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ABSTRACT

Dc and ac conductivity measurements have been made between

293 - 773 K on calcium aluminosilicate glasses containing up to 207MnO
and lOZFeZOB, and the dc conductivity behaviour analysed using the
small polaron model. To investigate the effect of glass former on the
conductivity, barium borate glasses containing manganese were also
prepared. The glasses were characterised by chemical analysis and
optical absorption spectroscopy to establish the redox ratio and site
coordination of the transition metal ions. Some glasses were also

studied using electronic paramagnetic resonance spectroscopy.

When the mean transition metal interionic spacing was <8 3, the
conditions for small polaron hopping were satisfied, although many
glasses exhibited a change in slope of the log p/T - 1/T plot between
400 - 540 K. This has been explained by postulating conduction
between ions in similar coordination sites at lower temperatures and
different sites at higher temperatures, which introduces a structural
differences term (¢0.13ev) into the activation energy. The dc activa-
tion energy of the concentrated manganese glasses was >1.0eV compared
to <0.7eV for equivalent iron glasses and their resistivities were
consequently higher. This reflects the greater polaron binding

energy on the d5 state Mn2* ion compared to the d% state Fe2* ion.

Mixed iron-manganese glasses were prepared and analysis showed
that Mn3* and Fe2* did not coexist in these glasses. The conductivity
was similar in magnitude to that expected for the element present in
two oxidation states but the presence of the third transition metal
ion caused an interaction which reduced both the resistivity and
activation energy. Ionic interactions were also suggested by the

spectroscopic measurements.

Both manganese and iron oxides were found to be effective
nucleating agents for the crystallization of the silicate glasses.
The dc and ac conductivities of the glass-ceramics have been explained
in terms of the microstructure and composition of the crystalline

and glassy phases.
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INTRODUCTION

In recent years, as part of the general interest in the electrical
properties of non-crystalline materials, considerable attention has
been focussed on the electronic properties of oxide glasses containing
transition metal ions. However, although oxide glasses were the first
amorphous materials in which electronic conduction was observed(l),
the present understanding of conduction mechanisms in such materials
is much less well developed than for other classes of amorphous semi-
conductors such as amorphous silicon and the chalcogenide glasses which
were discovered later., In particular, thé'knowledge of the electronic
band structure of multicomponent oxide glasses is very primitive when

compared to that of crystalline and other amorphous materials.,

It is now well established that glasses containing transition
metal ions in different oxidation states can show electronic conduc-
tivity to an extent which depends upon the concentration of the tran-
sition metal ions and a number of other factors. The dependence of the
conductivity on temperature and other basic glass parameters is
usually explained using an equation developed by Mott and this will be
the basis of the present study. The Mott equation was developed from
a consideration of small polaron hopping in oxide glasses. A small
polaron model is appropriate because the electron is considered to
interact strongly with the surrounding ions thereby producing a pseudo
particle which is called a polaron. In practice, however, several
deviations from the predictions of the Mott equation have been observed
by various authors and the relevance of these in explaining the results

of this study will be discussed.

The investigation reported in this thesis has concentrated on
several features of the conduction process in transition metal oxide
glasses which have not received much attention by other workers in the
field. Most of the previous work has beenm conducted on phosphate and
borate glass forming systems with little study to date of silicate
glasses. The present study has been devoted almost entirely to sili-
cate systems although some borate glasses have also been included which
has enabled the effect -of base glass composition and glass former on

the conductivity to be observed.

Among the transition metal oxide glasses, those containing vana-
dium and iron have received most attention followed by titanium and

copper. Less work has been performed on manganese giasses so these
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have formed the major part of this study. Manganese glasses are of
interest since they are one member of a group of transition metal
oxide glasses in which the reduced ion is the major oxidation state
and for which very high resistivities have been reported previously,
To contrast the behaviour of manganese glasses with those for which
the oxidised transition metal ion is predominant, some iron glasses
with an .identical base glass composition to one used for the manganese

glasses have also been studied.

Another feature of this work is that glasses containing small con-
centrations (<107) of manganese and iron have been included. Generally
transition metal concentrations have been in excess of 207 and the
threshold concentration at which electronic conductivity becomes

appreciable has often not been observed.

Finally, if two or more different transition metal elements each
with multivalent oxidation states co-exist in a glass there is no rea-
son in principle why conduction should not proceed between ions of
different elements. This feature has alsc received relatively little
attention and so has been included in this study by preparing mixed

manganese—-iron glasses. -

For each glass electrical measurements, both ac and dc, have been
supplemented by a number of chemical and physicél techniques to
elucidate the conduction process; chemical analysis has been performed
to determine the redox ratio of the transition metal element and further
information on the site symmetry and coordination of the individual
transition metal ions has been gained by both optical and electronic

paramagnetic resonance spectroscopy.

Another aspect of the addition of transition metal oxides to
silicate glasses is the production of the group of materials known
as glass—ceramics by controlled crystallization of the glass. The
changes accompanying fhe growth of crystalline phases might be expected
to exert a considerable influence on the electrical properties of the
material. For this reason the changes in conductivity following heat

treatment of the glasses have also been studied.

The content of the thesis is as follows. The first chapter is
concerned with the theory related to the experiments; the phenomenon
of glass formation and the crystallization of glasses to form glass-—
ceramics is discussed first, followed by sections devoted to the theory

of optical spectroscopy and electron paramagnetic resonance and their
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application to oxide glasses. Finally in that chapter a detailed re-
view of electronic conduction in oxide glasses containing transition
metal ions is presented. The second chapter is concerned with the
production of the glasses and glass—ceramics and the principal experi-
mental. techniques which have been applied to characterise them.

The experimental results are given in the third chapter along with
some limited discussion to clarify the findings, whilst the main body
of discussion is given in chapter four. The conclusions of the study

are presented in chapter five.
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CHAPTER I

THEORY

1.1 Glass Formation and Crystallization

1.1.1 Glass Formation

Glass formation is a widespread phenomenon, for materials from
each of the four main categories of bonding (covalent, ionic, metallic
and molecular) can be formed in the amorphous state. Mowever, many
materials cannot be prepared in this state by the traditional method
of cooling a melt, therefore more novel techniques must be utilised.

Some examples of these are listed in Table 1.1,

For some materials, the properties of the amorphous state are
similar, irrespective of the method of preparation, but in many cases
this is not so. Therefore it has become customary in the literature
to distinguish between the terms glassy, non~crystalline, vitreous and
amorplous, according to the technique used for preparation. Different
authors, however, are not always consistent and the argument is
largely one of semantics. A convenient viewpoint is that the words
non-crystalline or amorphous should be used interchangeably as generic
terms, reserving glassy or vitreous for the special case of materia;s
produced by cooling a melt. Glasses are therefore continuous with
the liquid phase and will always have a glass transformation
temperature (Tg), whereas this is not necessarily so for all amorphous

materials.
The two principal characteristics of the amorphous state are:

(a) the absence of long range order and therefore of definable
symmetry, although a high degree of short range order is preserved,

and,

(b) an excess of free energy, or chemical potential, frozen
into the system compared to the thermodynamically stable phase of

the same composition.

Amorphous materials are therefore in a state of metastable
equilibrium and will tend to relax to a state of stable equilibrium
given a sufficient period of time. For common silicate glasses this
relaxation takes of the order of a few minutes at the glass
transformation temperature, but many hundreds of years at room

temperature,
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The question of why only certain materials can be formed in the
glassy state has still not been satisfactorily resolved. As inferred
above, bond type and crystal symmetry do not give any means of
classifying materials as glass formers, though these ideas have been
important historically and are included in the discussion of theories

of glags formation which follows.’

(2)

1.1.2 Theories of Glass Formation

These theories fall into one of three general models:

structural, thermodynamic and kinetic.

1.1.2.1 Structural Theories

Structural theories explain glass formation as some feature of
the material in either the solid state, or both the solid and liquid
states, Historically the greatest debate about the structure of glass
has been between supporters of the rival crystallite and random
network theories, previously considered mutually exclusive. The
crystallite view, originated by Lebedeff and propagated by the Russian
school, held that glass consisted of very small randomly arranged
crystallites, Multicomponent glasses, such as those in the present
study, would have different kinds of crystallite corresponding to
different compounds in the phase diagram and thus would be hetero-
geneous. The opposite&view, proposed by Zachariasen, postulated a
totally homogeneous random network with no structural unit repeated
in three dimensions at regular intervals. This was later supported
by the X-ray analysis of Warren who showed from the breadth of the
main diffraction maximum that the size of any crystallite would be
just one unit cell and that these must be held together with material
of similar density and composition. The nature of this inter-crystal-
lite material was never adequately explained by the advocates of the

crystallite hypothesis.

Thus the random network hypothesis was accepted, along with
Zachariasen's four 'rules' to determine potential glass forming
oxides. These ruies were based on the idea that the interatomic
forces in crystals and glasses of the same composition must be similar,
but that the disordered glassy structure leads to an internal energy
surplus over the corresponding crystal. The smaller this energy
difference, the greater the resistance to crystallization. These

rules have some success in predicting network formers, network



_25_

modifiers and intermediates in oxide glasses, but are not generally
applicable. Furthermore the application to oxide glasses is limited
to compositions rich in network formers, because for compositioms with
higher modifier to network ratios than 1:1 the structure is thought to
consist of discrete anions e.g. ortho- and pyro-silicates, as in the
crystalline silicates:;

3)

Other authors e.g. Masson » have also proposed that discrete
anions are present in the solid glass by considering the structure of
the liquid melts, especially silicates and phosphates. The possible
anions are found by applying polymerization theory to the self-
condensation of monomers e.g. orthosilicate ions in the case of
silicates, to calculate ionic distribution and average chain length.
These approaches are attractive but cannot be used for compositions
rich in network former as expressions cannot be formulated, at present,

for network or cyclic structures.

