I(t) = I° 1 - exp(-bxst)
bx t
s

(4-12)

An estimation of the trap depth can be made by finding a bést fit
for Es and T, if b is figed. However, the agreement of eqqation
(4-12) with the experimgntal decay curves at various temperatures is
not very good. The discrepancy is no doubt caused by the assumption
of only one type of site in the glass and it may be necessary to
assume a non-uniform electron distribution over many traps. This
would probably be the case in'our systems as the perturbation of

local short range structure in glass makes the existence of a series
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i
of discrete traps with a relatively narrow range of energies possible.
If this is to be the starting point for the analysis, the algebraic
computations become rapidly more complex as the number of
different sites increases and has prohihited the formation of

a more relevant theoretical fit.

Even the estimate of the trap depth, from a glow curve in
crystals, is far from straight-forward. This can be seen in a
recent review of methods for detefhining trap depths from glow
curves by Shalgaonkar and Narlikar (4.12). 1In this review more
than a dozen alternative mgthods were considered, Due to the
difficulty in applying several methods to one specimen no
estimate of the range of possible trap depths for a single peak
was given. This degree of flexibility of interpretation,
coupled with the broad nature-of the gloWw peaks justifies the

use of an approximate equation in the case of glasses.

Equation (4-3) representing the rate of change of filled

traps-in the U,R.W. formalism is

-dn/dt = biexp(-E/kT) n _.';.'“_ R . (4-3)

Now for a heating rate B the solution of (4-3) becomes

T
(1n n): = - %{I exp (-E/KT)dT ' (4-13)
(+) T .
o
5 T
no=n, exp((- 16 ) I exp(-E/KT)AT) (4-14)
T
o

The intensity, I, of the thermoluminescence peak is given by

—
1l

=C dn/dt

Cbn exp (-E/KT) _ ' " (4-15)

where C is a proportionality constant.
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Substituting from (4-14) leads to -

T
I = Cbno exp(~E/KT) exp((-.}ﬁ ) g exp(-E/KT) )dt (4-16)

T
o

The position of maximum intensity can now readily be obtained by

differentiating equation (4-16) with respect to T and equating to

zero. This gives

o
b T 9 (4-17)
-+ exp((- /ﬁ; ) g exp(-E/kT)dexbbE/kT exp(-E/KT) = O
To
After cancellation this equation is simplified to
2 5 .
E/KT. = Jf exp(-E/KT ) (4-18)

Upon rewriting this becomes

2
B E -

This equation can be solved numerically to find the trap depth E
from a knowledge of the peak temperature and an estimate of b,

the escape frequency factor. However, for the case of glasses it is
‘reasonable to a;ply an approximation to allow direct solution of

(4-19). To first order E = kTm which upon substitution in the

logaritimic term of (4-19) yields

m

E = kTm In}ibT (4-20)
Y

4,2,2. Results

Thermoluminescence measurements were made on the various



- 120 -

glasses after X-ray irradiation in an atteﬁpf to understand. the
nature of the defects formed. False peaks appeared occasionally
just above the temperature of irradiation which were assumed to be
due to thermal annealing of lower peaks whilst the sample was
irradiated. This could be overcome for all the peaks, by
observation affer irradiation at a lower temperature, except

for peaks near 77 K, which was the lowest temperature obtainable.

Glow curves obtained for N.,S. and L.A,S. glasség were found
to be essentially the same for any rare earth activator and
moreover similar to one another. Further similarities can be
found between the L,A.,S, and N.S. glow curves on the one hand
and those of quartz and fused éilica (4,13) on the other (see
taple(4.2)). Especially good agreement is found for the position
of the main peak at 165 K. However, a more detailed observation
of the L.,A,S. glass did reveal. some differences in the glow curves.

1]
The base L.A.S. glass gave three distinct thermoluminescence

peaks when warmed after irradiation at temperatures from 77 K to
300 K. These peaks occurred at 150 K, 260 K and 433 K. Addition
of 1% Gd_O_ to the base glass produced peaks at 170 K, 310 K and

23
455 K.

‘The depth of-the traps & , estimated by the approximate
equation (4-20)

'E = kT 1nbT
m I
P g

are given in Table (4.2)



TABLE 4.2

SAMPLE Position of Thermoluminescenqe Peaks (OK)
1022 160 - 270 - 430° - - -
1058 - 170 - 320 - 450 - -
N.S. + 8,16 wt % Tb 175 205 - - 405 475 530 -
0.C 165 - 260 35 - - - -
C.H. 165 - 260 350 - - 500 600
S.C. 180 210" 260 350 - - 500 600

Equivalent Trap Depths For Above Peaks (e.v.)
1022 0.36 = 0.60 - 0.96 - - -
1058 - 0.42 - 0.71 - 1.00 - -
N.S. + 8.16 wt %Tb 0.39 0.46 - - - 0.90 1.01 1.12 -
0.C. 0.37 - 0.58 0.78 - - - -
C.H, 0.37 - 0.58 0.78 - - 1.11 1.33
s.c. 0.42 0.47 1.11 1.33

0.58 0.78 - -
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For low temperature irradiation of the L.A.S, glasses, the most
intense peak is at 160 - 170 K while the intensity of peaks
above 300 K is very small., In contrast the specimens irradiated
at room temperature show an ;ntense thermoluminescence at high
temperatures., It would appear from these results that the
shallow traps involved in the thermoluminescence have a bigger
_ croés séction than the deeper traps and in cohsequence are filled
first during irradiation. Furtheg it is evident that there is
little energy transfer between one type of trap and another.
Addition of titanium dioxide to the glass quenched the
thermoluminescence considerably and only iflless than 0.5% TiO2
was added could a measurable signal be obtained. However, for
0.1% TiOz, peaks occurred at 150 K and 260 K as in the base glass,
but aboye room temperature there waé evidence of ﬁeaks at 415 K

and 475 K compared to the 433 K base glass peak.

When both 0.1% TiO, and 1% Gd, O, are present the signal is

2 23
still further quenched with peaks at 150 K and 260 K, although

!
the double structure in the high temperature peak of L.A.S. 1023
becomes single and was found to be at 460 K again. These results

are summarised in Fig. (4.4).

In order to investigate the dependence, if any, of the glow
curves on the L,A,S. glass constituents, various base glasses
were made. Table ' (8.0 ) gives a list of all the élasses prepared.
Initially thermoluminescence was only observed afterirradia;ion
at room temperature., It was.found convenient to keep one of the

constituents constant whilst considering the results obtained
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with various base glassés. The position of the glow peak abpve

room temperature was found to be almost independent 0f the base L.A.S.
glass composition whilst the intensity was found to depend upon

the various component concentrations. For the glasses with

20% Lizo the glow peak inténsity increased exponentially with

Al_0

;04 concentration as shown in Fig. (4.5). The less systematic

3
results found for constant values of A1203 and SiO2 concentration
are summarised in Fig, (4.6)(a—d); The general trend appears to be
an increase in glow peak intensity with an increase in the relative
amount of A1203 preéent. Observation of the thermoluminescence
peaks at 150 K after irradiation at 100 K gives a reversal of this
trend i.e. the peak intensity at 150 K increases with increase in

lithium concentration. This suggests the association of the 433 K

L.A.S, glow peak with aluminium and the 150 K peak with lithium.

The mechanism involved in thermoluminescence involves both the
removal of an electron from a trap and a recombination process. The
glow peak temperature has been shown to be a function of the trap
depth but the intensity is also dependent on the recombination rate.
One method of investigating.the recombination is through the glow
peak intensity but the spectral resolution of the glow peaks may
sometimes resolve a double stage in the recombination process.

With this in mind the spectral distribution of the L.A.,S. 1022
thermoluminescence peaks was found after irradiation at 77 K by the use
of a series of optical filters. Optical absofption characteristics

of thefilters used are shoﬁn in Fig. (4.7). The low intehsity of

the emitted light prevented the spectral resolution being obtained with

a spectromete_r.|
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The peak intensities after correction for the photo multiplier
spectral sensitivity led to the graphs in Fig, (4.&). It can be
seen that the lower temperature peak has a more complex structure
than the similar 260 K and 433 K peaks. These latter peaks
have a single broad component in the 6,000 A region of the
spectrum whilst the 150 K peak appears . to have an additional

ultra-violet component.

~ "These curves can be compared with the X-ray fluorescence
intensities of sample 1022 at 77 K and room temperature given

in Fig. (4.9)(4.10) respectively. The saturated X-ray
fluorescence curves for sample 1022 using no filter (1), a

u-v filter (2) and an orange filter (3) are shown in Fig. (4.1l).
From the above it is evident that the trap populations involved
in the recombination process are altered appreciably as the

temperdture varies.,

In an attempt'to correlate the effect of additives to the
base glass the decay of the X-ray induced luminescence at 77 K
\
was observed. The results for L.A.S, are shown in Fig. (4.12)
and the effect of adding Gdzo3 and TiO2 is shown in Fig. (4.13).

Incorporation of'TiO is seen to reduce the long time component and

2
this can not be accounted for by a simple re-absorption by the
titanium ion as titanium has been shown to produce absorption in
the ultra-violet region. Fig, (4.12) shows that absorption

nearer 6,000 A would be more appropriate to produce the observed

long time component reduction.

It is also important to note that the luminescence efficiency
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~with X-ray excitation showed a marked increase with reduction of
temperature from room temperature to 7% K in all the L,A.S. glasses
except those with an Al/Li ratio greater than one. In this case
little or no increased efficiency with reduction of temperature

was found. These facts reveal information relevant to the
construction of a model for the defects, which is necessary if
luminescence is to prove a useful method of studying the

environment of additives in the glass.

Difficulty was found when an attempt was made to measure the
thermoluminescence of the glasses after heat treatment because

either the specimens fractured or TiO, had to be incorporated

2
to enhance nucieation, with the resulting quenching of the glow
peak. However, measurements were obtained for low concentrations
of T:i._O2 with and-without Gd203. Observation of the glow curves of
powdered specimens was not possible with the equipment used. For
sample L.A.S. 1022 no change was observed after heating to 800°¢
for one hour although a marked amount of crystallisation was

observed both visibly and by X-ray diffraction. Room temperature

irradiation of L.A.S. 1057 (0.1% TiO_ and 1% Gd_.O

2 2 3) after heating

to BOOOC for one hour produced a marked increase in the glow peak
intensity at 480 K. This may be associated with the reduction in
the quenching ability of the titanium, caused by changes in the

titanium environment during crystallisation.

4,2.3 Discussion , :

The addition of Gd20.3 to L.A.S. 1022 produced an increase in the

three base glass thermoluminescence peaks observed. However, the
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similar relative magnitudes and not greatly differenf-teipepatures
of the peaks, suggest that the gadolinium is not directly
associated with the defects. This conclusion is also supported by
the observations on N,S. glass. It must be stated that the
temperature of all the glow peaks in the L.,A.S. glasses were
slightly increased, when gadolinium was present, indicating

that the electron traps had become more stable.

One of the most interesting features of the glow curve
results was fhé quenching found whenever titanium was present.

It is well known that transition ions can give rise to '
thermoluminescence quenching due to the existence within these

ions of energy leveis which allow non-radiative decay processes

to occur, Although expected, the quenching efficiency of the
titanium.was remarkably high and was thought to be due in part

to a process other than the existénce of non-radiative energy

losses. Observatiqn of the g&ow curves when titanium was present, which

was possible if less than 0.5% TiO was present, showed that the

2
two low temperature peaks were unchanged in position but that the
higﬁer temperature peak was resolved into two components. An
explanation of this is suggested as the existence of two locations

for the titanium ion w.r.t. the base glass defect which produces

the high temperature peaks.

It is noted that similar thermoluminescence peaks occur in
various glasses i.e. sodium silicate and borosilicate glasses

observed and from fused silica reported in the literature. Hence as

suggested elsewhere (4.14) the defects have been associated with



Si-O0 bonds and non-bridging oxygen ions. The association with

Li and Al ions would thus appear to be indirect. A model may be

proposed in which Li and Al are in the second co-ordination
sphere of the basic silicon defect producing ion. As the basic

- defects appear to be common to silicate glasses a Ti-0-Si scheme

is suggested for the titanium location. The two different sites

required may be of the form

1. 0 "0 B
o>s:‘. q' -------'1:‘1 0
4
- ‘li.i+ °
2. 0 0
0 \ Si 0 ~==-=- '!‘i 0
o b

]
analogous to the base glass defects suggested by Sidorov and

Tyul'kin (4.15) for two component silicate glass.

It can be seen that when both gadolinium and titanium are

present the two low temperature peaks are unchanged. The
stabilizing effect found when only gadolinium was present is
counteracted by the presence of titanium. This gives an

indication of a possible interaction between these two ions. When

hoth ions are present a new high temperature glow peak occurs with

maximum inténsity at 460 K which resembles neither base glass nor

base glass with either ion added separately. A possible

explanation is again the association of the gadolinium and titanium
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ions which removes the effect of Gd on the low temperature peaks.
Also if this complex is located near the base glass defect giving
rise tq the high temperature glow curve, a distortion of the
environment cﬁuld account for this new peak at 460 K. It is
suggested that all the high temperature peaks are associated with a
similar basic defect variously distorfed by the proximity of
gadolinium or ti%anium ions or of both these ions in the form

of a local Gd - Ti complex. o ’ -

In an attempt to clarify the nature of ;he basic defects
produced in the L.,A.S. glasses, glow curves were obtained from a
variety of compositions in this system. As already outlined in

\
section 4.2.2 there is a correlation of the high temperature peak
with the aluminium concentration and of the low temperature peak
with the lithium content. It is thus possible to associate the
high temperature peak with a positive ion A13+, Tis+, or Gd3+
substituted for silicon in a basic tetrahedral co-ordination.
The rare earth ion in particuiar is likely to distort the local
environme;t considerably, as is evident in the previous discussion
in Chapter 3. However, the effect on the nearest si}icon atom,
which is most likely to be the seat of the basic defect should be
similar for these three ions. ~The small size and resulting high
.field gradients in the proximity, of the lithium ions can be

responsibhle for the much lower energies involved in the low

temperature traps.