Structural theories of glass formation therefore have a limited
application to oxide glasses but their main failing is that they do
not give any insights into the relative ease of glass formation. For
estimates of this, thermodynamic quantities such as energy and entropy

have been suggested to be important.

1.1,2.2 Thermodynamic Theories

Many theories have attempted to relate bond strength to the ease

of glass formation.

Sun(A) corrélated glass forming tendency and the average

dissociation energy of the bonds in the material and suggested rules
to determine the possibility of glass formation. This concept was

4)

later developed by Rawson who tock into account the energy avail-

able at the melting temperature to break the bonds.

4)

Stanworth proposed a link between electronegativity values
and glass forming tendency, however the correlation can at best be
described as poor. Other theories of this type include Dietzel's

field strength criterion and Winter's p electron criterion.

With the range of glass formation including all types of
interatomic bonding these simple approaches are bound to fail. They
have limited success for oxide glasses in predicting the important
glass—forming oxides which, to be fair, is all that they attempt to

explain. However, materials such as antimony oxide are predicted to
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rank in glass forming ability alongside silica, which is c¢learly

incorrect.

Gibbs(z) has developed an entropy approach and proposed that the
fall of the configurational entropy of liquids with decreasing
temperature results in decreased molecular mobility. At the freezing
point, if crystallization occurs, the configurational entropy will fall
to zero, but for a supercooled liquid it has been shown to decrease
slowly with temperature, leading to a small excess entropy at the glass
transformation temperature. This excess entropy concept has been used
by Gibbs to predict the wvalue of'Tg of some copolymers and also
viscosity~-temperature relationships near Tg' Again the approach can
be criticized in that it cannot predict the relative glass forming

tendency of materials.

1.1.2.3 Kinetic Theories

The most satisfactory and widely applicable theories of glass
formation are thoge that treat it as a kinetic phenomenon., To obtain
a glass it is necessary to cool the melt to a temperature below the
glass transformation temperature without observable crystallization
taking place. This requires prevention of both the nucleation and
growth processes. The theory of these processes will be considered in
some detail below (section I.1.3) where it will be shown that both
nucleation and growth rates pass through a maximim as the temperature
is lowered below the melting point. Crystallization can thetefore be
prevented by quickly cooling through these maxima to a temperature at
which the translational motion of the atoms is so restricted that the at-
omic reArrangements necessary to prbduce crystals are impossible.
Therefore the question is no longer what feature of the material allows
a glass to be formed, but rather low quickly must the material be
cooled to obtain a glass. Kinetic theories attempt to calculate the
minimum cooling rates needed for glass formation i.e. to avoid
detectable nucleation and growth.

L@

Dietze defined 'glassiness' as the reciprocal of the crystal

growth rate (U) and tried to relate this to material properties such
as viscosity, liquidus temperature and change of composition on
crystallization. These parameters were found to be important but no

direct relationships could be established.

(2)

As an alternative approach, Turnbull has used the nucleation

rate (Iv). He argued that for a liquid with low viscosity a single
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nucleation event could lead to crystallization, so even this must be
avoided. Therefore the cocling rate necessary to avoid nucleation
can be used to rank materials in glass forming ability. However, the
calculated cooling rates were rather different to experimental values,
which was not surprising considering the viscosity at the liquidus
temperature was assumed to be quite low (iOd2 Poise). The approach
has some value for metallic systems, where viscosities are low, but
viscosities of oxide glasses are relatively high s¢ they can tolerate

more than one nucleation event without crystallizing.

One of the most recent and valuable approaches is to consider
both nucleation and growth rates and construct time-temperature-
transformation (ITT) curves for the production of a barely detectable
fraction of crystal. Uhlmann(z) has assumed a volume fraction (VC/V)
of lO-6 to be just discernable., The time (t) taken to reach this
value is calculated at a range of temperatures from the experimental
or computed nucleation and growth rates, using the classical Johnson-

Mehl treatment:

< 3 4 (.1.1)
v

In the first approximation, any transient time required to estab-
lish the steady state nucleation frequency is neglected and uniform
homogeneous nucleation is assumed. If the nucleation rate is unknown,
which is quite likely, several reasonable values are assumed and the

results compared with experiment.

Once the TTT curve has been drawn, the critical cooling rate
needed to preclude crystallizaticn is given by the cooling rate which

just bypasses the nose of the curve.

Using this model the important factors affecting glass formation

were determined as:

(a) a high viscosity at the liquidus temperature,
(b) a viscosity which increases markedly with undercooling;
and for materials with similar viscosity-temperature relationships

glass formation is favoured by:

(¢) 2 low liquidus temperature: and in complex systems,
(d) a large redistribution of material being required for

crystallization.

Many of these factors had already been identified by other authors
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without quantitative calculations.

The model can be further refined by calculating continuous
cooling (CT) curves and this has been performed for some complex
silicate lunar samples, using both calculated and experimentally
determined nucleation rates. The latter showed excellent agreement
with classical nucleation theory which is surprising for such a complex

v

material.

Further modifications include the possibility of heterogeneous
nucleation and taking account of the size of body obtainable in the
glassy state using a given cooling rate, Calculations indicate that on-
1y heterogeneities with contact angles of less than 807 are effective

catalysts at small undercoolings.

The maximum quench rate attainable in the laboratory is currently
about 100 K s—I,.thus materials with critical cooling rates higher
than this cannot at present be prepared in the glassy state. Other
method s, such as those listed in Table !.l, must therefore be used to

obtain the non-crystalline state for these materials.

i1.1.3 Crystallization of Glasses

The section above has been concerned with the avoidance of
crystallization. In this section the factors influencing crystalliz-
ation will be examined leading to the idea of the controlled crystal-
lization of glasses to form the class of materials known as glass-—

ceramics.

-

The process of crystallization consists of two stages. Nuclei
must first be formed by a nucleation process and these'nuclei must

subsequently grow to form crystals.

Two nucleation mechanisms are normally considered: homogeneous
and heterogeneous. In the latter case, nuclei may occur in the form
of impurity particles, minute fragments of crystals which have not
completely melted or dissolved and even the walls of the container
may provide a suitable site. With homogeneous nucleation, nuclei
are generated within the melt itself and this case will be considered

first.

1.1.3.1 Bomogeneous Nucleation

In any melt thermal fluctuations will result in clusters of

atoms, icons or molecules which will have similar configurations to
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that of the crystalline phase. Above the melting point these clusters
do not grow because the free energy of the crystalline pﬁase is
greater than that of the liquid. As the liquid is cooled below the
melting point the clusters increase in stability; the free energy of
the system is lowered by crystallization, but opposing this is an
increase in free energy as the result of the crystal-liquid interface

which is formed.

The work required to form a spherical embryo of the new phase

with radius r is:
W = 41 r2 g +(4/3)7 3 86 (1.1.2)

where ¢ is the interfacial energy and AGV the free energy change per
unit volume for the phase transition.
Using this equation the critical radius (r*) for a stable nucleus

is obtained from the condition:

oW
3z - 0

which gives:
k= - 29 ' (1.1.3)

Clusters up to r* in size are referred to as subcritical embryos
and those with sizes equal to or greater than r* are called critical
or supercritical nuclei respectively. Critical nuclei will grow
spontaneously because the increase in size-is accompanied by a decrease

in free energy.

The corresponding value of W is equal to AG*, the free energy of
formation of a critical nucleus where:

161 g3 (1.71.4)

AGE = e,
- 3 (AGV)

Assuming the number of embryos is much smaller than the
total number of molecules and a Boltzmann distribution is obeyed, the

nucleation rate (I) is given by:
I = A exp (- AG* / kT) (1.1.5)
This describes the thermodynamic barrier to nucleation.

The rate of formation of critical nuclei depends upon the growth
rate of the embryos, as the nucleus is too large to result from a
single fluctuation within the melt. The embryos are assumed to grow

by unimolecular steps and eventually, if the growth rate is not too



- 30 -

high, a steady state equilibrium of critical nuclei is established.
This creates a kinetic barrier to nucleation, represented by A above,
accounting for the rate at which the structure of the material is
changed from the liquid to the crystalline state by diffusion across

the interface. The value of A is given by:
A = nvexp (- AGD / kT) (1.1.6)

where v = kT/h is the molecular jump frequency, AGD is the activation

energy for transport across the interface and n the number of molecules/cmB.

The total expression for a one component system is therefore

given by the Turnbull-Fisher equation(s):
nkT
I = 5= exp (- AGy / kT) exp (- 4G* / kT) (1.1.7)

The temperature dependence of the nucleation rate is of great

importance.

At low temperatures, the kinetic barrier to nucleation increases
as the diffusivities of the components decrease. At higher tempera-
tures AG* rapidly approaches zero as the undercooling is decreased,
This can be illustrated for a nucleus with the same composition as

that of the melt by substituting:
4G = (AH /T ). AT
into the equation for AG* giving:

16T 03T; - (1.1.8)
3 (AH_)Z (&T)Z

AG* =

where Ttll is the melting temperature and AHV the change in enthalpy

per unit volume,
Therefore:
AG* = 1 [/ AT? (1.1.8a)

The dependence of the nucleation rate on the undercooling AT

is shown in Figure 1.1.

For multicomponent systems equation 1,1.7 must be modified by

the following:

{a) the mole fraction of the nucleating component must be
included;
{b) the free energy change on crystallization, AGV, will

depend on the composition of the nucleating component: .
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Suppose N2 moles of a crystalline phase with composition z

nucleate leaving N, moles of liquid phase with composition y, then the

1
change in free energy, neglecting any surface energy changes, is:

AGV = NIGy + NZGz - (N1+N2) Gx (1.1.9)

assuming N2 << N, and x is the composition of the original liquid.

1
Therefore:

AGV = Nl(Gy-Gx) + NZ(GZ-GX) (1.1.10)

This may be calculated from a free energy diagram of the system.

(¢) The dependence of the interfacial energy on the chemical
composition gradient must be included, and,
(d) The kinetic term must account for long range diffusion of

the nucleating component to replenish the surrounding liquid.

In practice, homogeneous nucleation is observed in relatively
few systems so additions of a nucleating agent are often made.
Without homogeneously formed nuclei, nucleation often takes place on

heterogeneities within the melt.

1.1.3.2 Heterogeneous Nucleation

In the case of heterogeneous nucleation the thermodynamic
barrier is lowered by a factor which depends on the degree of wetting

of the nucleation substrate. The activation energy therefore becomes:
AG* (het) = AG* (hom) x £( ) (1.1.11)
where:
£(8) = (2+cos6) (1-cosd)Z/ 4

8 is the contact angle and cos © =(Gas_083/°a6 (see Figure 1.2)

A low contact angle, i.e. good wetting of the substrate, is

therefore desirable.

The complete expression for the rate of heterogeneous nucleation
(IS) must also take into account the effective area of the substrate

with suitable sites for nucleation. Therefore:

I = Ks exp {-(AGD+AG* / kT} (1.1.12)

s (het))

The factor K, may be difficult to caleculate in practical situations.

An alternative approach relates the potency of the nucleus to the
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degree of similarity between its crystal structure and that of the
phase being nucleated. This is basically the phenomenon of epitaxial
growth, in which crystals form on the surface of a foreign crystal

with a definite orientation. Generally the criterion for this to occur
is that the disregistry between similar low index planes of the
nucleus and the precipitating crystal should not exceed a figure of
between 10-207. For effective nucleation the degree of disregistry
should be less than 157; with increasing mismatch of the crystal
lattices greater degrees of supercooling will be required before

nucleation can take place.

1.1.3.3 Deviations from Classical Nucleation Theory

The description so far has briefly outlined classical nucleation
theory which is based upon a number of assumptions. In practice

modifications to the theory must be considered.

In the clasgsical theory, embryos are treated as bulk material
and the free energy of crystallization does not depend upon the size
of the embryo. Also the embryo-glass interface is assumed to be

sharp, with a well defined interfacial energy.

In real systems, the first phase to crystallise may not be the
one expected from thermodynamic considerations, so the free energy
change on forming a nucleus may be difficult to estimate. It may
also depend on the radius of the embryo. For silicate glasses the
molecular species involved in nucleation is often not known and the
concept of an interface between a small cluster of molecules and the
network, ring or chain structure of the glass breaks down. Thus the
interface is not necessarily sharp and as the radius of the cluster
becomes of the same order as the range of intermolecular forced, the

interfacial tension will become a function of size.

Even if the problems of the physical interpretation of the
nucleation phenomenon are ignored, the mathematical theory developed
above assumes that the embryos obey the Boltzmann distribution, which
is not quite true, and no account has been taken of transient times
(1) required to establish the steady state nucleation frequency. The
ef fect of a transient on the time dependence of the nucleation

frequency can be expressed by:

I, =1Iexp t/e) (1.1.13)
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where I, is the nucleation frequency at time t. The Varition ua. the.
t vallume Ly Cime

Dby, ujr naclel P , 'L_is shown in Figure 1.3.
A final consideration is that the nucleation process may be
modified by liquid/liquid phase separation which will be discussed

in the section below.

In conclusion, therefore, the classical theory must be modified
to describe nucleation in practical systems, although a complete
description is hampered by a lack of experimental data. However, as
this work is not explicitly concerned with the kinetics of nucleation,

these problems will not be discussed in any further detail.

1.1.3.4 Liquid-Ligquid Phase Separation(ﬁ)

Separation of the liquid into two liquid phases often precedes
the nucleation of a crystalline phase.  Crystallization is then
favoured either because the interface can act as a preferential site
for nucleation or one of the separated phases can nucleate homogeneously

because the molecular groups have a higher mobility than in the parent

liquid.

Phase separation can take place by one of two distinct mechanisms:

nucleation and growth or spinodal decomposition.

Two regions can be distinguished in the free energy diagram
shown in Figure 1.4b. In region N, small variatioms in composition
lead to an increase in the free energy of the system since §2G/6c2? is
positive. The melt is stable against these. In region §, however,
this is not so since 62G/6c? is negative and the system is unstable
with respect to small compositional fluctuations as its free energy
is decreased. For phase separation of compositions in region N,
critical nuclei must be formed by overcoming a thermodynamic barrier
and these must subsequently grow. The overall nucleation is lérge in

degree but small in extent and obeys the classical nucleation equations

derived above.

In region S5,however, there is no thermodynamic barrier and a
large number of small compositional fluctuations are formed
spontaneously which subsequently grow in degree, i.e. the gradient of
the variation increases with time and the distinction between the
phases becomes clearer. This is termed spinodal decomposition as it

occuxrs within the spinodal curve (Figure l.4a).
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The early stage of spinodal decomposition therefore gives a
highly interconnected two-phase morphology, whilst nucleation and
growth would be expected to yield discrete second phase particles
within a continuous matrix. It was thought originally that the
morphology, as observed by electron microscopy, gave an indication of
the mechanism of separation, however, this is not the case. Discrete
particles grown by a nucleation and growth mechanism in contact with
each other can coalesce by viscous sintering yielding an inter-
comnected morphology. Similarly, an interconnected structure can
reduce its free energy by a coarsening process either retaining
connectivity, or by necking off and spherodising thus giving discrete

particles.

1.1.3.5 Crystal Growth

Once a steady state equilibrium of nuclei has been established,
the subsequent crystallization is dependent upon the crystal growth
rate. This is controlled by the raté at which species arrive at the
interface and attach themselves to the crystal. Three possible rate

determining steps can be identified:

(a) Long range diffusion of the crystallizing species to the
interface._ This gives a time dependent growth rate, Short range
diffusion around the interface will only affect the crystal morphology.
In practice, long range diffusion is rarely the rate controlling step.

(b) As new crystal is generated, latent heat is evolved. 1If
this is not removed by conduction, the resulting temperature gradient
will affect the morphology of the crystal phase. If the undercooling
of the melt is less than that required for the maximum growth rate,
the temperature increase at the interface will reduce the local under-
cooling, and hence the growth rate, untillthe rate of production of
latent heat is equal to the rate of heat removal.

(c) Finally, the interfacial reaction may be rate controlling.
This is the most common situation and gives a time dependent crystal

growth rate as does (b) above.

The classical mathematical analysis of crystal growth sets up
expressions for both the rate of attachment of species from the liquid
to the crystal and also the reverse process. Three possible

mechanisms of surface attachment are usually identified:

(a) Normal or continucus growth. This is expected for interfaces
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which are rough on the atomic scale where species can attach onto any

site.
(b) Surface growth, usually found for smooth surfaces, and,

(c) Growth onto screw dislocations intersecting the surface.

Considering Figure 1.5 and a normal growth mechanism, the number
of species transferring from the liquid to the crystal per unit time

is given by:

- - T
X .= svo exp ( AGD / kT) (1.1,14)

where s is the number of molecules in the liquid facing the crystal
across the interface and Yo is the jump attempt frequency.

Similarly for species detaclment:

- - ]
X = sV, exp { (AGD + vAGv)/ kT} (1.1.14a)

Therefore the net transfer from liquid to crystal is given by:

- - — 1 -~
X T ¥ = SV, exp ( G / kT) {1 ~ exp (—vAGv/kT)} (1.1.15)

where AGv is the change in free energy per unit volume and v is the

volume per molecule,
This results in a growth rate (U) of:

U= Av_ exp (-AGI; / kT) {1 - exp (- vAGv/ kT)} 7(1.1 .16)

where A is the jump distance.
In general the value of-AGﬁ is unknown thus an approximation
must be made. Hillig and Turnbull(7) defined an effective diffusion

coefficient (D) for transport across the interface:

= - 1 = 2 - 1
D =D exp ( 4G / kT) v A ex? ( e / kT) a.1.a7)

The Hillig-Turnbull equation for the growth rate is therefore:

U= (D/A) {1 - exp (- VAGv / kT)} . £ (1.1.18)

where f is the active site fraction which is introduced to account
for the fact that not all sites are available for growth i.e. the

normal growth model does not always apply.

£(8)

According to Wagstaf a further approximation can be made

to estimate AGV:

[H

AG AT . AS_, = AT aH_/ T (1.1.19)
v v v m
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where AT = TL- T and AHV is the latent heat of crystallization per

unit volume.

To calculate a value for D, it is often assumed for simplicity that
the activation process for diffusion across the interface is similar to
that for viscous flow, so the Stokes-Einstein equation can be used.

This assumption is only likely to be valid for simple systems., Therefore:

_ kT
= Smm (1.1.20)

where n is the viscosity.

Having made these approximations, two limiting cases are usually

considered:
(a) At small undercoolings vAGv << kT, therefore:

vAT AH. AG AH AT
m m
Ty,

<< kT and writing: vAGv = - - TN

where the subscript m refers to molar quantities, gives:

AHm £k : constant

U = W.H.AT = —';l""-'———AT (1.1.2])

Therefore the growth rate is proportional to the degree of

undercooling.