Observation of the luminescence with continuous X-ray

irradiation showed that reducing the temperature of the specimen

from 300 K to 77K produced a marked increase in the luminescence
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efficiency in all glasses except those in which the Al/Li ratio
exceeded 1. In this case very little or no increase in efficiency
wvas found as the temperature was lowered. An explanation of this
is sﬁggested later in terms of an. exchange between two hole traps

that are thought to be responsible for the visible emission.

The special distribution of the thermoluminescence peaks
for L.A.S. 1022 show that the high temperature peaks have one
component compared with the more cémplex low temperature
emission., A similar change in spectral emission was observed
in the X-ray fluorescence intensity of L.A.S, glasses when cooled
from 300 K to 77 K. From this it can be concluded that electrons
thermally released from traps during thermoluminescence are
- liberated iﬁto a .'conduction band. The electrons are then free
to undertake similar recombination processes in the glow and in
the X-ray fluorescence experiments. This is evident from .
Fig. (4.2) which shows the saturated X-ray fluérescence intensity
vafiatioq with temperature., It thus becomes necessary to consider
the hole traps with which the electrons recombine to establish
the nature of this dual emission process. The simplest way to
explain the observed phenomenon is to have two hole traps which
are placed above the valence band as shown in Fig. (4.14). it
can be considered that du¥ing the excitation period many electrons
are removed from regions close fo the valence band to produce these
holes. During,thé excitafion it is also likély that many electrons
will be removed to the conduction band and then held in traps below
this band. So a situation will exist in which electrons are in

excited states and holes exist in the valence band and in the two

~
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traps A and B. The recombination can then be considered to take
place by the transition indicated in Fig. (4.14). From the
results_it would appear that transition of the electrons from A
and B to the valence band corresponds to the 4,000 A (3.1 ev) and
6,000 A (2.1 ev) emissions respectively. The valence to conduction
band gap can be estimated from the optical absorption cut off for
fused silica which is known to be 8.1 ev. 1If this is correct

then a trahsition from the conduction band to the A and B traps
should be observable. However, this transition would_;;;e an

energy in the region of 5 - 6 ev which is outside the range of

the photomultiplier used.

Consideration must now be given to the change in the

spectral emission with temperature. In Fig, (4.15) a

configurational diagram is suggested for the hole traps A and B.

At temperatures' at which the thermal energy exceeds A€ , electrons

entering trap A.will have a finite probability of transfer to site

B. Hence the 4,000 A emission will be effectively quenched above

this éemperature. As the.temperature is reduced below this value
_.the quenching is removed and the 4,000 A emission observed. In

order for the transfer process to be efficient, as is founa in

_glasses, the defects A and B should be in reasonably close proximity.

~If the luminescence decay from sample L.A.S. 1022 after
irradiation at 100|K is observed through various filters, the
form of the decay is seen (see Fig. 4.12) to change; the short
component being reduced as the wavelength of the filter increases.
The short period decay component is in the ultra ?iolet region and

the larger component is in the region of 6,000 A. Two different
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time constants would be expected if the modél proposed above

is correct, with A having the long time component w.r.t. B.
Titanium addition to the glass is also found to effect this
decay as is shown in Fig.‘(4.13) and can be understood by
considering the titanium as a simple filter. Absorption
produced by various concentrations of titanium in the base glass
is shown in Fig. (4.16). It can be seen that with increasing TiO2
content the abso;ption progresses from the U.V. into the visible
'regidn. It can also be seen that an optical filter with this
absorption can produce the changes observed in the aecay when
titanium is present. 8o it would appear that at least part of

the T.L. quenching by the incorporation of TiO, is due to a simple

2
re-absorption process followed by non-radiative transfer. However,
the 6,000 A component can not be reduced by‘this mechanism and an

alternative suggestion must be made.

Most of the models previously suggested for the defect centres
place the hole on the non-bridging oxygen ion whilst thg electron
is associated with a silicon ion. Non-bridging oxygen ions are
produced, in a silica matrix by the inclusion of monovalent ions.
The preéence of tripositive ions in the gléss results in the
reduction of the number of non—bridgihg oxygens produced by the

monovalent ions, by allowing local charge compensation.

So-it is reasonable to assume that the presence of titanium
can reduce the number of non-bridging oxygens and hence reduce the
overall number of A and B sites. This could also explain the resuits
found for the various base glasses with excess aluminium. The number

\
of A and B sites would then be reduced when the aluminium ions
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are not locally charge compensated by lithium ions. " Models for
the A and B sites developed by J.W.H. Schreurs (4.15) are as

- shown below:

(x) Me

—" - —"-o"s~
O\. —b O--~@ : - —o
.- =T
- S A ]
l
{
St
o o o
s St St
| . Fig Lh.7

’ ’ .The increased thermoluminescence of the L.A.S. 1057 and
L.A.S. 1023 glasses after heat treatment indicates a reduction in
the quenching action of the titanium. This could be due to the

development of crystalline regions in which the titanium is absent.

The results obtained by observing defects have not shown the
existence of more than one site for the gadolinium ion. The indirect
association of the defect centres with the gadolinium ion prohibited
the clarification of this problem. Evidence did suggest that a

GA-Ti complex may be responsible for certain results, and that this
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‘association is likely to be near the defect which is related

to the aluminium ion.

4.3 X-ray Induced Electron Sbin Resonance

4.3.1. Results

Electron spin resonance observations were carried out on all
the specimens and as stated earlier only those containing
gadolinium showed a resonance before- irradiation. This is taken -
as evidence of the lack of titanium in the paramagnetic Ti3+ state

and also of the absence of any other paramagnetic impurities.

After irradiation the base L.A.S. glass gave a distinct
resonance which could be resolved inté a component with an
effective g value of 2.004 and one with g = 2.01; hereafter
referred to as the « and 2 components respectively. These
lines correspon@ed to the appearance of a dark brown colouration

in the samples which are discussed in the next section,

The &« and /2 components of the e.s.r. were observed in
\

all the L.A.S. glasses after irradiation except those
containing gadolinium where  the absorﬁtion produced by the
presence of the rare earth ion effectively masked observation
of these induéed defect resonances. After crystallisation
of the samples followed by irradiation there was no appreciable
change in these base glass resonances indicating that either the
defects are produced within well ordered domains in the glass and
hence do not change on crystallisation, or that the defects are in:

the glassy state which is not completely removed by the

crystallisation procedure. As similar resonance absorption has
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been attributed to the orientation of ionic sites found in
crystalline quartz (4.17) and since no diminution of the e.s.r.

intensity was noticed, the former hypothesis appears most likely.

Incorporation of titanium into the L.A.S. base glass, followed
by irradiation, produced an additional resonance line with
g & 1.94., This resonance increased rapidly with the initial
addition of Ti0, but above 1,0% the intensity of the g ~ 1.94
to the < and B component absorption remained constant. There

i

was a slight indication that the titanium associated line (g -l 1.9@)
increased in width as the concentration of this ion increased.

However, after crystallisation this resonance in the-glass with

0.1% TiO_ was removed, whilst in the 5.0% TiO

2 2 containing glass

there was no change.

Crystallisation of glasses containing gadolinium and titanium
led to a reduction in- the Gd3+ absorption intensity and allowed
observation of the base glass irradiation defect and the titanium

associated line.

These results are summarised in Fig. (4.18)

4,3.2. Discussion

It has been shown (4.15) that in a binary lithium or sodium
silicate glass the X-ray induced < dnd /3 components in the
e.s,r. absorption'can be attributed to the formation of hole
traps on non-bridging oxygen ions, This has been confirmed by !

Mackey et al. (4.18). The similarity of the resonances found

‘here for lithium alumina silica glasses suggests that the same holes

Loy,
%
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on non-bridging oxygen ions are responsible for the observed_
effects. Again the two models of Fig. (4.17) may be used to
explain the existence of two different hole traps on non-
bridging oxygens ions. The remafkable insensitivity of the

resonance to crystallisation may be due in part to the broad nature

and lack of resolution of the absorption in this region.

+ N .
The increase of the T13 resonance for initial additions

of titanium and then a constant ratio fc;r the g & 1.94_' to the

base glass defects for titanium concentrations above 1.0%, can

be explained by the fact that for every electron trapped by a
titanium ion an equivalent hole must be formed. This hole is most
likely to be associated with a non-bridging oxygen ion. Initially
lithium ions will compete for the.electronsubut afove a small
fraction of titanium the Ti4+ ion pred&minates due to its greater

cross section for electron capture.

4,4, Optical Phenomena

4.4.1. Results

All the base glasses gave very litfle absorption in the
visible region of the spectrum, however, a broad optical
absorption was found below 3,250 A. The absorption of various
L.A.S. glass compositions is shown in Fig. (4.19)'and there is an
indication of two separate peaks, one at 2,150 A and the other
at 2,350 A, It &as.foLnd that these two absorptions are
symmetric when the Li_0:A1,0, ratio- is one i.e. when all the

2 273

tri~-positive aluminium ions can be locally charge compensated \

by monovalent lithium ions. When there is an excess of A1203 or



of lithium oxide there is a resulting charge imbalance and the’

optical absorption below 3,250 A becomes non-symmetric.

No systematic change was found in the intensity of the
2,150 A and 2,350 A absorptions with base glass composition,

except that for a given percentage of SiO_ minimum absorption

2

always occurred for a Li,O/Al1,_O, ratio of 1.0, as shown in

2 273
Fig., (4.20).

Addition of titanium changes the absorption of L.A.S. glass
producing an apparent optical absorptipn edge which moves to
longer wavelengths with increasing TiO2 concentration. This is
shown in Fig. (4.16) whilst in Fig. (4.21) the wavelength for
a given absorption (representing the absorption edge) is plotted

against the TiO_, concentration and shows an exponential dependence.

2
This corresponds to a slight darkening in appearance of the glass

samples.

Addition of Gdzo3 produced no change in the broad absorption
in the ultra-violet region, except for the appearance of the sharp
absorption lines shown in Fig. (4.22). When both gadolinium and

titanium are preseﬁt the titanium absorption masks any effect -

of the Gd203. |

In the low energy infra-red region, absorption occurs due
to ionic bond vibfations. The absorption for some L.A.S. glasses
in the 2.5 to 40‘/u region-is shown in Fig. (4.23) and was not
27 Gdzo3 or both. Several
broad peaks were observed at 8.8, 10.2, 14 and 22 /“ which have

changed appreciably by the addition of TiO

been attributed to vibration of Si-0 type bonds. After the L.A.S.

glasses containing titanium plus gadolinium and titanium alone
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Were_subjected to heat treatmenﬁ and became crystallised,
narrowing of the bands and an indication of more structure in the

13.5 and 25 « peaks was observed. This is shown in Fig.(4.23).

In an attempt to correlate the thermoluminescence
observations, optical absorption spectra were taken of samples

after they had been subjected to a period of X-ray irradiation.

The results for the base L.A,S. 1022 glass and for this base

glass with 5% TTO2 are shown in Fig. (4.24).

These results were obtained both before (curve 1) and after
(curve 2) X-ray irradiation at 295 K. The difference between the
twvo curves is also shown (curve 3) and represents the absorption
by the X-ray induced defects. This consists of two absorption
. bands at 2.1 - 2.2 e.V. and 3.1 - 3.2 e.V. for the specimen
containing no titania and of a broad band in the region of
1l - 3 e.V. for the specimen with titania. There appears also to
be a slight optical absorption in the 3,500 A and 6,000 A region
for 1022 after extended irradiation periods. Absorption in the
3,500 A and.G,OOOJregion is also obsegved before irradiation with
thick samples. The optical absorption of the L.A.S. 1022 glass
specimen after irradiation at 77 K is shown in Fig. (4.25) for
various temperatures up to room temperature. In this diagram

the absorption at room temperature has been subtracted.

4.2.2. Discussion

The two components of the optical absoqﬁion found in the

L.A.S. base glasses at 2,150 A and at 2,350 A can be compared with
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the 2,260 A (/4 ) and 2,380 A (& ) absorptions found in
additively coloured KI and attributed (4.19) to perturbations
of the exciton states which produce the first fundamental
absorption band of the crystal. The per;urbation is caused

by the proximity of an F centre ( /3 ;band) or a negative ion
- vacancy ( e -band). So in glass it is suggested that the
base glass edge absorption (8.1 e.V. in pure SiOz) is modified

neﬁr lbcal ionic fluctuations producing increased positive and
'negative charges to give rise to the two absorptions near the
optical absorption edge. This would agree with the fact that
minimum absorption in this region was found when the Li20/A1203
was such as to allow local charge compensation. The increased

optical absorp;ion produced by the presence of titanium may be

due to a small fraction of this ion in the Ti3+ state which is

known to result in an absorption at 3,500 A, however, this ionic

state was not detected by e.s.r. before irradiation as mentioned in’

- Chapter 3. The absorption in the ul;ra-violet region caused by the
presence of gadolinium has been identified as due to transitions

of the Gd3+ ion., This is shown in Fig. (4.26) in which a comparison
is made between the glass absorptions and those éf the gaddlinium

ion inla LnCl3 crystal. Three principal absorptions in the infra-red
region for silicate glasses have been found at 1050 cm-l, 780 cm ' and
475 cm-1 (4.20). These have been attributed to the silicon-oxygen
_Stretching mode Wiyhin the Si04:tetrahedra (4.21) the intertetrahedral
Si stretching mode and the Si~0 bending modes respectively. In the
L.A.S. glasses the 1030 cm_l, Si-0 stretéhing mode has a double
component which may be assighed to an Al1-0-Si bond viﬁration. It

is also possible to correlate the absorption band at 70(f)"cm_1 in
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the L,A,S. glasses to the intertetrahedral Si stretching mode.
The resolution of this absorption is seen to be reduced by the

incorporation of TiO2 or Gdzo3 in agreement with the results of
Ferraro et al. (4.20). This reduction is thought to be due to the
destruction of Si - O - Si bridges by the iﬁcorporation of Na20

and a similar bridging bond destruction is suggested when TiO2
is added to the glass. With heat treatment this particular
absorption becomes enhanced which would be expecfed as_the

development of a crystalline phase requires bonds to be formed

between tetrahedra. When Gd_ O, is present in addition to the TiO

273 2

the enhancement of this absorption is less.

The 460 cmLl absorption found in.the L.A.S. glasses is
thought to be associated with the Si - O bond bending modes by a
direct comparison with the 475 cm-1 absorption found in sodium
silicate glasses and attributed to'this mode. When the glass
containing TiO2 is grystallised this absorp?ion appears to have a

double structure with peaks at 420 cm-1 and 550 cm_l.

The optical absorption produced by X-ray irradiation is due
to trapped electrons and holes, and whilst the absorption induced
in the ultra-violet region is due to the former, the latter produces
absorption in the visible region. This classification has been
extensively studiéd (4.22) in sodium silicate glasses, and can be
directly applied to the L.A.S. glasses as the,basié silicon
tetrahedra are thought to be only slightly modified. From the
opfical absorption measurements made after the L.A.S, glass was
irradiated at 77 K some deductions can.ﬁe made about the stability

of the x-ray-induced traps. It is evident from Fig. (4.15) that
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the trap producing optical absorption at 4,000 A is unstable at room
temperature and this is seen to agree with the deductions made

from the thermoluminescence results.




CHAPTER §

GENERAL CONCLUSIONS

The role of titanium in the production of glass ceramics
depends upon the glass composition. For the 20 mole % lithia,
60 mole % silica, 20 mole % alumina glass-studied, it would

‘appear that phase separation does not play a part in titanium

nucleation;- No titanate compounds were detected during the
initial crystallisation process from which it is concluded that
the precipitation of a titanate compound to act as a nucleation
centre is unlikely. Titanium does reduce the viscosity of a

glass melt which allows easier atomic re-arrangement and this is

no doubt a significant factor in the crystallisation process.

The suggestion that titanium-is attached to non-bridging
oxygen ions at the periphery of well ordered domains would agree

with the observations made in the glass composition.

Firstly th; effect of the addition of gadolinium to the
glass was found not to effect the titanium nucleation but did
reduce the crystal growth rate. This would be the case if
gadolinium ions were located in the glassy regions, when
nucleation is thought to begin at the well ordered domains,
Crys£al growth inhibition can then be explained 5y the
interaction of titanium and gadolinium as the.crystal front
advances, Extended heat treatment results in a change in the

gadolinium site occupation, discussed in Chapter 3, and appears
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to be due to a gadolinium~titanium interaction which would occur

at the crystal/glass interface.

A multiple site occupation is suggested for gadolinium in
the glass matrix from an interpretation of electron spin

resonance results with the spin Hamiltonian:-

2 1 2 _ 2
+i6)= g, /8 H.S+D (s_z.- SS(S+1?+(E(SX - sy)) ]

The solution of this hamiltonian has allowed all the major

features of the experimental results to be found. To obtain a
reasonable fit between calculated and experimental results two
crystal field values for the gadolinium ion environment are

required. In the lithium aluminium silicate.glasses the main
site for gadolinium has a crystal field with D = 0.018 cm._1
and E & 0.005 cm_l whilst a site also occurs with D2 0.065 cm“1

and E & 0.025 cm ©.

When the glass lattice is changed the relative occupation
of these two sites changes. An increase in the high g value
component of the electron spin resonance absorption corresponding -
to an increase in the reiative number of high crystal field sites.
This is particularly noticeable when the glasé lattice containing

the gadolinium is changed to'sodium borosilicate.

The observation of X-ray irradiated defects is alsc in

agreement with the idea of local well ordered domains existing
within the glass. E.S.R. results showed that the defects, thought

to be due to silicon-oxygen tetrahedra, with an electron in a



- 167 -

meta-stable position, were unchanged after crystallisation.

If well ordered regions did not exist a narrowing or a

reduction in intensity of the defect lines would be expected
after crystallisation. From the optical absorption and
thermoluminescence work it is evident that a forbidden energy
gap-exists in the glass as well as in the crystalline state.
Recent work (5.1) has shown that an amorphous material can give
rise to sgch_g band gap if local well ordered regions exist with
dimensions of the order of 100 A, Unfortunately this is just

below the detection limit of the electron microscopy techniques

employed.

If the crystal growth inhibition found to be producéd by the
presence of gadolinium in the lithium aluminium silicate glasses
is due to the presence of gadolinium in the interstitial (high
crystal field) site, an increased'inhibition may be found in
glass systems which favour this interstitial site. Although
advantageous nucleation properties of a gadolinium containing
titanate glass-ceramic have been found,to enable this to be
devgloped requires more extensivg.tests. Especially relevant would
be the effect of the rare earth purity and the measurement of the

physical properties of the glass-ceramic produced,
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APPENDIX 1

Computer Programmes

. The programmes given were used on the 1.B,M. 360/67 computer

of the Universities of Durham and Newcastle upon Tyne.

DIAG:

MSDU:;

BERT:

CONTENTS -—- "~ "PAGE:

This PL/1 programme together with its subroutine MSDU 169
calculates the effect of the crystal and Zeeman fields

on a magnetic ion giving probabilities for

'transitions between the resultant energy levels

for a particular applied microwave frequency.

MSDU is'a standard PL/l scientific subroutine used 172

with DIAG.
This Fortran programme calculates crystallographic 175

d values from a punched tape densitometer trace input.



OO I3V WNPHF

24
25

26

217
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

- 169 -

DIAG

(SUBRG) :
DIAG:PROC OPTIONS (MAIN);
DCL(A(N,N),R(N,N))BIN FLOAT CONTROLLED;
DCL(N,MV) FIXED BIN,DATA FILE STREAM INPUT;
DCL(B(N,N),E(N,N) FLOAT CONTROLLED,DATA FILE STREAM INPUT;
DCL(IND) FIXED BIN;

DCL(F(N,N),G(N,N)) FLOAT CONTROLLED,DATA FILE STREAM INPUT;
DCL YY FIXED BIN INITIAL(O);

DCL (MMM ) FLOAT ;

DCL(ZZZ)FLOAT;

DCL(INCH)FIXED BIN;

DCL(NNN, COUNT) FIXED BIN;

DCL XX FLOAT;

¥ DCL(MIN,MAX)FLOAT;

DCL(SUM{501))FLOAT;
DCL(Y,Q)TFLOAT;
DCL(P,M, T, INCT)FLOAT;
DCL(C(N,N),D(N,N))BIN FLOAT CONTROLLED;
DCL(INDD)FIXED BIN;
DCL(MAXH ,DF,EF ) FLOAT;
DCL(H,I,J,K,L,S)FIXED BIN;
DCL Q FIXED BIN;
PUT LIST('DATA FORM:MIN,MAX,T(INIT),INCT,P(INIH),MAXH,
IND(=1(0))");
PUT LIST('G VALUE .}...DF.....EF );
PUT SKIP; ~
GET LIST(MIN,MAX);
GET LIST(T,INCT,P,MAXH);
PUT DATA(T,INCT,P,MAXH);
PUT SKIP;
GET LIST(INDD);
.GET LIST(Q);
PUT DATA(INDD,Q);
GET LIST(DF,EF);
PUT LIST(DF,EF);
GET LIST(INCH);
PUT SKIP;
GET FILE(DATA) LIST(N, MV)
ALLOCATE A;
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
ALLOCATE
M=P
DO I=1 TO N;
DO J=1 TO N;
GET FILE(DATA) LIST(B(I,J));
END;
END;

’ - -
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B=B*DF;

DO I=1 TO N;
DO J=1 TO N;

GET FILE(DATA) LIST(E(I,J));

END;

END;

E=E*EF;

DO I=1 TO N;

DO J=1 TO N;

GET FILE(DATA) LIST(F(I,J));

END;

END;

G:F;

L2:P=M;

COUNT=0; o
AGAIN: F=G;
F=0.0935*%P*0 . 5*F*SIN(T);
A=B+E+F;

C=0;

COUNT=COUNT+1;

DO J=1 TO N;
C(J,J)=0.0935%pP*(4,5-J)*C0S(T);
END,

A=A-C;

D=A;

CALL MSDU(A,R,N,MV);

DO K=1 TO 8§;

DO L=1 TO 8;

XX=A(K,K)-A(L,L);

IF XX& MIN THEN GO TO FRED;

IF XX » MAX THEN GO TO FRED;
SP=2,64575*(R(1,K)*R(2,L)+R(7,K)*R(8,L))
+3.46410*(R(2,K)*R(3,L)+R(6,K)*R(7,L))
+3.87298*(R(3,K)*R(4,L)+R(5,K)*R(6,L))
+4.0%R(4,K)*R(5,L);

SM=2,64575% (R(2,K)*R(1,L)+R(8,K)*R(7,L))
+3,46410*(R(3,K)*R(2,L)+R(7,K)*R(6,L))
+3.87298%R(4,K)*R(3,L)+R(6,K)*R(5,L))
+4,0%R(5,K)*R(4,L);

W=SP**2+SM¥*2;

W=W* (2*SIN(T)+COS(T));

IF W < 0,0001 THEN GO TO FRED;

PUT SKIP;

PUT LIST('H VALUE');

PUT EDIT(P)(F(5,2));

PUT EDIT('ANGLE="',T)(A(8),F(5,2));

_PUT SKIP .

PUT LIST('EIGEN VALUES ARE');

PUT SKIP;

PUT LIST(A(K,K),A(L,L),K,L,P,T);

PUT EDIT('TRANSITION PROB=',W)(X(5),A(18),F(9,4));
NNN:COUNT; . :

SUM (NNN ) =SUM (NNN )+W ;

PUT SKIP;

FRED:END;

END;
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115.5 Y=MAXH-0.02;
117 IF P> Y THEN GO TO L4;
118 IF P > MAXH THEN GO TO L4;
121 ZZZ=INCH/50;
122 P=P+ZZ%;
123 GO TO AGAIN;
131 L4:IF T > 1.49 THEN GO TO L3;
133 T=T+INCT;
134 GO TO L2;
135 L3:DO NNN=1 TO COUNT;
136  MMM=NNN/350;
138  PUT LIST(MMM,SUM(NNN));
139  PUT SKIP;
140  END;
END OF FILE
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MSDU

MSDU: PROCEDURE (A,R,N,MV);
DECLARE
(1,IND,J,L,M,MV,N)
FIXED BINARY,
ERROR EXTERNAL CHARACTER (1),
(A(*,*) ,R(*,*),ANORM,ANRMX ,THR, U,Y,SINX,
SINX2,CO0SX,C0SX2,SINCS,FN)

-
HOOEIOUDwWwNH

el ol ol el
W3 U N WN

WwWhNdNDODDNNONDNDND
HFOWO-2Uu WO

BB R R L R B R D W W W WWWW
00 ~1TOO U WNHFOWWWOWIOWULW

(2]
N

BINARY FLOAT:
ERROR='0";
IFNL =1
THEN DO;
ERROR='1";
GO TO FIN;
END;
FN=N;
IF MV=0
THEN DO;
DO I=1 TO N;
DO J=1 TO N;
R(1,J)=0;
END;
R(I,I)=1;
END;
END;
ANORM=0;
DO I=1 TO(N-1);
DO J=(I+1) TO N;

ANORM=ANORM+A(I,J)*A(I,J);

END;

END;
IF ANORM £ = 0. O
THEN GO TO SORT;
ANORM=1. 414 SQRT (ANORM) ;
ANRMX=ANORM*1.0E~6/FN;
IND=0;
THR=ANORM ;
S10: '

. THR=THR/FN;

S20:

L=1;

M=L+1;
S40:
IF ABS(A(L,M))Y =THR
THEN DO;
IND=1;
U=0.5%(A(L,L)-A(M,M));

Y=-AQ,M)/SQRT (A(L,M)*A(L,M)+U*U);
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IF U< 0,0
THEN Y=-Y;

SINX=Y/SQRT(2.0%*(1.0+(SQRT(1.,0-Y*Y))));

SINX2=SINX*SINX;
COSX=SQRT(1.0- SINxz)
COSX2=COSX*COSX;
SINCS=SINX*COSX;

DO I=1 TO N;

IFTIK L

THEN DO;