(b} Similarly for large undercoolings:
vAG >> kT  and,
InU = I/T (1.1.22)

A schematic plot of growth rate against temperature is shown in

Figure 1.6.

For more complex systems, growth occurs by lateral mechanisms
i.e. surface nucleation or screw dislocation. In the former case a
two dimensional nucleus forms at any site on the surface of the
crystal. It is then more fgvourable energetically on smooth surfaces
for the next atomic or molecular species to bond to this nucleus and
this process is continued. Each layer is nucleated separately and

then grows over the whele surface.

Such a mechanism is not observed in silicate or other crystals
where screw dislocations are pregent. The intersection. of a screw dislo-
cation with the surface causes a unimolecular step at which new species

can join. As screw dislocations are shaped in a continuous
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Archimedian spiral this process can continue to generate new crystal

material through a self-perpetuating source of steps.

The mechanism of growth operating can be determined by calculating
the reduced growth rate (UR) and investigating its dependence on the

undercooling AT:

U n KL ¢ (1.1.23)

9) = =
{l-exp(—ﬁgg%IT)} 3wA2
L

R

UR is primarily a measure of the fraction of sites on the crystal
surface for molecular attachment and can be used to calculate £,
(9)

It can be shown that for:

(a) Normal growth; a plot of UR against AT is a line with zero
slope. Silica and germania provide good examples.

(b) Surface nucleation; a plot of log U_ against AT is a

R

straight line e.g. _CaMgSiZO6 pyroxenoid.

(c) Screw dislocation; a plot of U_ against AT is a straight

R
line e.g. sodium trisilicate.

Finally, consideration is given to two common growth morphologies
found in crystallized glasses: spherulitic and dendritic, as these

have both been observed in the present study.

Spherulitic and dendritic forms of growth are competitive and
the one observed depends upon the degree of undercooling. Both form
when the composition of the growing crystal phase differs from the
overall composition of the melt thus necessitating diffusion of the
crystallizing component to the interface. The tip of a growing
fibrous crystal has the greatest accessible volume from which
components can be drawn, therefore fibrous growth is favoured. XKeith
and Padden(lo) have shown that the width of this accessible volume is
given by D/U, therefore by considering the change of U with temperature
it is easily shown that D/U decreases with decreasing crystallization

temperature and the separation between fibres also decreases.

At high undercoolings, spherulitic growth is favoured. Pert-
urbations on the surface of a fast growing fibrous crystal will branch
from the main crystal at a low angle, the value of which depends on
the interference of the diffusion fields of adjacent branches. Even-

tually the growth becomes radial and the characteristic spherulitic
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morphology is formed.

At smaller undercoolings dendrite formation takes place and in
this case the branching occurs at favoured angles to the original
fibre. The main branches in turn may have sub-branches, often-
realigned to the original fibre thus producing parallel growth. The
growth rate is highly anisotropic as the sides of the fibres are more

depleted of crystallizing component than the tip.

The discussion above has not included the effect of latent heat
of crystallization on crystal morphology because normally the growth
rate in glass-ceramic systems is very small, so there is no significant

temperature rise at the interface,.

1.1.4 Glass~Ceramics

Normally uncontrolled crystallization, or devitrification, of a
glass is undesirable because the product is invariably weak as a
result of the coarse microstructure. Frequently only crystal growth
inwards from the surface is obtained. However, additions can be made
to the glass to facilitate the production of a large number of
internal nuclei. These can then grow to produce a fine-grained
glass-ceramic material which has improved physical properties
compared to the parent glass. These additions, known as nucleating

agents, include metals, fluorides, sulphides and oxides.

The theories of the nucleation and growth rates have shown that
both go through 2 maximum as the temperature is decreased below the
liquidus. In general these maxima are separated by a few hundred
degrees so the heat treatment process to produce a glass—ceramic is

usually in two stages. A typical schedule is shown in Figure 1.7.

The micleation temperature selected is usually one at which the
rate is highest and this can be determined by experiment. Similarly
a high growth rate is preferred although other constraints must be

considered including:

(a) the temperature must not be so high that the glass becomes
fluid and slumps under its own weight and,

(b) if the crystal growth rate is too high cracking can occur.
This is because the crystals set up stresses as the result of the
difference in density between the phases, which the remaining glass

cannot relax.



- 39 -

Finally, the heating and cooling rates indicated on Figure 1.7

are chosen to avoid eracking of the sample.

1.1.4.1 Nucleation Mechanisms Excluding Transition Metal Oxides

As mentioned above, certain metals, fluorides, sulphides and

oxides will effect nucleation when added to a glass.

Typically metals act by forming a uniform dispersion of particles,
with colloidal dimensions, throughout the volume of the glass. The
metals which can be used are those which have a simple compound {oxide
or chloride) that will readily dissociate in the glass either with the
application of heat or by using a reducing agent. The metal atoms
then aggregate to form particles which can act as heterogeneous sites
for nucleation of the principal crystalline phases. Typical examples
include: copper, silver, gold and the platinum group metals, e.g.

(@) 2cut + s+ st + 2000

Copper is added as Cu,0 with Sn0 as the reducing agent, The glass is

2
quenched and then reheated whereupon:
Cu0 + Cu (crystals)
This mechanism is the basis of 'striking' copper ruby glasses.
(b} Platinum is added as the chloride which dissociates on

melting and the atoms form colloidal particles on cooling.

The mechanism of sulphide nucleation by, for example, CdS or
CdS + CdSe is similar. The sulphides dissolve in the molten glass
but on reheating to the upper annealing temperature after quenching,

striking occurs.

The mechanism of fluoride nucleating agents is not so clear.
Fluorides are sparingly soluble in oxide glasses at the melting
temperature and will precipitate on cooling. This is the mechanism
used to produce fluoride opal glasses. These precipitates may also
be used to nucleate glass—ceramics. On the other hand, Rogers(ll)
has reported the existence of liquid in liquid phase separation in
specimens of NaZO-CaO-A1203-SiOZ-NaF glass after a nucleation only
heat treatment. However, the scale of the subsequent spherulitic
growth was two or more orders of magnitude greater than that of the
phase separation, indicating that the relationship between nucleation

and phase separation was complex.

Of all the possible nucleating agents, oxides, particularly
titania and phosphorus pentoxide, have the greatest practical use

in commercial glass~ceramic compositions. The mechanism for TiO2
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will be discussed in the section devoted to transition metal (TM)
oxides which follows. P205 is known to encourage phase separation
in some systems but in practice either metallic phosphate precipitates

or surface.energy effects are probably responsible for increasing the

nucleation rate.

1.1.4.2 Crystallization of Glasses Containing TM Oxides

The way in which TiO2 encourages nucleation is not well understood
and may depend on the composition of the system involved. Three

possible mechanisms have been proposed.

(12)

Originally it was thought that rutile precipitated on
cooling, however this is unlikely as TiO2 is not predicted to be a
stable phase by the equilibrium phase diagram. Maurer(IB) has
proposed that titanates could be formed in MgOfA1203-8102‘T102
compositions by phase separation of the glass and crystallization of
a TiO2 rich phase. However, Barry(la) did not find any evidence ?f
phase separation in LiZO-AIZOB-SiO2 compositions, Lithium titanate
was detected but it was thought that it had crystallized with the
major phases and played no part in their nucleation. Barry suggested
that TiO2 lowered the surface energy between liquid and crystalline
phases, thus lowering the activation energy barrier to nucleation,
since W* = 3. The mechanism involved redistribution of non-bridging
oxygen ions by Tia+ ions to the periphery of completely bridged

network regions to form the nuclei.

One of the greatest impetuses of the work to enhance crystalliz-
ation in glasses using TM oxides, has been the desire to convert
waste materials, such as blast-furnace slags and oil shales, to useful
glass—ceramic products. This has been pioneered in the USSR with the
production of Slag-sitallls and is also receiving attention in the UK
with Slag-ceram. Blast-furnace slags contain significant proportions
of iron so the behaviour of iron oxides as nucleating agents is of
interest. The effect of chromium and vanadium oxides has also been
studied but manganese oxides have received little attention.

(15)

Rogers and Williamson investigated the crystallization of

glasses with compositions in the CaO-MgOﬁA1203-Si02 system with
additions of iron oxide. The valence state of the iron was found to
be an important factor since only glasses containing ferric ion
showed any tendency to nucleate and grow crystals internally. A plot

of the number of crystals per unit volume against the reciprocal of
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the temperature gave an estimate of the activation energy for the
kinetic barrier to nucleation of between 100 - 120kcal/mole. The
authors suggested that this was too large to be accounted for by
cationic diffusion and represented a major form of reconstruction
during nucleation, of the kind found during viscous flow. Activation
energies measured for the latter process for similar glasses had

gimilar values(ls).

(17)

The nucleating species was thought to be MgAlzo4 , with some
replacement of Al3+ by Fe3+. Both MgA1204 and MgFe204 have a normal
spinel structure and the Al3+ or Fe ' ions are in six-fold coordination.
it was proposed that formation of the spinel was favoured by additions
of ferric ion, because ferric ion tends to occupy four-fold sites,
therefore upsetting the balance of A13+ between four and six-fold

sites towards octahedral coordination. Six—fold ccordinated A13+

can then form spinel by interaction with the relatively more mobile

Mg2+ cations.

Ferrous ion has been found to influence the rate of crystal

(18),

growth the growth rate being proportional to the square of the
ferrous ion concentration. Electron probe microanalysis showed an
increase in the iron concentration at the crystal-glass interface due
to the rejection of iron from the growing diopside crystals. It was
proposed that an increase in ferrous ion lowered the viscosity of the
glass in the region of the crystal front, which led to an increase

in the growth rate.