IFIKM
THEN DO;
U=A(I,L)*COSX-A(I,M)*SINX; )
ACI,M)=A(I, L)*SINX+A(I M)*COSX
A(I,L)=U;
END;
END; !
ELSE IF I > L
THEN DO;

IFI< M

THEN DO;
U=A(L,I)*COSX-A(I,M)*¥SINX;
A(I,M)=A(L,I)*SINX+A(I,M)*COSX;
END;

ELSE IF I > M ;

THEN DO;
U=A(L,I)*COSX-A(M,I)*SINX;
A(M,I)=A(L,I)*SINX+A(M,I)*COSX;
END; ‘

IR IS =M
THEN A(L,I)=U;
END;
IF MV=0
THEN DO;
U=R(I,L)*COSX-R(I,M)*SINX;
R(I M)=R(I,L)*SINX+R(I, M)*COSX

R(I,L)=U;

END;

END;
U=2.0*%A(L,M)*SINCS;
Y=A(L,L)*COSX2+A(M,M)*SINX2-U;
U=A(L,L)*SINX2+A(M,M)*COSX2+U;

A(L,M)=(A(L,L)-A(M,M))*SINCS+A(L, M)*(COSXZ SINX2);

A(L,L)=Y;
A(M,M)=U;

THEN DO;
‘M=M+1;
GO TO S40;
END;
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IF L =™ =(N-1)
THEN DO;
L=L+1;
GO TO S30;
END;
IF IND =1
THEN DO;
IND=0;
GO TO S20;
END;
IF THR » ANRMX
THEN GO TO S10;

SORT:
DO I=1 TO N;
DO J=1 TO N;
IF A(I,I)< A(J,J)
THEN DO;
U=A(I,I1);
A(I,I)=A(J,J);
A(J,J)=U;
IF MV=0
THEN DO;
DO L= 1 TO N;
U=R(L,I);
R(L,I)=R(L,J);
R(L,J)=U;
END;
END;
END;
END;
END;
FIN:
RETURN;
END;

END OF FILE
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SUBROUTINE REDSK(IPOS,INC,IVAL)

ML=(IPOS-1)/1600

LK=IPOS~1600%ML

IL=ML+INC

READ(IL'LK)IVAL

RETURN

END - _ _ '

SUBROUTINE START(K,L)
CALL CHUNG(J)
1IF(J)1,2,2
K=(J+1)/256+255
L=J-256% (K-256)
RETURN

K=J/256

L=J~256*K

RETURN

END

SUBROUTINE WRISK(IPOS,INC,IVAL)
ML=(IPOS-1)/1600
LK=IPOS-1600*ML

IL=ML+INC

WRITE(IL'LK)IVAL

RETURN

END

INTEGER TITLE (60),COUNT

REAL NOMU,LAMDA ,MULT

DIMENSION N(2),ICH(4),K2(2),MAXPO(400),ITEM(8645)
EQUIVALENCE (ICH(4),N(2))

DATA MULT/1.0084/

DEFINE FILE 1(1600,1,U,MILK),2(1600,1,U,MILK), ,
3(1600,1,U,MILK),4(1600,1,U,MILK),5(1600,1,U,MILK),
6(1600,1,U,MILK)

DATA P1/3.141592654/

K2(1)=1

K2(2)=4

13=200
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PI102=0, 5*PI
J=0

KJ=0
I11=0
JK=1
JJJ=1
READ(2, 1)TITLE,LAMDA ,NOMU,MAX1,IR
FORMAT (40A2,/,20A2,2F10.0,215)

CALL CHUNG(I,J) .

DO 3 I=1,2

JIA=2%(1-1)+1

CALL START(ICH(JJA),ICH(JJA+1))
IF(ICH(4)-221)14,4,14

DO 7 1=1,3

IF(ICH(1)-16)7,7,5 -
ICH(I)=ICH(I)-16
IF(ICH(I)-10)7,6,6
ICH(I)=ICH(I)-10

CONT INUE

1.2= IOO*ICH(l)+10*ICH(2)+ICH(3)
IF(13-12)9,9,8

I13=12

IFgK*(12-11))10,13,13
JK=-JK

KL=(JK+3)/2

GO TO (11,12),KL

KJ=KJ+1

CALL WRISK(KJ,K2(KL),J)
11=I2

J=J+1

ITEM(J)=12

GO TO 2

K3=J

WRITE(3, 15)

FORMAT (1H1)

WRITE(3, 16)TITLE

FORMAT (1X,60A2,//)
AA=LAMDA+0, 00005
BB=NOMU+0. 05

WRITE(3, 17)AA,BB,MAX1, IR

FORMAT(10H LAMBDA=,F8.4,//,16H SIZE OF STEP = ,
MICRONS ;/1/,' FIRST PEAK IS BASED ON',14,//,"

PEAK HEIGHT =',13,//)
KJ=KJ-1

ISUF=0

L=0

K=L+1

I.=K

CALL REDSK(K,K2(1),NPO)
IMAX=ITEM(NPO)

CALL REDSK(L,K2(2),IL2)
MIN=ITEM(IL2)
IF((IMAX-MIN)-IR)20,23,23
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PI102=0. 5*PI
J=0

KJ=0

I1=0

JK=1

JJJ=1
READ(2, 1)TITLE,LAMDA,NOMU,MAX1,IR
FORMAT (40A2,/,20A2,2F10,0,215)

CALL CHUNG(I,J) '
DO 3 1=1,2

JJA=2%(I-1)+1

CALL START(ICH(JJA),ICH(JJA+1))
IF(ICH(4)-221)14,4,14

DO 7 I=1,3

IF(ICH(I)-16)7,7,5

ICH(I)=ICH(I)-16

IF(ICH(I)-10)17,6,6

ICH(I)=ICH(I)-10

CONTINUE e B

I2= 100*ICH(1)+10*ICH(2)+ICH(3)
IF(13-1.2)9,9,8

13=12

IFgK*(12-11))10,13,13
JK=-JK

KL=(JK+3)/2

GO TO (11,12),KL

KJ=KJ+1
CALL WRISK(KJ,K2(KL),J)
I11=I2

J=Jd+1

ITEM(J)=12

GO TO 2

K3=J

WRITE(3, 15)

FORMAT (1H1)

WRITE(3, 16)TITLE
FORMAT(1X,60A2,//)

AA=LAMDA+0, 00005
BB=NOMU+0, 05
WRITE(3, 17)AA,BB,MAX1,IR

FORMAT(10H LAMBDA=,F8.4,//,16H SIZE OF STEP =
MICRONS ,"/1/,' FIRST PEAK IS BASED ON',I4,//,'

PEAK HEIGHT =',13,//)
KJ=KJ-1

ISUF=0

L=0

K=L+1

L=K

CALL REDSK(K,X2(1),NPO)
IMAX=ITEM(NPO)

CALL REDSK(L,K2(2),IL2)
MIN=ITEM(IL2)

IF( (IMAX~MIN)-IR)20,23,23

,F5.1,8H
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L=1+1

IF(L-KJ)21,21,28

CALL REDSK(L,K2(1),IL2)
MAX=ITEM(IL2)

IF (IMAX-MAX)22,19,19
IMAX=MAX

NPO=IL2

K=L

GO TO 19

J=K

J=J-1

1F(J)26,26,25

CALL REDSK(J,K2(2),1ILl)
MIN=ITEM(IL1)
IF((IMAX-MIN)-IR)27,26,26
ISUF=ISUF+1

MAXPO( ISUF)=NPO

GO TO 18 )
CALL REDSK(J,K2(1l),IL1l)
MAX=ITEM(IL1) '
IF(IMAX~MAX)18,24,24
CONTINUE

WRITE(3, 29)

FORMAT (7X, '"POSITION', 6X, 'VALUE',7X, '"MILLIMETRES',11X,'D"')

DO 39 I=1,ISUF

1ZZ=0

MM=MAXPO(I)

I12=ITEM(MM) ' '

DO 32 IL=1,2

1Z=2*1L-3

M=MM

M=M+12%

1F(M)32,32,31

I14=ITEM(M)

IF((12-14)-2)30,30,32

N(IL)=M

MM=(N(1)+N(2))/2 !
i4=ITEM(MM)-I3 K A
GO-TO (33,36),JJJ

COUNT=1

IF(I4-MAX1)39,39,34

JJJJI=MM

JJJ=2

WRITE (3, 35)14
FORMAT(12X,'0',9X,13,27X, "INFINITY')
GO TO 38

IM=MM-JJJJ

AMM=IM .

AM=AMM*NOMU*0.001

AMM=AM*PI1/720.0

AMM=LAMDA/ (2,0*SIN(AMM) )+0.0005
AM=AM+0, 0005
DK=MULT* (AMM~0, 0005)+0. 0005

WRITE(3, 37)IM,14,AM,AMM,DK
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FORMAT(9X,14,9X,13,10X,F7.3,2(10X,F8.3) )

127Z=1

MAXPO (I )=IZZ*MM

JN=I5UF-COUNT+1

WRITE(3, 40)JN

FORMAT(//, 'NO OF PEAKS= ',13)
AJJJI=JIJJ

AJJI=AJJJJI-300,0

CALL SCALF(0.01,0,01,AJJ,0.0)

CALL FPLOT(+2,AJJ,1000.0)

CALL FPLOT(0,AJJ,0,0)

CALL FPLOT(+1,-200.0,+50.0)

DO 41 KLK=1,2

L1=30% (KLK~1)+1

L2=L1+29

‘XS=FLOAT (JJJJ-220+20*KLK)

CALL FCHAR(XS,+50.0 ,0.15,0.1,PI02)
WRITE(7, 42)(TITLE(LKL),LKL=L1,L2)
FORMAT (30A2)

NMI=5000/NOMU

LOOP=(K3-1)/NMI+2

DO 43 KIK=1,LOOP
XCOOR=FLOAT(NMI*(KIK~-1))+AJJJJ-15.0
IVAL=5*(KIK-1) ,

CALL FCHAR(XCOOR,=-25.0,0,10,0.,1,0.0)
WRITE(7, 44)IVAL

FORMAT(I3) :

DO 47 II=COUNT,ISUF
I=ISUF-1I+COUNT
IF(MAXPO(1))47,47,45

MA=MAXPO(I)

IV=ITEM(MA)

VI=FLOAT(IV+25)

AMA=FLOAT(MA)

. CALL FPLOT(-2,AMA,VI)

DO 46 JK=1,2
CALL POINT(3)
CALL FPLOT(1,AMA,VI)

- CONTINUE

CALL FPLOT(+1,0.0,0.0)
CALL FPLOT(-2,0.0,0.0)
CALL DATSW(O,IGOR)

GO TO (48,49),I1GOR
WRITE(3, 15)

WRITE(3, 16)TITLE

L=1

NN=25 }
M=(K3-1)/25

" NREM=K3-25*M

DO 53 I=1,M

DO 51 J=1,NN
NO=25%(I-1)+J
TITLE(J)=ITEM(NO)
XNO=NO
Y=TITLE(J)
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CALL FPLOT(O,XNO,Y)
GO TO (52,53),IGOR
WRITE(3, 56)I(TITLE(J),J=1,NN)
CONTINUE

GO TO(54,57),L
IF(NREM)57,57, 55
L=2

NN =NREM

I=M+1

GO TO 50
FORMAT(1X,26(I13,1X))
CALL EXIT

END

END OF FILE
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Optical characteristics of Th** ions in soda glass

BV SHULG[NT, K NR TAYLOR, A HOAKSEY and R P HUNT

Physics Department. University ol Durham, Durham, UK
MS received 16 December 1971, in revised form 30 March 1972

Abstract. The optical properties of terbium doped soda glass have been investigated as a
function of terbium concentration. The properties studied in this work were the excitation,
luminescence and absorption spectra and the luminescence decay times. In the case of
short wavelength excitation. the absorption occurs in the glass matrix and is followed by
cnergy transler to the Tb* ions. Al long wavelengths the cfficiency of energy transfer
between Tb** ions by dipole-dipole interaction is small up to quite high concentrations
of terbium in the glass. However, above approximately 1 wi % Tb the intensity of the lumin-
escent *Dy — ’F; transitions increases very rapidly with terbium concentration. It is
suggested that in this range energy transfer occurs between the ions of a Tb** ion pair by
means of an exchange-dipole interaction.

1. Introduction

Increasing interest has been shown in recent years in the properties of the rare earth
ions in.glasses. both in terms ol the theoretical and practical aspects of the glasses
(Karapetyan and Reishakhrit 1967, Rindone 1966). A considerable amount of this work
is concerned with the concentration dependence of both the luminescence and lumin-
escence decay time, in particular lor glasses doped with Tb®** ions (Kovaleva et al
1966, Karapetyan and Lunter 1966, Reisfeld et al 1969). 1t is generally believed that the
mechanism of energy transler between the rare earth ions in such a matrix is one involv-
ing dipole—dipole interactions. Early observations in our laboratory have suggested
that for terbium concentrations greater than about 06 to 1-0wt9%, in soda glass a
mechanism of energy transler involving exchange—dipole interactions begins to occur.

In the present work we have investigated the optical properties of Tb** ions in a
soda glass matrix. These have primarily been concerned with the luminescence be-
haviour and have included measurements of the excitation and emission spectra, the
concentration dependence of these spectra and the luminescence intensity and the
luminescence decay times associated with the Tb** ions. The effects of temperature on
the luminescence and the energy storage after x ray irradiation have also been examined.
In order to establish the mechanisms of energy loss in the specimens the absorption
spectra were gbiained between 300 nm and 6000 nm.