Relatively less work has been done on the effect of vanadium
additions. McMillan(lz) has reported that V205 behaves similarly
to P205 as a nucleating agent but is rather less effective.

(16)

Williamson et al found that small additions of V5+ increased the

rate of crystal growth in a glass of composition 30Ca0—2Mg0—15A1203—
538102 (all in wtZ). However the increase reached a maximum between
2 - 4 wt] V5+, depending on the crystallization temperature, and
further additions reduced the rate, The formation of vanadate
complexes was suspected to account for this. Vanadium as V3+ also
increased the growth rate but the effect was less than that for

5+

. - 4+ . .
equivalent quantities of V The effect of V' was not investigated,

Again the increase in growth rate was probably explained by a decrease

in viscosity.

Chromium oxide (Cr203) is unusual amongst TM oxides in that
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only a small proportion (< lwtZ) can be dissolved in aluminosilicate

h(lg) studied glasses with the same composition as

glasses. Keywort
above and found that additions of Cr203 (>0.37) and Mg0 (>6.0 wtZ)
produced internal as well as surface nucleation and growth, The
internal growth was in two stages: diopside dendrites were the first
to grow, followed by anorthite formed by secondary nucleation on the
diopside dendrites. An attempt was made to calculate the nucleation
rate for diopside by the Johnson-Mehl-Avrami equation but this was not
successful, probably because the composition of the crystallizing
phase differed from that of the parent glass. The activation energy
for nucleation was similar to that of viscous flow, indicating that
the same rate controlling mechanism was involved.

. . . . . . 6+
The nucleation rate increased with increasing propertions of Cr

and electron probe microanalysis indicated that the nuclei were rich

in chromium. As both Cr203 and Mg0 were necessary for nucleation,
chromium spinel (MgO.Cr203) was suggested to be the nucleating phase.
The actual effect of the Cr’  ions was uncertain, but its high field
strength was thought to have an ordering effect on non-bridging

oxygen ions and cause a chromium rich phase to separate. Unlike

other TM oxides, chromium oxide decreased the crystal growth rate.

. The effect was most pronounced for Cr3+ but was seen with Cr2+ and

Cr6+ to a lesser extent.The effect is probably explained by an increase
in the viscosity of the glass.

Shelestak et 31(20’21)

have investigated shale glasses with
similar compositions to the glasses used in the various studies

above. Even though these naturally occurring materials contained
small proportions of TiO2 (in an unspecified amount) and Fe203 (2wtZ),
no internal crystallization could be produced by heat treatment.
Attempts were therefore made to achieve bulk crystallization by
adding one of 2 number of common nucleating agents: P205, TiOz,ZrOZ,
CaF2 and Cr203. Only additions of Cr203 were successful at a level
of lwtZ and produced nuclei identified as an iron-chrome spinel. The
authors expected ionic substitution of Mg2+ and A13+ for Fe?* and ¢t
respectively and suggested the general formula: (Mg,Fe)(Al,Fe,Cr)ZO4
i.e. of the same type found by Keyworth in iron free glasses. All
these elements were detected within the spinel nuclei using energy
dispersive X-ray analysis (EDAX). Again the activation energy for

crystal growth was comparable to that for viscous flow.
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Microstructural studies indicated that phase separation preceded
the formation of a stable crystalline phase, thereby increasing the
driving force for nucleation both by providing preferred sites as well

as local enrichment of some component.

With regard to crystal growth, the spinel phase nucleated
diopside as the major crystalline phase. As the degree of disregistry
between diopside and iron—-chrome spinel was only less than 157 in
one direction, it was proposed that the dendritic structure produced

gave rise to the least distortion of the crystal lattice.

Finally, several authors have attempted to relate the effect-
iveness of TM ions in promoting devitrification to parameters such
as cation radius and field strength,

(18)

Williamson showed that there was a rough correlation between
the ionic potential of an ion (Z/r where Z is the atomic number and r
the ionic radius) and its effect on the crystal growth rate, excluding
chromium ions. For ions with the same oxidation state, higher ionic
potentials exerted less influence on the growth rate. Using Dietzel's
values for the cation field strength (Z/rz), it was shown that the
rate of crystal growth decreased as the cation field strength
increased, although VS+ and V3+ did not follow this pattern.

(22)

Tomozawa has also proposed that the cation field strength parameter

should describe nucleation phenomena in silicate systems generally.

MacKenzie and Brown(zs) have compared their results with the
conclusions of the above authors, They studied the effect of small
additions of first row TM oxides on the devitrification temperature
and 'heat of reaction' of a A1203-—Si.02 glass using differential
thermal analysis. They could establish no simple relationship
between these parameters and cation radius or field strength. The
most effective cations in lowering the devitrification temperature
were those with an octahedral site preference energy similar to that
of A13+, for these interacted with both tetrahedral and octahedral
regions of the structure. However these conclusions may be complicated
by the presence of phase separation which occurred by spinodal
decomposition assisted by the nucleating agents. This may explain the

discrepancy with other workers.
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1.2 Optical Absorption Spectroscopy

1.2.1 Introduction

The colouring of glasses by manganese and iron has long been of
interest to glass-makers. Iron was usually introduced as an impurity
in the sand in the batch, resulting in a yellowish-brown glass. Until
comparatively recently, small quantities of manganese dioxide, or
glass-makers soap, as it is known in the glass industry, were added

to 'clean' or decolourise iron glasses.

The physical mechanisms of colour production have been unravelled
in only the past thirty years with the development of ligand field
theory. Ligand field theory considers the splitting of the degenerate
electron orbitals of a metal jion when surrounded by ligands; electronic
transitions between these levels are then responsible for light
absorption in the near infra-red through visible to near ultra-violet

region of the spectrum.

Ligand field theory is a development of the earlier crystal field
theory which considered the ligands as point charges and assumed a
purely electrostatic interaction between ligands and the central metal
ion. Although it has great success in quantitatively explaining some
spectra, the theory breaks down when the metal-ligand bond becomes

partly covalent. Ligand field theory accounts for this covalency.

At the other extreme, all of the bonding electrons may be shared
in covalent bonds. 1In this case molecular orbital theory is appropriate
but again the ligand field approach can be derived from it, for some

ions, as a special case.

Whichever model is applied, light absorption is caused by
electrmic transitions between ligand and metal ions, so the various
possible transitions for the oxide glasses in this study will now be

discussed.

1.2.2 Electronic Transitions

Electronic transitions may be classified as follows:

(a) Interionic (i) metal to metal e.g. Fe2+ - Fe3+

(ii) 1ligand to metal
(iii) metal to ligand

(iv) 1ligand to ligand
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(b} Intraionic (1) 1ligand: redistribution of p electrons

(ii) metal : redistribution of d electrons

Not all of the transitions listed above are allowed according to
a quantum mechanical law known as Laporte's rule, which forbids
transitions invelving only a redistribution of electrons within a
single quantum shell, Only transitions with Al = *| are allowed
(e.g. d»p, p*d, d+f ete,, but not d+d, p*p or s>d), thus the d—d
transitions responsible for colour in TM glasses are predicted not to

occur. In practice, Laporte's rule is relaxed in one of two ways.

Firstly, for complexes without a centre of symmetry, some mixing
of metal d orbitals with metal or ligand p orbitals can occur and
transitions then take place between orbitals containing different
amounts of 'p character'. The greater the mixing of orbitals, the

more the rule is weakened and the greater the absorption becomes.

Secondly, those complexes with a centre of symmetry can’have
that centre momentarily displaced by thermal vibrations and mixing
then takes place as above, TFor this reason non-centrosymmetric
tetrahedral complexes have higher absorption intensities than
centrosymmetric octahedral ones. Laporte's rule accounts for the

large difference between the molar absorptivities of d-d spectra

....] - - . . .
(5-5001 cm mol l) and the lO4 - lO5 cm ! absorptivities of
allowed transitions.
1.2.3 Interionic Transitions

1.2.3.1 Metal-Metal Charge Transfer Bands

This photon assisted electronic transfer is not to be confused
with the phonon assisted transfer responsible for electronic conduct-
ivity and dealt with in section 1.4 below. Photon assisted transitions

are not described by either ligand field or molecular orbital theories.

It will be shown in section |.4 that during thermally activated
hopping the energy of the electron, bound as a polaron, is raised by
an energy equal to in, where Wﬁ is the polaron binding energy, by
interaction with phonons., Simultanecusly, the acceptor site is also
at an energy of iwp below its previous position and therefore the
hopping energy (WH) is equal to gwp. .However, if the electron absorbs
a photon, the hopping includes a Frank-Condon type process requiring

an energy of:
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hy = 20 = 4uy (1.2.1)

to excite the electron out of its polarization well. The energy

requirement is greater because there is no 'prepared' acceptor site.

From small polaron theory this absorption should give a Gaussian
absorption band centred at about hv = ZWb, which in glasses will be

broadened by disorder. The oscillator strength (£) of this transition

is given approximately byﬁza):
m R2 (2J2)
£f =2z ( 3 } (1.2.,2)
)i hv

where z is the number of nearest neighbours, J the overlap integral

between sites separated by distance R and m, is the effective polaron

0
mass.

Therefore taking typical values; for example a crystal such as

TiO2 where R=5 R, hv=1eV and J=0Q,1eV gives an oscillator strength of
-4

0.05. This compares with 10 = - 10—5 expected for a spin forbidden

ligand field band and <10-'3 for a parity forbidden and spin allowed
band.