T At present working at Durham with the support of a British Council Scholarship. Permanent address:
Urals Polytechnical Institute. Sverdlovsk, USSR.
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2. Experimental

The samples were prepared by melting together 0-1 kg quantities of the base glass
plus terbium oxide. The composition of the base glass is given in table | and the ter-
bium oxide concentrations used varied from 01 wt% to 11-6 wt%,. The melting was

Table 1. Composition of the hisc soda glass

Oxide Sio, Na,O CaO Al O, Others
wt % 70-8 164 50 25 ~5

performed in either platinum or quartz crucibles at 1300 °C for 3 hours. After melting,
the specimens were cooled to 600 °C at a rate of 200 °C per hour and left at this tem-
perature for 10 to 12 hours, before cooling to room temperature.

The luminescence, absorption and thermoluminescence (glow curve) spectra were
obtained using a specially designed cryostat capable of working in the temperature
range [rom 80 K to 860 K in conjunction with an Optika spectrophotometer. The
heating rate used in the glow curve measurements was 2-5 degrees per second. The
luminescence spectra were obtained with photoexcitation at a wavelength of 365 nm
using a high pressure mercury lamp. The luminescence spectra obtained {rom the
Optika were corrected for the quantum efficiency of the detectors used in this spectro-
photometer.

The luminescence decay times were determined using either a mercury source
modulated with a rotating shutter (pulse duration 0-4 ms) or a Zenon flash tube (pulse
duration 5 ps). The luminescence emission intensity was measured using a conven-
tional EMI 9514B photomultiplier, amplifier and oscilloscope system after passing
through either a 540-560 nm filter or the Optika used in a monochromator mode.

3. Results and discussion

3.1. Excitation. luminescence and absorption spectra

The excitation spectrum of Tb>* ions, measured for the emission at 553 nm is shown in
figure 1. Thisis similar in form to the results obtained by Herring et al (1968) and
consists of the following bands:

Edge base Te 3 7.5

absorption fs 03 F6 0
3 50 ¥ !
240}
s
£ 30t ' [\
S 20 y
]
s IO./\'/
E] -
[

300 400 500

Wavelength (nm)
Figure i. The excitation spectrum of a soda glass specimen containing 8-16 wt %, Tb for the
SD, = 7Fj transitions obtained by measuring the wavelength dependence of the emission
for excitation at 553 nm.
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Figure 4. The variation in the form of the luminescence spectrum of the terbium doped
glasses as a function of concentration. The intensities have been normalized to the peak
at 554 nm. The mercury 365 nm emission linc was used Lo cxcite the luminescence.
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Figure 5. The concentration depernidence of the luminescence intensity in terbium doped
glasses for (a) the *D, — "F; transitions: curve 1. 459 nm: curve 2, 444 nm; curve 3, 438
nm; (b) the D, — "F transitions: + 488 nm: O 544 nm; (1553 nm.
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The efficiency derived this way is small (>~ 10%) for the 11-6 wt%, Tb sample and
consequently it is difficult' to account for the sharp increase in the luminescence intensity
of the *D, — ’F; transition in terms of the dipole-dipole model. Consequently we
assume that on increasing the terbium concentration from 0-6-1-0 wt% to 11-6 wt%
terbium,th’é mechanism of energy transfer between the Tb3* ions becomes a dipole
exchange interaction. In the case of a single Tb®* ion the D, state is excited by a
nonradiative relaxation from the *Dj level. This is shown diagrammatically by ‘A’ in

- figure 8. In the case of a pair of coupled ions a further method of excitation of the D,

x10* 301
+ 0, - A
A
13
= c 5 E
1_ 20+ wn D‘
5 3 [ ¢ elstelele] |3
- o | olo|mn ~<
2 5 8 I TR 1<
2 B8 2
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L)
“ E|E| € E|E|E o
10+ ~|w|m]|0lwlo
o | || OOy
=r ||| wnjun|o
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J ~- 3
Absorption
of base glass ® @
I I

Figure 8. A schematic representation of the luminescence process of Tb®* in soda glass
showing both the single ion and ion pair interactions. The glass absorption spectrum is
also shown to give a relative scale for the transitions.

level is possible. This occurs through a dipole exchange interaction mechanism shown
as ‘B’ in figure 8. The energy separation of the 'Fg — 3D, and the "Fg ; — 3D, levels
in the terbium ions are essentially the same. In the isolated ion the ’D; — ®F, , trans-
ition is experimentally found to be predominantly nonradiative and the energy of this
transition is rapidly dissipated into the lattice. In the case of a pair of coupled ions
however, the energy ol the D; — "F, , transition (=~ 25000cm™") of one ion is
absorbed by the D, levels of the second ion, allowing the more probable *D, — "F;
transitions to occur. The remaining energy associated with transitions within the 'F;
manifold is either dissipated directly to the lattice (wavy lines in figure 8) or radiated
as an infrared component of the luminescence.

A simplified version of the energy level model is reproduced in figure 9a where A
is an isolated Tb** ion and B a pair of coupled Tb>* ions. The N; ,, N; (i = 2,3)
represent the number of Tb** ions in the different excited states. The subscripts a and
b are used to distinguish the ions in the pair. The transitions between the different
excited states are indicated by arrows and the radiative transitions with which we are
presently concerned are labelled L, and Ly In the case of a noninteracting ion the
basic kinetic equation describing level 2aq, is,
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Kuencn(c) is also shown in this figure along with the concentration dependence of the
luminescence.

3.3. Thermoluminescence and thermal quenching

After x ray irradiation the terbium doped specimens show a yellow colouration and a
distinct glow peak is observed on heating. In figure 10a are presented the experimental
glow curves for irradiation periods ol 3 and 5 hours respectively for the 8-16 wt %,

40 r v 150
(ag) (5)
.og-
i ~ |00}
£ -
§ v 50+
S
. 0 ) R
2 o 400 0 2 3000 00
Temperature (C) v (cm)

Figure 10. (a) The thermoluminescence (curves 1 and 2) and thermal quenching (curve 3)
of the luminescence of the Tb** ions in soda glass. Curve 1, 3 h irradiation. Curve 2, 5h
irradiation. (b) The infrared absorption spectra for soda glass at different temperatures
{after Scholze and Dietzel 1955).

sample. After heating to 500 °C visual inspection of the sample showed that the coloura-
tion had disappeared. The broad glow peaks in figure 10a appear to contain a series ol
separale peaks at 110, 190, 250, 350 and 405 °C, and while the position of these is inde-
pendent ol the irradiation period, the intensities of the higher temperature peaks
increase with increasing irradiation. Il we make a crude estimate of the trap depths
(€) from the positions of these peaks, using the formula

€ = T,/500eV

where T, is the peak position in K, we obtain trap depths of 0-77, 093, 1-05, 1-25 and
I-35eV.

We suggest that the thermoluminescence peaks and the observed colouration are
connected with the same defects (electron traps) within the glass matrix. Further the
nature of these defects appears to be understood. The analysis of the temperature
dependence of the infrared absorption spectra for soda glass (see figure 10b) by Scholze
and Dietzel (1955) shows that the destruction of the bound hydroxyl groups occurs in
the same temperature region (30 to 600 °C) as the thermoluminescence output. Con-
sequently it is proposed that the bound hydroxyl groups are the least stable regions in
the glass structure and the defects appearing after x ray irradiation are connected with
these bound groups. Annealing of these defects then leads to the glow peaks observed.

Finally, it is important to notice that the luminescence of Tb** in these glasses
persists to quite high temperatures but shows a quenching phenomenon in the vicinity
of the glow peaks. The experimental variation of the total luminescence with temperature
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E.s.r. during crystallization in Gd** doped
lithium-aluminium-silicate glasses

R. P. HUNT, K. N. R, TAYLOR

Physics Department, Universily of Durham, Durham City, UK

Measurements of the electron spin resonance spectrum have been made in a Gd** doped
lithium-aluminium-silicate glass at various stages during the crystallization of the glass.
The crystallization was induced by heat-treatment at various temperatures and took place
either from the surface or from nucleation centres produced by the presence of TiO, in the

glass.

The changes in the resonance spectra have been interpreted in terms of the stability of
the gadolinium sites. In the presence of titanium, it is suggested that complexes are
formed in the glass which involve both titanium and gadolinium ions.

Supporting measurements show that the presence of these complexes is also
detectable from the more conventional structural and thermal characterization of the

glasses.

1. Introduction

In recent years the volume of work being
undertaken in an attempt to establish the nature
of the glassy state has increased rapidly. In
particular, electron spin resonance techniques
have been used to provide information about
environments of paramagnetic probe ions in the
glass and about the phase transition from the
glass to the crystalline siate [1-6]. In this latter
respect, the increasing development of glass
ceramics has emphasized the importance of
understanding the role played by nucleating
agents in producing these materials. The most
commonly used agent at the present time is TiO,
although many other materials may be used for
this purpose.

There are considerable differences of opinion
concerning the mechanism of nucleation and
subsequent crystallization [7-9] and it is by no
means clear whether the Ti3+ ions surround the
developing crystallites or are taken up substitu-
tionally, i.e. into the 8-spodumene and B-eucryp-
tite lattices of the lithium-almininium-silicate
(LAS) ceramics, for example.

All the electron spinresonance work referred to
above has made use of various transition metal
ions as the structure sensitive probe with which
to investigate the initial stages of crystallization.
Little use appears to have been made of the 4f
ions of the lanthanide series however, a fact

© 1973 Chapman and Hall Lud.

which may be associated with the reduced effects
of the crystal field on these ions compared with
the 3d-transition metal ions. It is possible that
there is less distortion of the glass structure
about a 4f impurity ion than there is about a 3d
since the 4f electrons are deeply buried in the
ion and consequently well screened from the
crystalline electrostatic field. This is not the
case for the 3d ions and it may be necessary with
these to allow for some distortion of the
surtounding glass matrix when evaluating the
Hamiltonian for the system. As a result of this
the lanthanide ions may prove more satisfactory
structure sensitive probes provided that the
effects of crystallization are large enough to be
resolved and provided that the observed spectra
are capable of interpretation. This latter point is
also true for the transition metal ions of course.

Early resonance work on lanthanide ions in
glass was carried out by Garif’yanov [10],
Chepeleva [11] and Nicklin [12] using the Gd3+
ion in glass matrixes which had not been heat
treated. A common feature of this work was the
appearance of high g-value resonances (g ~ 4
and g ~ 6) in addition to the g = 2 resonance to
be expected for the S-stateion. To our knowledge
such low field transitions for the Gd3+ ion have
most frequently been reported for glassy hosts
and rarely for gadolinium substituted into a
crystal lattice, although as the works of Abraham
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TABLE [ The composition of the various glasses used in this investigation

Gilass no. SiO. Al,O, Li,O TiO, Gd,O; MgO CaO BaO Na,O K.,O
1022 60 20 20 — —_ — — - — —
1035 60 20 20 5.0 — — — — —_ —
1036 60 20 20 5.0 1.0 — — — — —
1058 60 20 20 — 1.0 — — _— — —
1000 70.8 24 — — 1->20 24 50 1.8 16.4 1.6

et al [13, 14] and Darby [15]-have shown, once a
strong crystal field environment lifts the restric-
tions on the transition selection rules (dm = -+ 1)
then many high g-value resonances should be
observable. The removal of these selection rules
occurs because of the admixing of the wave
functions caused by the large electrostatic
interaction.

We have recently examined the eflects of
crystallization on these resonances for surface
nucleated crystal growth of glasses containing
no titania and for bulk nucleation caused by the
addition of TiO, to the glass melt. This work has
shown that the behaviour of the individual
resonances is sensitive to the presence of titania
and the results are described in the following.

2. Experimental

Various glasses were prepared from high purity
Li,CO,, Al,Oj,, SiO,, TiO, and Gd,0O, by heating
100 g quantities of the well-mixed constituents at
1450°C for 8 h. Homogeneity was improved by
intermediate crushing and remelting. Nucleation
and crystallization were induced by further heat-
treatment in the temperature range from 600 to
900°C. This heat-treatment was carried out in
two ways, either by heating at a fixed tempera-
ture in this range after warming directly from
room temperature or alternatively by heating in
this range after a previous preheating treatment
(nucleation) at a lower temperature. These
diflerent methods lead to two different types of
crystallization behaviour, as is well known for
the lithium-aluminium-silicate system [16].
Differential thermal analysis (DTA) was used to
establish the nucleation and crystallization
temperatures required for these heat-treatments.

The glasses prepared for this examination are
listed in Table I, in which the detailed composi-
tions are given,

The crystallographic structure of the heat-
treated glasses was determined using
conventional Debye-Scherrer X-ray diffraction
techniques and the percentage crystallization
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estimated either from the relative intensities of
the dominant lines of these diffraction patterns
or from low magnification electron micrographs
obtained from carbon replicas of the surfaces of
freshly broken chips of the glasses.

Electron spin resonance measurements were
made using a conventional X-band reflection
spectrometer with field modulation at 180 Hz.

2.1. Structural and related data

The differential thermal analysis results showed
the presence of two endotherms in the glasses
containing titanium, but only onc in the base
glass LAS 1022. The low temperature endo-
thermic peak Tx, for the titanium doped glasses,
is thought to correspond to the nucleation
process [17] and occurs some tens of degrees
below the dominant exothermic, crystallization
peak Te. The lower peak is at least an order of
magnitude smaller than the crystallization peak
and as a result the nucleation transition was
frequently difficult to detect.