Various optical transitions observed in crystalline materials

containing iron have been ascribed to metal-metal photon assisted

electronic transfers, Examples include(za):

1

(a) The strongly dichroic absorption band at 0.65eV (5250 cm )

in partially oxidised vivianite (Fe3(P04)2.8H20), presumably due to
2+ 3+
Fe™ -+Fe electron transfer.

(b) In silicon doped yttrium iron garnet (YIG),'Fe2+ ions are
present in octahedral sites. Although the main absorption at 1.3 eV
(10 500 cm—l) is a ligand field transition of Fe2+, it has been
suggested that part of this band is a charge transfer process. This
implies that W

H
of 0.2 eV calculated from electrical measurements. The value of £

= 0,3 eV in fair agreement with the hopping energy

-2 . s
was < 10 but £ values tend to be smaller when R is increased because
J decreases. This observation alsc applies in the case of electron=~

ically conducting glasses.

Similar transitions in other materials have been described by

Koffyberg(zs) and Austin and Garbett(26).

Koffyberg(zs) has reported measurements on Ti0,-510, glasses

2 2
prepared by RF sputtering. Normal optical spectroscopy revealed only
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3+ 1

at 1.9 and 3.0 eV (15 325 and 24 200 cm ).
However, a thermomodulated absorption spectrum gave a single band at

1.1 eV which, as WH
the correct range for optical absorption by polarons. The theoret-

ligand field bands of Ti
was measured as 0,38 eV for the same glass, is in

ically calailated shape of the absorption band was in fair agreement
with experimental data but the author thought that this was, in part,
fortuitous. _ |
Austin and Garbett(zs) have reported studies on vanadium phosphate
and manganese silicate glasses. For the vanadate glasses they found

an absorption band at 1.8 eV, not.immediately recognizable as a ligand
field band of V4+, which was proportiomal to the V4+ concentration.
Since the de conductivity hopping energy was 0.4 eV, there was
reasonable agreement with theory, though the oscillator strength was

again lower (f = 4x10-4) than that for 3d crystals.

The manganese silicate glasses (containing 127 MnO with a redox
ratio of Mn3+7total Mn = 257) showed no unexpected absorptions
within the range of | - 4 eV. The only band observed was the Mn3+
ligand field transition at 2,8 eV with f = 10-4. This implies that
any optical charge transfer either has a very low oscillator strength
(f < 10—5 and J 5_3x10-3 eV) and is too weak to be observed, or it
occurs at a photon energy of greater than 4 eV, The latter is quite
possible since the authors reported a hopping activation energy of

1 eV, which is supported for similar glasses by the present study.

From the discussion above it is seen that the major difficulty
in observing metal to metal charge transfer bands is that they are

often obscured by ligand field or metal-ligand charge transfer bands.

1.2.3,2 Ligand-Metal Transitions

These may be one of two types; metal to ligand, involving
oxidation of the metal ion, or ligand to metal. Transitions of the
former kind require the ligand to be readily reducible and have low
lying vacant orbitals. This is not the case for oxygen ligands
therefore these transitions do not occur in oxide glasses; indeed

they have not been studied generally in any detail.

The most important example of the second transition in this
. 3+ . .
study is the Fe~ -0 charge transfer band, which gives a yellow-brown
coloration to iron glasses. This results from the tail of the

absorption, the peak of which lies in the near UV, encrecaching on
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the visible region of the spectrum.

The electronic transitions taking place can only be described
with the aid of molecular orbital theory, but as these transitions
are of little use in predicting the environment of the metal ion, only

an outline of the theory will be given.

1.2.3.3 Molecular Orbital Theory

In the molecular orbital theory a set of molecular orbitals is
constructed from the atomic orbitals of the metal ion and ligands.
Once the molecular orbitals have been obtained, usually by the linear
combination of atomic orbitals (LCAO) approximation, they are filled
with the available electrons according to the same rules as for

atomic orbitals.

From group theory, atomic orbitals can only overlap to form
molecular orbitals if both have the same symmetry. For each pair of
atomic orbitals, two new molecular orbitals are formed, one with
lower energy and the other with higher energy, called bonding and

antibonding orbitals respectively.

For TM ions of the first row only the 3d, 4s and 4p orbitals
are considered, along with the ligand outer s and p orbitals. Only
one of the ligand's three p orbitals is directed along the inter-
nuclear axis with the central metal ion. This and the s orbital can
combine with metal orbitals to form ¢ bonds. These are cylindrically
symmetrical about the internuclear axis. The other p orbitals can
only form 7 bonds, which have equal electron density on either side
of the plane containing the internuclear axis; 7 bonds are therefore
not strongly bonding or antibonding so often they are considered as
non-bonding orbitals. A typical molecular orbital energy level

diagram for an octahedral complex is showm in Figure 1.8.

Charge transfer specﬁra arise from the transfer of an electron
from a predominantly ligand orbital to one mainly on the metal ion.
These are Laporte allpowed (u -+ g) and are therefore very intense e.g.

L +~d or d
tou tZg eg
This type of diagram can be used to account for two other

transitions:

(a) Transitions between ligand orbitals and,

(b) High energy transitions Within the métal ion e.g.
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-+~ 8

d
t2g alg
but these will not be discussed further.

For TM ions the molecular orbitals are filled up to the dt2 or
- . . . g
de levels, By taking just these two levels and ignoring the rest
of the diagram, the ligand field approach is obtained as a special

case.

1.2.4 Intraionic Transitions

Internal d-d transitions are the most important mechanism of.
optical absorption within the visible spectrum. To describe these
absorptions, ligand field theory is used, so the basis of the theory
will now be summarized with special reference to the ions of interest

2+ 3+

in this study: Mn" , Mn3+, Fe2+ and Fe™ ,

1.2.5 Ligand Field Theory

1.2,5.1 Ions with a Single d Electron

In a vacuum, the five d orbitals of a TM ion are degenerate.
When the ion is removed from vacuum and placed in a medium, the
electrical field around the ion is no longer uniform and as the d
orbitals are directional in space, this non-uniform field results in
the removal of degeneracy. The way in which the orbitals split
depends upon the field symmetry. Octahedral and tetrahedral fields
are the most common arrangements for TM ions in glass although
distortions from these often occur. The details of typical splittings

are shown in Figure 1.9.

In a dl octahedral complex, the electron resides in a t2g

orbital. As this orbital lies at an energy of 2/5 Aoct below the
arbitrary zero, the electron has gained extra stability, which is
known as the ligand field stabilization energy (LFSE). This is the
case for all electrons added to the t2g orbitals. Electrons in the
eg orbitals destabilise the system by 3/5 Aocc' Note that after
three electrons have been added to an octahedral complex, the next
electron can either enter an eg orbital according to Hund's rule, or
pair with a t2g electron. Which will occur will depend upon the
relative values of the electron pairing energy and b opr For glasses,
only high spin complexes are of interest.

For a single d electron in an octahedral field a single
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absorption band is predicted corresponding to the t2g+ eg transition.
i . G L

Although this is observed, for example for T13 in glass, an extra

feature is often seen, since a shoulder is present on the main band as

a result of the Jahn-Teller effect.

This theorem predicts that any non-linear system with a degenerate
electronic state will distort along a vibrational coordinate to remove
the degeneracy and therefore lower its symmetry. In the example above,
the distortion occurs in the excited state configuration e;, so it is
known as the dynamic Jabn-Teller splitting. Splitting of the ground
state is known as the static Jahn-Teller effect. It would be

expected to occur for partially filled t., orbitals, but the effect

2g
is predicted theoretically toe be much smaller than for eg states,

because the orbitals lie away from the main axes. Splitting of the

tZg orbitals is not normally detected experimentally.

In this study, Mn3+, a d4 ion with the tgg e; ground state is
expected to show static Jahn-Teller splitting of the eg level and Fe2+,
a d6 ion, dynamic Jahn-Teller splitting of the excited state tgg eg

4 2
round state t e
(g 2g g)

1.2.5.2 Ions with Several d Electrons

When more than one electron is present in the d shell, electron-

electron interactions or couplings, must be taken into account.

For lighter elements, Russell-Saunders (or LS) coupling is
assumed, which ignores the coupling of the spin of one electron with
the orbital angular momentum of another. For other couplings it is

assumed that:
spin - spin > orbital-orbital > spin-orbital {(on the same electron)

With this assumption the vast number of permutations of electrons in
the d orbitals, leading to different energies because of the various
couplings, can be reduced into groups having nearly the same energy
within each group. These groups of states are referred to as
multiplet terms and are characterised by a particular value of the
total orbital angular momentum quantum number (L) and total spin

quantum number (S).

n . . , .
To deduce the terms for each d° configuration is rather laborious
so only the results are quoted below. The ground state is shown first

in each case:
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Configurations Terms
dI d9 2D
d2 d8 3F 3P 1G 1D 1S
d3 d7 4F 4P ZH ZF 2D(x2) 2P
¢ 48 50 31 3% ra2) b 2 ' ole ece.
d5 65 4G 4F 4D 4P 21 2H etc.
where L = 0 | 2 3 4 5

s P D F G H

by analogy with atomic orbitals, and the superscript equals the

spin multiplicity (28 + 1)

Note that the quantum numbers of states with n electrons are
identical to those with 10 - n electrons (Z n loles) because of the

Pauli hole equivalence theorem,

The energies of the terms above the ground state can be expressed
with two electron-repulsion parameters known as the Racah parameters,
B and C. For d electrons the energy difference between states with
different spin multiplicities are linear functions of multiples of
both B and C, whilst if the spin multiplicities are equal, C does
not enter the equation. In fact, transitions in which there is a
change in the number of electron spins are forbidden by a quantum
mechanical selection rule but this rule can be relaxed by the spin-—

orbit coupling ignored in the LS scheme.