Fig. 1 shows the DTA results for the LAS
1022, LAS 1035 and LAS 1036, specimens and
there are two features which are evident from
these results. First the presence of 5 at. % TiO,
in the glass causes the crystallization temperature
to be lowered by approximately 50°C and at the
same time the width of the corresponding peak
in the DTA output is drastically decreased.
Secondly, if as little as | at. %, Gd,0, is added to
the glass in addition to the 5 at. 9} TiO, the
temperature of crystallization is immediately
returned to the value corresponding to the base
glassand the transition region is again broadened.
The nucleation temperature however, is essenti-
ally unchanged between the glasses containing
only titanium and those containing both
titanium and gadolinium.

As indicated earlier two methods were used for
crystallization of the glass, either direct crystal-
lization at some temperature or a nucleation
treatment followed by crystallization at a higher
temperature. In both of these techniques the
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Figure | DTA and degree of crystallization of glasses 1022, 1035, 1036 and 1058. Curves 2 represents the degree of
crystallization in samples held for 1 h at these temperatures whilst curves 1 are for samples after a subsequent heat-

ing at 850°C for 1 h.

X-ray diffraction patterns showed the presence of
only the B-eucryptite phase and as Table 11
shows, the derived lattice parameters are
essentially insensitive to the titanium or gado-
linium additions.

The extent of crystallization and the crystallite
size were found to depend sirongly upon the
composition however, for a given heat-treatment.
The degree of crystallization, as estimated from
the intensities of several of the diffraction lines
for standard sample and exposure conditions,

are shown in Fig. 1, superimposed on the DTA
output. For a single heat-treatment, little crystal-
lization was detected at temperatures less than
those corresponding to the crystallization peak.
Above T however, the percentage crystal-
lization rose rapidly before passing through a
maximum. Again there is a marked difference
between the LAS 1035 (TiO, only) and LAS 1036
(TiO, + Gd,0,) glasses; for the latter composi-
tion the maximum amount of the crystalline
phase was almost an order of magnitude less than
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TABLE I Derived lattice parameters of glasses crystallized for 1 h at 850°C after nucleation (for 1 h) at the tempera-

tures shown.

Sample heated for 1 h at these temperatures followed by 1 h at 850°C

650°C 700°C 750°C 800°C

a ¢ AV, a c AV. a c AV. a c AV.
1022 5.26 11.17  267.6 5.18 10,98 255.1 5.25 10.97 261.8 5.21 11.08. 260.5
1035 5.27 1094  263.1 5.40 11.15 281.6 5.23 11.23 266.0 5.11 11.00 248.7
1036 5.24 11.10  263.9 528 1113 268.7 5.20 1096 256.6 5.25 11.03 263.3
A.V. = unit cell volume,
a, c dimensions are in A and A.V. is in A3,
‘that for the specimens containing only TiO,. intense absorptions were observed in the

Further evidence for the inhibition of the
.crystallization process by gadolinium comes from
‘the results obtained for specimens subjected to a
-double heat-treatment. The glasses containing
“TiO, both show a double peak in the percentage
«<crystallization curves in agreement with other
workers [18], however when Gd,Oj, is also added
to the glass the amount of crystallization
developed by the second heating at temperatures
above 700°C is much less than for the glasses
containing only TiO,. This is clearly seen in
Fig. 1 and it is evident that while the nucleation
efficiency appears to be unaffected by the
addition of gadolinium, the subsequent crystal-
lization is severely inhibited by its presence.
Surprisingly, however, the LAS 1058 specimens,
containing Gd,0O, only, showed quite extensive
crystallization after the single heat-treatment.

The electron micrographs also showed these
differences, the grain size in the LAS 1035
glasses being greater than that in the LAS 1036
glasses for comparable heat-treatment.

2.2. Electron spin resonance

E.s.r. absorption was anticipated only for those
glasses containing Gd3+ ions. However, speci-
mens of all the glasses prepared were examined in
order to eliminate the possible existence of
impurity resonances (for example from Fe3+)
which might interfere with the Gd3+ spectra.
Resonances were never found in any specimen
which did not contain gadolinium, a feature
which also confirmed that the titanium ions in
the LAS 1035 and LAS 1036 specimens were in
the non-magnetic Tit* state. In a later phase of
the work the titanium ions were deliberately
«converted to the Ti*+ state by solarization with
“X-rays, and under these conditions sharp and
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vicinity of g = 2.0. The nature of these results
will be described in a later publication and it is
necessary here to comment only on the fact that
in the present work the absence of these Tid+
resonances in the glasses containing titania may
be taken as evidence for the existence of only
non-magnetic Ti** ions in these glasses. Conse-
quently any possible influence of these ions on
the observed spectrum due to cross relaxation
phenomena can be ruled out. In further support
of this conclusion, the temperature dependence
of the spectra for glasses containing both gado-
linium and titanium ions was not typical of that
to be expected for a resonance spectrum domina-
ted by cross relaxation [19].

The resonance spectra for three gadolinium
concentrations (0.09, 0.2 and 1.0 at. %) were
examined in preliminary measurements in order
to determine the optimum conditions for the
present investigation. The general form of the
spectra in the range from H = 0 o 8 kOe is the
same for all the compositions with relatively
sharp resonances at g ~ 5.9 and 4.3 and a much
broader high intensity resonance with its centre
field corresponding to g ~ 2.0. This is shown for
glass LAS 1058 (1.0 at. 9, Gd) in Fig. 2. There is
also evidence of some further structure associ-
ated with this large peak in the vicinity of
g = 2.0 but it has so far proved impossible to
resolve this satisfactorily. The locaiion of the
Ti%+ resonance observed in titanium containing
samples after X-ray irradiation is indicated in this
figure. There is no evidence for this resonance in
this material, before irradiation.

The only variation evident from decreasing
the gadolinium concentration is associated with
the broad central resonance which decreases in
intensity but there is no change in its half-width.
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electron traps.

b) 1035 after
irradiation

(a) 1058 glass
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Figure 2 Differential of e.s.r. signal for glasses (a) 1058 (b) 1035 after X-ray irradiation.

There is no corresponding change in the higher
g-value line intensities and again the half-widths
are independent of composition, consequently
we can assume Lhat there are no appreciable
interactions between the Gd®+ ions leading to
exchange narrowing of the lines in the concentra-
tion studied. These features are typical of those
found by earlier workers with gadolinium doped
glasses and we have used a 1.0 at. 9 gadolinium
concentration employed in the previousinvestiga-
tions of other workers and direct comparison of
the various sets of results should therefore be
more meaningful.

The resonance spectrum of the | at. % Gd3+
sample (Fig. 2) is similar to that found by these
earlier workers [10-12] using other types of glass
matrix.

It was found that after heat-treatment the
intensities of the g, and g4 resonances (see Fig. 2)
decrease with respect to the g, resonance as thc
heat-treatment temperature is increased above
about 600°C. This decrease, which is shown in
Fig. 3, occurred for both the LAS 1036 (Gd and
Ti dopcd) and LAS 1058 (Gd doping only)
glasses. However, the detailed variation of the
intensity ratio of the g, and g, resonances
(1,/1,) depends upon the composition of the glass
under investigation. For the LAS 1058 glasses,
increasing the temperature of heat-treatment led

to a sudden increase in /,//, above about 800°C.
This temperature corresponds to the onset of
surface nucleated crystallization as described
earlier. Fig. 4 shows the variation of this ratio
with increasing heat-treatment temperature..
Fig. 4 also shows the behaviour of the glasses
containing both titanium and gadolinium for
which the results are obviously different, the
I,/I, ratio decreasing with increasing nucleation
heat-treatment temperature. Comparison with
the DTA and crystallization data of Fig. 1
suggests that these variations in the intensity
ralio are associated with the onset of crystal-
lization, differences occurring due to the different
methods of nucleation.

3. Discussion

The changes caused in the transition tempera-
tures by the addition of TiO, and Gd,0,, either
separately or together, to the glass melts are
evident from the results given in Fig. 1. The
normally wide range of the crystallization
transition at T¢ is appreciably narrowed by the
addition of TiO, in agreement with other
workers, and corresponds to an increase in the
crystallization efficiency caused by the action of
the titanium ions as nucleating agents. As
mentioned earlier the precise role played by these.
ions is not yet understood. With gadolinium:
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Figure 3 Relative intensities of high g-value resonances in glasses (a) 1036 (b) 1058 with heat-treatment.

doping alone the results are similar to those for
the base glass LAS 1022, however, it is remark-
able that in the LAS 1036 glasses the effects of
the addition of 59 TiO, have been almost
completely negated by the simultaneous addition
of 1% Gd.Oj;. The crystallization temperature is
comparable to that.in glasses containing no TiO,
and the range over which crystallization occurs is
correspondingly larger. The nucleation tempera-
ture is little affected by the presence of the
gadolinium ions however.

There is clear evidence from the X-ray data of
a double peak in the dependence of the amount
of crystallization on heat-treatment temperature
for glasses containing TiO, subjected to the two
stage heat-treatment. This is in agreement with
other workers [18], the initial peak corresponds
to nucleated crystal growth; whilst the second
peak is due to a rapid crystal growth in the
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specimen in which the lower viscosity allows a
much easier path for either bulk or surface
crystallization. We will refer to these peaks as the
nucleation and crystallization peaks respectively.
It is remarkable, however, that with both
gadolinium and titanium ions present the
crystallization peak is greatly diminished com-
pared with the results for specimens containing
only titanium. There seems to be no comparable
effect on the nucleation peak, and it appears that
while the Ti** ions can perform Lheir role in
bringing about nucleation in the presence of
gadolinium, the presence of this latter ion inhibits
the subsequent crystal growth about the nuclea-
tion centres. The action of the gadolinium in this
respect is very efficient since only 1% Gd,O,
greatly reduces the effects of 5% TiO,.

The mechanism of this desensitization is
unclear, as the action of the TiQO, alone is not yet
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Figure 4 A comparison of the ratio of intensities of resonances at g & 5.8 (g)) to g & 4.3 (g,) for Gd in glass
1058 and 1036 varying with heat-treatment for 1 h at the temperatures shown.

understood. If the titanium ions are taken up
substitutionally into the growing crystal phase, as
some workers believe, the action of gadolinium
must be to prevent the titanium ions entering the
lattice. This can occur either by changing their
valence through an electron transfer process or
alternatively by forming complexes including at
least the Tit+(or3+) and Gd3+ ions such that the
affinity of the titanium ions for these complexes
is greater than that for the growing crystal.
Other workers take the view that the titanium
jons reduce the lattice stability on a shell
surrounding the growing crystals and so allow
the glass-crystal transition to occur more easily
by atomic diffusion. In this case the action of the
gadolinium must be to increase the stability of
the glass matrix either by adopting the role of a
network former or again by forming Ti-Gd
complexes which are capable of screening the
effects of the Ti** icns from the glass structure.
Such complexes would require an extremely
efficient interaction between the two types of ion
as they are in the ratio of 1 (Gd):5 (Ti). There is,
however, considerable evidence from other
studies that some interaction does occur. These
include differences in the optical absorption
spectrum of solarized LAS 1036 and LAS 1035
glasses and changes in the thermoluminescence

and luminescence behaviour caused by the
addition of TiO, to glasses containing Gd,0,,
only. The results of these measurements will be
described elsewhere.

Interpretation of the resonance spectra for the
specimens which have not been subjected to a
heat-treatment (see for example Fig. 2) represent
a considerable problem in themselves. The
existence of the g = 2 resonance is to be
expected for the Gd3+* ion, which has an S,
ground state, and the very great width of the
corresponding resonance can readily be attribu-
ted to the random orientation of the applied
magnetic field with respect to the symmetry
axes of the “crystal field”” environment about the
gadolinium ion. The low field resonances
corresponding to g = 4.3 and 5.9 are less readily
explained.

In principle we can adopt the conventional
spin-hamiltonian

Hs=gupH.S + Hcr 6))

to describe the splitting of the ground state
J-manifold for probe ions situated in the electro-
static field associated with the surrounding host
ions. However the % cr term contains the well-
known (see for example [20]) factors «, B and y
which are identically zero for a pure S-state ion.
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Consequently any observed splitting must be
derived from second order effects [21] using an
effective crystal field hamiltonian of the form

Hcp =S.DS (= 2 B, 0,™ )

where D is a tensor arising from the second order
effects of the fine structure interaction. D and g
are then used as disposable parameters for fitting
the observed data.

While this approach may be used satisfactorily
in single crystal systems its application to poly-
crystals is -moré difficult since the observed
spectra then contain spatial averages over all
possible crystallite orientations relative to the
applied field. The situation is even worse in a
glass matrix where it is not at all certain that the
paramagnetic resonance probe sites are identical.
At best one can probably assume similar
co-ordinations for the probes but the interatomic
spacing of the ions in the immediate vicinity of
the probe will differ from ion to ton. Conse-
quently a second average must be made in
attempting to reproduce the observed resonances
and analysis in this way may be of little value
unless a great deal of structural information is
known about the glass matrix.

If one persists in employing the spin-
hamiltonian approach to account for the main
resonance of the glasses containing Gd3+, the
high g-value resonances may be considered as
forbidden (|AMs| > 1) transitions, which may
not be fitted by Equation | and we must invoke
the presence of strong crystal field effects to
remove the limitation imposed by the selection
rules. The low field transitions are then effectively
those between the crystal field split doublets of
the J = 7/2 state. Alternatively, however, we
can use the method of analysis described by
Koster and Statz [22, 23] since the matrix
elements contained in the expression for the
oscillator strengths suggest that a great many
transitions may occur between the eight levels,
including some at very low field values. The
hamiltonian used in this treatment is formed by
using basis wave functions of the correct
symmetry and Koster and Statz have shown that
the matrix elements of J#°, between two states I';
and I'; may be written.