an+ ions show the weakest absorption of the first row TM
complexes. Mn2+ is a d5 ion and, like all da, ds, d6 and d7 ions
has low and high spin states. In glasses the oxygen ligands are
weak-field and therefore the electron pairing energy is greater than
A and the high spin state is stable, High spin Mn2+ has a 65 ground

state and all transitions are both spin and parity forbidden, therefore
E = 0.045

1,2.5.3 Effect of Ligand Fields

The discussion above has been concerned with free ion states.
The effect of a ligand field is similar to the single d electron case
and causes splitting of the Russell—~Saunders terms as follows. The
symbols‘used are of group theoretical origin: A and B represent
orbital singlgt states, E a doublet and T a triplet, The subscripts

refer to the symmetry properties of the orbitals.
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Free ion term Terms arising in cubic fields
S A]
P T]
D E + %L
F A2 + T1 + T2
G A] +E + T1 + T2

The variation in energy of the various levels with increasing
ligand field strength has been calculated by Orgel for weak fields
and Tanabe and Sugano for strong fields. An example of an Orgel

diagram is shown in Figure 1.10,

Just as tetrahedral and octahedral fields are related for the d]
system, so the relationship for ar systems is as follows:

10-n 0—n

Octahedral dn and tetrahedral d = reverse of octahedral dl

and tetrahedral dn

where 'reverse' means that the order of levels coming from each free

. . 5, . . . .
ion state is reversed; 4 is identical for both cocordinations.

The transitions observed in optical spectroscopy are those from
the ground state to excited states as only the ground state is

significantly populated at room temperature,

1.2.6 Literature Review

1.2.6.1 Glasses Containing Mangarese

Originally the colouring species in glasses containing manganese
was thought to be Mn7+, because of the similarity in colour between
manganese glasses and aqueous permanganate solutions. However,
magnetic susceptibility measuremenCS(za) have conclusively proved
that Mn3+ is the oxidised species. Manganese is therefore present

in glass as an+ or Mn3+ or both.

The electronic structure of Mn2+ has been discussed above. The
absorption bands are very feeble as electron transfer from the 68

state is both parity and spin forbidden, The absorption spectrum of

2+ . .
Mn~ in glass can be studied, but great care must be taken to

exclude Mn3+ for it will completely mask the Mn2+ spectrum. As Mn3+
is present in all of the manganese glasses in this study, the abs-—

. + . P
orption of an will not be discussed further as it is expected to be

unobservable.



- 53 -

The absorption of Mn3+ in glass has been studied by various

(29,30)

authors s usually in alkali borate base glasses to facilitate

(29) made a

the dissolution of the glass for chemical analysis. Paul
systematic spectral assessment of Mn3+ in a series of alkali borate
glasses containing each of the alkali metals. It has long been known
that the shade of the Mn3+ colour depends on the alkali present; potash
silicate glasses are bluish-pink and soda silicate glasses reddish-
pink. The single absorption envelope obtained by Paul was resolved
into the minimum number of Gaussian component bands, usually three:
a 'main' peak at ~20 000 cm-}, with 'blue' and 'red' peaks at ~24 000
.cm-land wvl6 000 cm-] respectively., The absorption became broad and
assymmetric as the alkali content was decreased and this was accomp-
anied by a marked reduction in the molar absorptivity. However, the
molar absorptivity of Mn3+ in glass is still between 10 - 100 times

higher than in a crystal,

From the portion of the main absorption band at ~20 000 cmql, it
was proposed that Mn3+ was in six-fold coordination. This absorption
corresponds to the 5Eg -+ Sng transition, which is the only spin-
allowed transition expected for a high spin d4 system, The enhance-
ment of optical absorptivity was explained by an increase in the
covalency of the TM-0 bonds as the alkali content increased. In low
alkali borate glasses the alkali ions are preferentially utilised by
the anion ic borate groups, which makes the TM-0 bonds more ionie, but
in high alkali glasses, TM ions form anionic complexés using alkali

ions for local charge neutralisation.

The splitting of the bands was proposed to arise from any one, or

combination of the following mechanisms:

(a) Two or three different octahedral (or lower than octa-
hedral) species. If the symmetry was lower than octahedral the
centre of symmetry would be destroyed thus increasing the intensity
of the absorption, as observed.

(b) The Jaln-Teller effect. High spin octahedral Mn3+ has a
ground state derived from the tzg eg configufation and is expected
to show a pronounced ground state Jahn-Teller distortion. However,
the centre of symmetry is retained so the visible region d-d bands
should not be enhanced with this mechanism.

(c) Spin-orbit coupling, though the spin-orbit coupling
parameter was too small to account for the observed splitting.

(d) Five coordinated species of uncertain symmetry.
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It was not possible to distinguish these mechanisms with the

experimental analysis employed.

In the present study the optical absorption of Mn3+ has been

treated as a single Gaussian band broadened by the Jahm-Teller effect.

1.2.6.2 Glasses Containing Iron

As discussed in the introduction to this sectiom, the coloration
of glass by iron has been, and still is, of the greatest importance

in glass technology and therefore has received much study.

Iron is usually present in glass in the ionic state; as either
ferrous or ferric ions or both, depending on the glass composition
and melting conditions. However, other forms of iron such as atoms
of metalliec iron or calleidal Fe203(31), have at different times been
postulated for certain compositions, though the latter would only

seem likely if the solubility limit has been exceeded.

Considering ferrous iron, both the ligand field stabilization

energy and the radius ratio predict octahedral coordination when

2+ 6

surrounded by oxygen ligands. The energy diagram for Fe” , a d° ion,

in octahedral symmetxry, predicts a single spin-allowed transition,
Sng > 5Eg together with several weak spin-forbidden transitions. A
single band has been observed by a number of workers in both crystals

(32) and glasses(33’34’35).

The absorption band of Fe2+ in crystal and solution is centered
at about 10 400 c:m_l and is broad, though McClure(32) has reported
two maxima with a separation of 2000 cmﬂl. This was considered to be
a consequence of Jahn-Teller splitting of the 5Eg state. In glass
the band is also broad, though it is shifted to 9100 cm_I in soda-
lime-silicate glass. This corresponds to a reduction in A of 127
compared to 6H20 ligands as is commonly observed for ions in glasses

when compared to the aquo ion.

Several authors have proposed that ferrous ion can alsoc exist in

(36,37)

tetrahedral coordination , in which case a single spin-allowed

transition 5E -+ 5T2 would be expected. 4s A

Stet is equal to N&/QAOC

(2.5 ym). Bishay

t
the band is predicted to ocecur at 4000 cm

(38) has reported the presence of such a band in phosﬁhate glasses.

Edwards et al(39) have also observed two bands for the-Fezf

absorption at 10 000 and 5000 c:m-I in phosphate glasses. However,

they do mnot agreé that this indicates the presence of both tetrahedral
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and octahedral Fe2+ and point out that Fe2+ complexes rarely show a
single absorption band. This evidence has been gained from a study
of iron bearing minerals where the Fe2+ site symmetry has been deter-
mined by X-ray crystallography. These minerals often show two bands
separated by 2000 - 5000 cm_l. The authors proposed a six—fold
coordination that had been distorted from octahedral symmetry to some

other symmetry of lower order that may lack an inversion centre.

Considering its commercial importance, the optical spectra of
Fe3+ in glass is probably the least understood of all TM ions. The
visible spectra of iron glasses is complicated by the ferrous ion
absorption in the near infra-red and the intense ferric charge
transfer band in the ultra-viclet which mask the ligand field bands
in the visible region. F33+ being a d5 ion, has, of course, the same
energy level diagram for both octahedral and tetrahedral coordination
and even the radius ratioc of Fe3+ with oxygen ligands cannot predict
the coordination unequivocally. The differences in the spectra will
be the result of differences in ligand field strength as well as
possible differences in the Racah parameters B and C and in the molar
absorptivity.

Bamford(34’40)

studied both sodium phosphate and sodium silicate
glasses containing iron. In the phosphate glasses absorption bands
occurred at 415, 505, and 710 nm and octahedral coordination was
proposed. In silicate glasses the bands were observed at 380, 425
and 440 nm and these were also ascribed to octahedral coordination,

Gr1)

although according to Kurkjian and Sigety this was erroneous.

These authors have also studied Fe3+ in phosphate and silicate
glasses using optical absorption along with Mdssbauer and EPR
spectroscopy. Mdssbauer measurements indicated that ferric ion
preferred tetrahedral ccordination in silicate glasses and octahedral
coordination in phosphate glasses.

The optical spectra of the phosphate glasses generally showed

three bands which were assigned to high spin octahedral Fe3+ as

follows:
6A] > “T] 720 ~ 760 nm
- J*Tz 520 - 545 nm
> 4p by 410 - 420 nm

The bands had low abscrptivity values which is also consistent
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with octahedral coordination.

The spectra of the silicate glasses was complicated by the
ferrous ion absorption but the following assignment was possible:
b

Al > AT! 480 nm
> “T2 448 nm
4.2 4
- E A] 425 nm
N 4Tz ) 370 nm

corresponding to tetrahedral ferric ion. The value of Atet of 515 cm-1

was in reasonable agreement with that calculated from Aoct (1250 cm—l)

for which a value of 555 r:m-1 was obtained.

A complication was observed for the 40Na20-608i02 glasses in which
a weak band at 650 nm was also detected. It was thought possible

that this was due to some octahedral Fe3+ in the glass.