(I = pog WIHxU* + HyU + H2U,')
+ ppge'[HxUx? + HyUy* + H. U] €)]
where the gi¥’s are fitting parameters and the U’s

are matrices which have been derived once and
for all for many symmetries by Koster and Statz.
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The zero field splittings are assumed to exist
ab initio and the level separations are then also
used as fitting parameters. Unlike the spin
hamiltonian approach the g-values are not
related by simple constants and there is, in
consequence, considerably more flexibility in
fitting observed resonances using this method.

Unfortunately, random orientation of the
distorted environments about the Gd3+ ions
again_make spectra interpretation extremely
hazardous and until such time as a satisfactory
means of analysis of e.s.r, spectra in glasses is
developed it is probably more useful to attempt
to employ the characteristics of the resonance
spectra themselves (i.e. line width, resonance
field and line intensity) as a means of obtaining
information indicating possible correlations
between the structural and electronic properties
of glasses.

The most sensitive features of the spectrum of
Fig. 2 are the low field resonances and as we
have seen the relative intensities of these lines
vary with heat treatment, the detailed variation
depending upon the composition. The line widths
andresonance fields are essentially constant how-
ever. Il we take the increase in the 4,/[, ratio with
heat-treatment temperature observed for the
LAS 1058 glasses as the normal behaviour then
the sudden drop in this quantity in the titanium
containing, LAS 1036 glasses must be takenasa
further indication of an interaction between the
Gd3+ and Tit* ions.

The initial problem in the interpretation of the
variation of the e.s.r. spectra is then one of
establishing whether the observations are associ-
ated with a single type of gadolinium site or with
two or more sites whose stabilily is associated
with the degree and type of crystallization.

If the spectrum arises from a single atomic
environment the low field resonances must arise
from transitions between the strongly hybridized
doublets of the J = 7/2 manifold. It is then
difficult to see why the presence of titanium ions
during crystallization should affect one of the
resonance lines more than another. The most
likely mechanism for such an effect would be a
cross relaxation process but as we have seen the
possibility of this seems to be small. Tt is possible,
of course, that at Gd3* sites which have a Tit+
ion in the nearest neighbour shell, the change in
the crystal field symmetry is sufficient to change
the eigenfunctions of the levels involved in the
low field transitions and hence the transition
probability between them. Changes of this type
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however, would normally be accompanied by
changes in the energies of the levels concerned
and consequently in the resonance field values.
As this is nol observed we must assume that the
changes are such as to leave the average reson-
ance position the same or alternatively that a two
site model is to be preferred.

In this latter case, it is convenient to consider
the g = 5.4 and 4.3 resonances as being the low
field transitions at the two sites in question. The
structural evidence described earlier suggests
that on crystallization with titanium present, the
gadolinium and titanium ions may become
jointly involved in complexes in the crystallizing
glass. If this is so, then the zero field splitting of
the ground state may be modified by the presence
of the quadrivalent titanium ions as described in
the previous section. These changes will depend
on the location of the Ti*+ ions with respect to
the symmetry axis of the local electrostatic field
at the Gd*+ site.

Under these conditions the observed changes
in the resonance line intensities would seem to
suggest that (i) titanium is incorporated into one
site in preference to another or (ii) that the
crystal field is less sensitive to the presence of
Tit+ at one of the siles compared to the other or
finally (iii) that the Gd3+ jons are ejected from
one of the sites as crystallization develops. The
complexes involved in these sites are almost
certainly associated with non-bridging oxygen
ions in the silicate matrix as considered by Barry
et al [1-3].

At the present time it is not possible to differ-
entiate between the models as more information
is needed about the environments of the two
types of *““impurity” ions introduced into the
matrix. It would seem to us, however, that the
multiple-site case is perhaps to be preferred and
the problem remaining is related to the establish-
ment of the detailed structure of the complexes
themselves, their relation to the glass as a whole
and their behaviour during crystallization.
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Ko He Po Teitaop=, B. B. lyasrun, P. [I. Xanr*

TeprosrcBeuuBanne, cnekTpH SIIP ¥ ONTHUYECKOrO NOrJIONECHUS

PEHTILCHU3OBAHHREX CHINNXATHHX CTEKOJ, SGKTHBMDOBAHHHX TajlfoXUHNEH

B HacToOslee BpeMs NposiBASeTCS O6oJbHNof MHTEpeC X K3YUESHHD
ONTHYECKKX K BJIEKTPOHHHX CBOHCTB peJjKo3eMeXhHHX MOHOB B CTeKIax
[j,é]. Huecrcss pai paboT, NOCBANCHHHX HCCJEAOBAHUN JOMHHECUESHIHH
CHIMKaTHHX CTEekoJ, PaMaH-~CIHEKTDOB ¥ CIHEKTPOB OITHYECKOIO
nDOrJONCHUSA [1—6], OXHaKO TEPMOBHCBEYNMBAHNE CHUIMKATHHX CTEKOI,
QKTHNBUPOBAHHHX PeBe 8., HU3YYSHO HEAOCTATOYHO HNOJHO. B AaHHOHA
padoTe npeAoCTaBJCHH PEe3yJABTATH K3MEepEeHUS XapaKTepHCTHE TepMo-
Brcseuyusargng (TB), SNP M ONTHYECKOrO HOIJIOLEHMS PEHTI'€HN30BAHHEX
HaTpueBHX cuimkaTaEX (HC) # auruesmx axioMocuamxaTEux (JAC) crexodx,
AKTHBNPOBAEHHX raJloJUHHEeM H o6CyfXaeTCd POJb THTaHA Kak LeHTpa

crabuansanun ZePekKToB B HTHX OCHOBAX.

MeToAUKa ¥ pesyAbTATH JKclIeprMeHTa. O6mexTauMy UCCIE JOBRHUSA

Oxa1 MuoromounoneﬁTnue cTekJIa TUoa:

1, 64 Nap0 - 0,24 AL 0, 7,08 S0 M, 0,01 Gol, 0, — HC,

2 Liy0 -2Ab0, 6S8:0,:04 6d,0, = NAC « /T1AC+05Ti0,
31ecs MnOm -oxkncan mezouEHX ¥ MEXOUHOSEMEIBEHX BIEMEHTOB. Kpusue
Teﬁuonmcseqxnauuﬂ ¥ CHEKTPH ONTHYECKOIrO NOTJIOLEHUS H3yyaeMHX
CTEKOJ NOJYyYEHH C HMCNoXb30BaHMEM cHexTpojoToMeTpa THIA Optika
UK B covYeTaHMM CO CHGUMAJBHHM KpHocTaTOoM. CKOPOCTH HArpesa
npu TB cocTaBasiia ~ 2,0 rpal/cex. PeHTIreHN30BanEHe o0pa3LH

(@o-anos, 20xB, 5 yacoB) KMMEAM CEeDOBATO-CHDEHEBYD OKpacKy.

¥ Jlap3aMcrui yHHBEpCHTET, $usHMyecKuit daxyinrTeT, r. AapoMm, AHraus



CoexTpu SIP HalxioXaJHCE C NOMOMEI0 CTAQEJAPTHOLO 3CM CHEKTPOMETDa
C YacTOTOif MOAYJIALMM MarHMTHOro noJas 180 rx.
.. CHEKTD CBEUGHHS TajoJHEAS B MCCICAYEMHX CTEKIAX COCTONT K3
oXHoli moJsocu npu 313-315HM, NpPHUYEM MHTEHCUDHOCTH CBECUEHHMS
B JAC-crerae Ounja B 5-7 pas Bume, uyeM B HC-crexae, BcJeXCTBHE
MeHBHEero noraomenus usayvyenus » JAC-ocaose, Jaa crexox TuHna JAC
u HC, nozseprayTHX peHTreHnsanuu, Halbxwiaercs TB B obxacTu
TeunepatTyp 60-500°C, puHc.1, O6umuit MaxcumyM TB pacloJoxeH B
TthepaTypHom MHTEpBaxe 250~350°C, oiHaxo Ha XpuBoli TB MOXHO
BHAEJHUTH HECKOJBKO CJXal0 pal3peHeHHNX MakxcHMyMoB npu 110, 190,
260, 350, LOS5 u Ls50'C v, ( nocreAHee Becsua NPUSIMESHHO).
Lz crexoa ¢ TurTanoM (JAC+0,5TiD, ) me 6mao o6mapyzemo TB
C NOMOHLK Hamejll annapaTyPH.

OkpamyMBaBEHE CTEKOX IpU PEHTreHM3alluyM NPHUBOAUT K U3MEeHEHHD
X CHEKTPOB NOrJomeHHs., Ha puc.Z2a DOKA3AHH CHEKTPH NOIrJIONEHHUS
JAC-cTexxa Ao obxyuerus (xpmsBast 1), nocle obiyuesns (xpusas 2)
U paanbcTs 9TUX KPHUBHX norJomenus (3), xoTopas XapakTepHuayercs
AByMsl MaKcuMyMaMy opu 2,1-2,20B ¥ 3,1-3,288, Ha puc. 26 npeicras-—
JEeEH aHaJOrHuHNEe JaBHHE XJXs CTEeKJa C THUTaHoU. BuIHO, uTO InocJe
O0Jy9YeHUs B CIEKTpe ndrgomexnﬂ.ﬂAC+0,5'ﬁ0h nosgBJIASEeTCd EUpPOKas
moxoca B o6JacTH 1+39B. [lpy HarpeBamuM cTerJa HC u JAC obec=:- -
OIBeYHBaANTCS, CTerJa C THTAHOM He 00eCHBEYUBENTCH BIJIOTH A0 TEM=-
nepatyp 500°C.

3+
Cursaan OIP axg Go( B HC- u JAC-cTexJax A0 U IocJe obiayuerusd
3+
QHAJOI'IYHEH TaKOBHM, HalJioiaeMHR B JApPYyrHX ocCHOBax [7] JAas G&d
B JAC-cTexae OHM OpeJlcTaBieHH Ha pHC. 3a, a Xias JAC+0,5Ti0, - ma
pHc. 308, CurnaJ SIIP COCTOMT M3 UWDPOKOIl NMOJOCH C g-@amropom,
NPHMEPHO PaBHHM ABYyM M HECKOJIBKHX JAPYrHUX IOJOC C g=2,3; 2,6;

4,3 1 5,8. B cTexJax C TUTAHOM BO3DPACTaET HHTEHCHBHOCTE INOJOC



¢ 6oJeec BHCOKHM 3HaUCHHEM g-¢amwopa. Peurrenosckoe obayuenue
(puc.3, xpuswe 2, 3, 5; 6), npunoisiee x o6pasoBaHUL AedeiToD

B CTekJIsiEHOIl MaTpuue, ﬁmamnaew OOSIBICHUE JAONOJHMUTEJIHLHOTO

AyO6ieTHoro curHaza JIP c g—¢amTopom paBHEM 2,01 axg JAC u

95'2,01 U 351’93 AJ S ﬂAC+O,5ﬂDZ. lIoCKOJBKY HHUpOKAaS raﬁoxnnnenan
noxoca B8 cnekrpe SIP (kpuBHe 2 ¥ 5) 3aTpyAHsda pacUH)pPOBKY CHIHAJOB
3P, CBs3aHHWX C HaBeACHHHMH Npu O6JIyuYyeHHM JedeKTaMu, OLLIM
UCIOJXH30BAHH PEHTIEGHH3O0BaHKEHEe OOpa3dH CTEKOX, né coZepxamue

rajoaurnit (xpuBHe 3 U 6 KA DHC.3).

O6cyxjieHie pPe3yJIBTATOR. MexAy EPHBHME TEDPMOBHCBCUWBAHUSI,

cuexTpaMu OlP M cHexTpaMd OINTHUYECKOIrO NOrJOMEeHHus B OOAYYEHHHX
JAC~ u HC-crexJaax cymecTByeT olpeAeJcHHAS KoppeJsannus, olyCloBXeHHaS

eAMHOI/i NPHPOJOoil AcPeKToB, oépaéymmnxcﬂ B pesyarTaTe oOJIydYEeHUS.

TepMOBHCBEURBAHUE, JJs PENEeHHs BONPOCA CBSI3AHH JAM NUKKE TB
i 3+ -
B KCCJEAYEeMHX CTeKJIaX HBeNnoCcpeACTBEHHO C Gv[ 6Ha0 M3y4yeHO TB

34 S+ o3¢ 3
A St .F}, m, 734(%? ' B HC-crexae, puc.i. U3 pucyrrxa BHJIHO,
YTO NOJXOXEHHE MNUKOB TB NpakTHYECKM HEe B38BHCHT OT THUI&A AKTUBHDYIILEro
De 3. MoHa. (llux TB npu 450C EEESD maGAoASeTCH TOIBKO AIS TAXO-
JAKHNS, NOBUAMMOMY, BBHUAY BHCOKOK MHTEHCHUBHOCTH CBEUEHHS NOCJEZHETIO )
TakHM o6pasoM, OIEETPOHEHE JZOBYNKK, OTBETCTBEHHHE 38 NuUKX TB B
HCCXEAYyEMHX MHOIOKOMNOHEHTHHX CHIMKAaTHHX OCHOBaX, CBi3aHH C
JederTaMu B CTEKJHHHOﬁ.ManHHe, a H?tmonn cXyxaT 20PeETHBHERMK
JOMUHC CHEHTHHMHA MHAMKATOPAMM, NO3BOJAPHUMH OCHAPYZHUTH M ONEHHUTH
ray6udy O9THUX JOByNeK., I'yOMHa B8THUX JOoBYyNEeXK okxasalach paBHOR 0,77;
0,93; 1,05; 1,25; 1,35; 1,hua@ .-. .5 (McnoxssoBazacs dopuyaa
Ypbaxa). Cpeanss rayGuna Haubolee 3aNOJHEHENX JOBYyNEK, COOTBET-
CTBYOHNX OCHOBHHM Hau6olee MHATEHCUBHHM nukKau TB, paBHa 1,0 H 1,398,
Hamu xanEHe 0 TB xauecTBEHHO corJacyoTcs C pes3yabTaTaM#u, HOoJYyUYEeH-
HHMHM pagee APYyI'MMM aBTopaMu [5,6], HanpuMep, B dﬁodnyqennmx
HEaKTUBUDOBAHHHNX HATDPUEBO-KaXbUuii (LMEK)-CHIMKATHHX CTEKJIaX Takze

HaGawiaJock TB B o6JaacTn 200-300°C.



OnHTH 1no TB He HO3BOJAKT OLZHOBHAYHO ycfanonnTB THI (aﬂemTponﬁmﬂ
UAK JAHPOYHHIt) ¥ OpHpPOLY LEHTPOB 3aXBaTa JJEKTPOHOB. OHH MOIYT
O6HTH CBABAaHH, KaK NpeAnoxarawnT aBTOpH [5.51 C TaKMMHB JXedexTaMu
B pemNeTKe cTekIa, Kak aTOMH HaTpUA, 38XBATHBHMC SJIEKTPOH, WIK C
ANDOYHHMU JEeHTpPaM¥ Ha KOELEBOM HCMOCTHMKOBOM aTOME KMCJIOpOJa THlla
-:-,Si —05 (_T) KM ‘;Si -DC:)..,.M;(‘/_'I')_ Panee OHI0O nokasadHo, 4YTO
cJa6HM BBEHOM B CTPYKTYPE CHIMKATHHX CTEKOJX SABJIAITCS CBABAHHHE
IUMAPOKCHABHLEE IDYINH [8]. Orxur JaedekToB, OOCYCIOBISHHHX HOHaMU
TUADOKCUIL, NPOUCXOAUT, K&K OKa3aX0Ch, B TOM X& TeMnepaTypHOM
uuTepsale, 4TO n:TB;ﬁ 60=6002C)&=8Tp  1OBBOAIET npeAnoxoxMTB, YyTo
ODeHTPH 3axBaTa SJEKTPOHOB, Bossurxawmue B HC~ u JAC-cTexaax Upu
PEHTreRu3anquu, QOopMHPyHTCS Npeixie BCEro B OCIA0JICHHHX MecTaxX
CTEKASBHOH MaTpUOH BOIU3K CBSI3aHHHX TUAXDOXCUIBHHX I'PyldNn. BO3MOXHO,

\ ; -
8TO LEHTDH THUIOA = Si - [O*U

CHeKTpH ONTHUESCKOro IorJomenus ¥ 3JIP. B cHeKTpax OITHYECKOI'o

noraomegus ob6ayuerHHX JAC-CTexkoX HabIVZawTCAd NCIOCH C MaKCHMYyMaMu
565-590aM (2,1%2,288) u 390-400au (3,1-3,298). B HC-cTeriax
MAaKCHMYyMH IIOJOC INOTJOLIEHMS OKAa3HBANTCA CABMHYTHMM B JJMHHOBOJHBYI
o6JacTh. [lOo @aHAXOIrUHM C JAHHHMA JAS APYTHUX CHUJIMKATHHX OCHOB [5.5]
MOXKO'HpeAHOJOEHTB, 4yTO0 HalJAoniacMHE HOJOCH NOrJOMEHHUS O0O0yCXOBJIEHH
aToMaMi HaATpHA, 3aXBaAaTHBIUMUH OIECKTpPoR. O6eccCHBEUYMBAHUE CTEKOJX,
npoucxoiamee npu Harpenénnn, CBA3aHO C peroMOMHaNueil BJIEKTPOHOB,
NOKHAAVIHX aTOMH HaTpuUs, C AHDOUBRHNMM LEHTpaMHW. SHEPrHs, BLACAALMASCS
B péayJLTaTe pexoMOMHaUUM MOXeT NepeXaBaThcs LUEeHTpaM CBEYeHHuH,

B HalleM cJayuae nonaM'LNP+. PexoMOuEaAUUsI BJEKTPOHOB MOXET NPOMCXOA-
UTHF Takke HEeNOoCpeACTBEHHEO C HOEHTpaMi CBeYyeHHUsl. Mexly HeHTpaMu
OKpacCK¥ ¥ JOoByukKamu, obecnevyusaiomuMu TB, MOoxXHO yCTaHOBHTS
KoppeJxsOyun, GCJAM NOoCheHHE pacCMaTpHBaTh Kak JOBYLUEH JJeKTPOHRHOIrO
THNa., 9TO uM3olpaxeHo Ha puc.l. [Moxoca 300-400BEM B CIHEKTpPE IOTrJIOL~
€HNS COOTBETCTBYET JOBYNKEaM ¢ rIyO6uHoii . ~1{,08B, a noxoca 565-

590HM - JOBymKaM ¢ TJayGuEOH 1,5358B. OAHAXO CTENEHb COOTBETCTBHS


http://CTeic.ua
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npu JaHHHX MeToldaX HCCJIeAOBaHHS YCTaHOBHMTHL TPYAHO.

CpapHUMBas JanHue DIP M ONTHYECKOTO HOIJONEHWUSI, MOXHO 3aMETHTE, -
YTO UEHTPH OKpacky¥ B olbayvyeHsux HC- u JAC-cTexJax, CBA3QHH C
AedpexTaMu, ofecneynBaplUuuy noasjeHne JOlP curHaxa c 3*2,01. Ilo
agaJorun ¢ paboroi [5] npeanoxaraeTcsa, 4YTo & —KOMONOHECHTa cuI'IaJta
c g=2,01 COOTBETCTBYET NOJOCE NoTJomeHUsI 565-590HM, a_ﬁ-xouuoneara
8TOro cursajJa - noJoce 390-400Hu. Ten camMuM npeZnoxaraercs, 4ToO
npupoja JZepekxTos, nposasaswnuxcs npu TB, OlP M onTHMYyeCKOM NOTJOLBHUHU
HC n ﬂAC—CTeKDﬂ-HpﬂMHM MJI¥ KOCBEHHHM NyTEM CBfi3aHA C ANPOYHLMHU

NeHTpaMK Ea KOHIGBHX HEMOCTHKOBHX aToMaX Kuciopoda Tuma J mam .l .

BausHuNE 71@;7 na TB, OlIP ¥ onTmyeckoe norJomenue. Jobasxenue

5%'ﬂ02 k JAC-cTekay, kak OHJIO OTMGUEHO BHIle, BH3HBAET yBEJHYEHUE
HHTEHCHBHOCTH cCLIHaJga OlIP cg-quropou 5,8. llockoJxbEy Pe30OHAHC
c g 5,8 zas Gﬁ[ OOGHYHO caﬂsmaaeTcz C BLCOXO &8CCHMMETDUUHLMU
HEPETIyJIAPHHMY ITO3UOUSMHU G%( HOHOB B CTEKJIE [77, MOZHO cqnmawb,
4+

YTO NPHUCYTCTBUE Ti  wonos CTaCHIUBUDYET TAKHUE COCTOSHUSA Gﬂ! HOHOB
B Ipolecce KpUCTaJXAN3aNUK. AHAJOTHMYHHM o06pas3oX IpHCYyTCTBHE T0;
cTalUAN3UDPYET BOBHUKAKUEE IDPH DEHTIeHH3aOHU AedeKTH, XapaKTepks-—
ybmuecs NOJXOCO!l NMoraoleHus B o6xacT¥ 1-38B M JlIP curzaJoM
c 352,0115 ?=1,93. OGquéHnue CTEeKJa C THUTAaHOM Ee¢ of6echBey—
UBapTCHd BIJOTH AO TEMIEPATYD 500°C. OTzur AedeKTOB, CBSBAHHHX
C BBeJeHHEM 1102, NPOMCXOZUT NDPHU 6oJdee BHCOKMHX TemnepaT&pax
nopsixa 700-800°C (sHeprus axTHBaAlUK ~233) BCJAEACTBUE Yero TB
B o6xacTu TemnepaTyp 60-500°C (emeprus axrusauum 0,65-1,468)
He HalJIKnZaeTCs.

B aaxawyepue cneﬁ&eT OTMETHUTE; 4YTO cnocolHocT: HC- u JAC-crexox
K cBeTo3allaCaHKl NpU PEeHTI ecHM3aluu, xapamTepnéymmaﬂcz BHCOKOIi
sHepruei axrupaunum (1,3-1,498), ﬁoxeT CLTEP HCNOJL50BaHA NpU

paspaloTKe AOSHMETPOD MATKOTO PEHTIEHOBCKOI'O HN3JYUCHUA.

w L. (ctqu;) . é%%é%ﬁ/(‘¢’ /8 7¢4¢¢/4<
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TepuodircBevYinalie, cner Tl JHP H ONTHUCCEODO NOIJIOUEHMS PEHTICIH-
b

HBORAHELX CUJNESTIUN CTEL0MH,, ARTHNIDODAHHIY PaNOJAMINISH,

Pedcepar.

_.:-.__- g .._.-_:_'... B R T T LI Lt

B paboTe IpeicTadieHH PE3YABTATH N3MCPEHHS XAPaKTEDUCTHE BICOXO-
peMnepaTypHORo TepMoBHcueunBaEnsg (TB) (60-500°C) ,8UP 1 onTHuecLOro
NOTJAOLEHHA DEYTICHHBODAHENX HATPHEDHX CHIHEATHNX H JHTHEBHX
aMCMOCHANKEATHHY CTEKON, axTHBHDODaHINX Taioxuuued, luxi TB HabawiaoTcd
npu Texneparypax i1i0,150,260,350,405 450”353 C. LoGapicune T1C,

(5%) HOAFOCTEE YHUYTOZAaeT TB B 0TOK TéMHeP“”VDJOM aETepsade H
cTabHiABHDYET NEHTEpH OKPACEH BHPEHTICHHBODANHHX HOEXRDIY CTeKIaXo

Curraa 9P oGayuEHHHX CTEKOX Xapa STEPHIYETCI ABYMS HEEIMD C
g= 2,00 u 1,97 (nocregnee B cayyae o6pasdmon ¢ TwTaIOM) ObecynraeTes
NPEPOLE AGLEKTOB ¥ KOPPEeAsHs MeXAy CHEeKTpaiyu ISP, TeproBHCBEYsEHITeH

M CIHERTDAEAKHY ONTHUYECRKOIO MNOTJONEHMSo

Ly CITTITITEICIENI TR LT U LU . . )

[lognucsi k pHCYyHEEAaM- B CT2THE K.H.P.fuufopa B BehyJB?“Ha,PbnyaHTa,
«Tepmonmcneqxnazxegcnemwpﬁ clIP # onTHUECKOro NOIZOECHHS PCHTICH-
EBOBAHEHNX CHIHNXATHHY CTEKOX,akTHBHMPOBAEHEX IaiZOIXHHEHEMD.
Prce.i. Epnnme TECPMOBHCBEUMBAHNA PESHTIreHu3o0saaguX HC n JAC-créxox,
OAEPZALIY. De3e HMOHH
PHC. 2, CHBquH nerxomesuss créxoX THna JAC i JAC + RXSH 0:5T102
Puc.3. CrexTpu OlP.a - XAC-cTexado,6 - JAC + 0,5Ti6, 1,4 - zo0
obayyenns,2,5 - nocre o6iyuenus,3,5 - mocie oﬁxyqennﬂigﬂﬂ
_CTExO0X 0cB raiOodHHES.

Puce4o YpOBHN JOXaiuWB3alny B3JIEKTPOHOS B JAC-cTexied

) e e o e € et al ] AT e e LD T . Pg s v
¥, HoPo euxop,b 3.Wfﬁbrwn,ﬁ H.nanTa
Tepicrricpeunsarre,cnerTen 2P o OnNTIYCCROr0 NOLJQNSENST DPEHTIEH-

HB30DQEAYEN CHIMEATHHY CTEN0I,aKTHIBRDOBAHNEX I8 IZCAMTHEH.

Aumoranug

B pa60oTe UDPEACTARISHH DE3yISTATH nsmcpcxﬁs X2PaKTCnHCTHE BECOLO-
TeMnepaTypHOro BHcmeuusaxuad (60-500°C),5I0P 1 onruueckoro
NOrJICEEH:If PEHTIEHN3CDAHNEX HATPHEBYN CHAMKATHHY M JHTIE3HX

BARMOCHILK2THIY CTEKOM, aKTHDHPORAHHNEX TafOJdHHICK, SANHAS NPIEDPOAA
HaB&ICHIdK ZeCERTOB 08yCJAaBINBACT KCPPEATINNR Memﬁy OITHY & CIHIL
¥ ClIP- ionnngCo

ACTERTOD 3 8THX OCHOBaX.

Q

yEEaeTcd PO THIAHA,Ral LeuTpa CcTabHIuBaLul
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