Octahedral coordination of F23+ in phosphate glasses has also

been reported by Edwards et a1(39)
41)

, whose results agreed well with
those of Kurkjian and Sigety and both octahedral and tetrahedral
ferric ion have been identified in soda-lime-silicate glasses by

Fenstermacher(Az).

1.2,6.3 Glasses Containing Two or More TM Oxides

Compared to the work on single TM oxide glasses, very little
work has been done on the optical properties of glasses containing

more than one TM oxide.

)

One such study was carried out by van de Gr.'a..-a.f(43 s whe found

that after heat treatment of an alkali borosilicate glass, containing
iron and titanium ions, the optical absorption increased very strongly.
Compared with glasses containing iron or titanium singly there was an
additional absorption over the sum of the absorptions that iron and
titanium displayed when they.occurred separately in the glass. This
was explained using a model which involved the formation of small
areas rich in iron and titanium ions by phase separation. It was pro-
posed that iron and titanium ions formed -associates (e;g; Fe2+ (o) Ti4+
Fe3+(0) T13+) which exhibited strong interaction, resulting in enhanced
absorptivity by a charge transfer procéss. It was not clear, however,
if iron and titanium ions interacted in the quenched single phase
glass, although the increase in absorption was very much less than

in the cast glass. In the cast glass, clustering and associate
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formation occurred due to phase separation as in the heat treated glass.

Paul(hé)

has attempted to explain the deep yellow coloration

of glazes containing cerium and titanium oxides in terms of an inter-
action between the two elements. He investigated a sodium boro-
silicate glass with cerium and titanium oxides which was found by
chemical analysis to contain only Ti4+, Ce4+ and Ce3+ i.e. no Ti3+.
Additions of | - 5 wtZ TiO2 did not alter the cerium redox ratio. The
differential absorption curve (equivalent to the extra absorption
observed with both Ce and Ti present together), gave a broad maximum
at around 30 000 cmfl, the height of which increased with increasing

TiO2 concentration. A Ce3+—0—Ti4+

associate was thought responsible
for this extra absorption, with the ions in true solution as the
glass showed no-signs of phase separation. The author alsc suggested
the way in which the intensity of such an absorption could be calc-
ulated theoretically. The photon absorption results in charge
transfer from the low valency ion (electron donor) to the higher
valency ion (electron acceptor) and the intensity depends upon the
small delocalisation of the electron over the domor and acceptor
sites. However, although the intensity can be estimated by calcul-—
ating the valence delocalisation coefficients from the dipole length
operator, which has been achieved for some materials, such an approach
cannot be used for glasses at present as dipole length operators

are not known.

Veinberg “5)

has investigated the influence of titanium on the
absorption spectra of various TM ions. The absorption spectra of

the TM ions in lower valence states were strongly affected by Ti,
though its effect on the higher states was weaker. The characteristic
change was a shift in the TM ion UV absorption edge toward longer
wavelengths, although bands in the visible or IR region of the
spectrum were not greatly affected. Additions of titanium were found
to shift the TM redox ratio to produce greater fractions of the lower
states but since the additions were small (1-1.5%Z), no changes in
glass structure were likely. Similarly, no evidence of changes in TM
coordination were found. It was proposed that since Ti4+ is weakly
acidic, as evidenced by the formation of titanates, and TM metals in
lower redox states are weakly basic, then bonding between them is

4+)-

This shifts the absorption edge of the TM ion. Since the higher TM

possible in a similar fashion to the titanates (i.e. TM -0- Ti

oxidation states are weakly acidic, no complexes are formed so the
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addition of Ti has little effect on the TM ion spectra.

(46)

Finally, Bandyopadhyay has investigated the optical spectra
of barium borate glasses containing vanadium, iron and copper oxides
in mixed probortions. For each combination of two TM oxides, a2 single
absorption band with a strong cut-off at high energy was observed.
Comparison of these spectra with those of the single TM oxide glasses
revealed that all the expected valence states of the two TM oxides
were present. From the behaviour of the UV cut-off absorption edge,
which moved to a different energy in the mixed glasses compared to
what would be expected from the same concentrations of the individual
ions acting independently, it was suggested that a strong interaction
existed between the TM ions present. This interaction involved the
formation of associates composed of two TM ions, one from each TM
element, with one oxygen ligand. However, since the possibility of
charge transfer processes involving the individual ions could not be

eliminated, more detailed work was proposed.

1.3 Electron Paramggpetic Resonance

1.3.1 Introduction

Electron paramagnetic resonance (EPR) i1s a spectroscopic
technique confined to the study of species containing one or more
unpaired electrons i.e. those possessing a nonzero total angular
momentum in their electronic systems, Paramagnetism is found in a

wide range of species including:

(a} atoms, molecules and free radicals with an odd number of
electrons,

{b) a small number of molecules with an even number of electrons
which are not all spin-paired e.g. 02,
(c)- metals and semiconductors with conduction electrons,
(d) radiation induced centres in solids and solutions, and,
(e) ions with partially f;lled inner electron shells,

Group (e) includes, of course, the 3d TM ions, of which Mn2+ and

Fe3+ are particularly amenable to study by EPR. However, the inter-
pretation of EPR spectra is complex so a detailed analysis of the
spectra obtained for selected glasses in this study is considered to
be outside the scope of this thesis and only qualitative results will
be reported. In view of this, only an outline of the theory behind

the technique, together with a brief literature review, will be
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presented.

In the absence of a magnetic field the free electron spin has
no effect on the energy levels of the paramagnetic centre, However,
when -an external magnetic field is applied, the ground state of the
centre is split and transitioms by the unpaired electrons between
these levels give rise to resonant absorption of electromagnetic
radiation in the microwave frequency range. Therefore EPR can give
a description of the ground state of TM ions and the effect of ligands

on these energy levels.

Two approaches are available to interpret EPR spectra. The
first is a fundamental approach concerned with the way that the
unpaired electrons of a free ion behave when placed in a solid state
environment. This is a complicated procedure so the second method

using a 'spin Hamiltonian' is most often used.

1.3.2 The Spin Hamiltonian

The spin Hamiltonian is a quantum mechanical operator which is
a function of empirical constants and electron and nuclear spin
operators only. It can be used to describe resonance data without
prerequisite knowledge of spin-orbit coupling, hyperfine interaction
etc,, The operator is so derived that its eigenvalues are the energy

levels of the system between which transitions are observed.

Generally only the lowest group of electronic states is involved
in EPR which is characterized by an effective spin S'. This.is
defined by the number of electronic levels in the ground state, which
is equal to (258'+1)., In some cases, S' can equal tﬁfpfﬁiﬁ ion spin,
S. From Kramer's theorem, ions with an odd number of|electrons will
always have at least a two-fold degenerate state irrespective of the
strength of the ligand field; this gives S'= } eve%mggeggP S may be
greater than 4. If the centre has an even number of|electrons,
strong ligand fields may 1lift the degeneracy before the external
magnetic field is applied, therefore transitions may not be observable

in the microwave region,

A general form of spin Hamiltonian for a paramagnetic ion is as

follows: 1 2 3. 4

= Bg..H,S! ..S!S! + A,.S!I, + Q!.L.I. + .3,
H Bgg HyS! + Dy SISI + A SIT, + QfL LT, (1.3.1)
other terms describing direct nuclear spin and magnetic

field interactions
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where B is the Bohr Magneton (= eh/2mc), Ij is the nuclear spin
operator, Hi is the static magnetic field operator, Sg is the electron
D.., A..
1] 1]
the symmetry of the local ligand fields.

spin operator and I and Qij are tensor quantities having

The four terms in equation 1.3.1 describe the following:

(1) Zeeman splitting of the lowest energy levels by the
magnetic field. This will be discussed in greater detail below.

(2) Fine structure arising from zero magnetic field splitting
by ligand fields or spin-spin interactions.

(3) Magnetic hyperfine interaction containing the nuclear
spin coupling parameter Ai., and,

(4) Nuclear quadrupole interaction.

The spin Hamiltonian therefore describes the way in which the
spin is coupled to its surroundings and can be used to test models

of local atomic structure,

1.3.3 The Resonance Condition

The magnetic moment of a free electron is associated with both
its orbital motion around the nucleus and the spin about its own
axis. The resultant magnetic moment G in the electronic system of a
free atom ¢r ion will give rise to a permaneﬁt magnetic dipole

moment M related by:
u=vyG (1.3.2)

where v, the magnetogyric ratio = -g(e/2mc) and g is the spectroscopic
splitting factor, a pure number whose value depends on the relative
contribution of orbital and spin motion to the total angular momentum.
If the electron spin were absolutely free and had no coupling with
any.orbital motion, the 'g value' would be 2.0 (actually 2.0023

including the quantum electrodynamical correction).

If orbital and spin momenta are considered separately, then for

each case respectively:

[Lp]
]

KL, g-= g, = 1 and (0 .3.9)
G=hHS, g-=g

where L and § are the total orbital and spin quantum numbers.

When both are present, the value of g depends upon orbital-spin

coupling. Assuming Russell-Saunders (or L=-S) coupling, the resultant
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angular momentum is associated with a quantum number J = L+S5 and

g becomes:

_IE) (gpreg) + {L(L+l)-S(S+l)}‘(8L‘ES) (1.3.4)

J 2 J@+1)

The resultant electronic magnetic dipole moment is:

e /= -

By =dg; ~) BRI = gy B (1.3.5)
mC

The Zeeman interaction between the electronic magnetic dipole

and the field in the presence of a magnetic field H is:

E=-p; . H = g; 8 HM (1.3.6)

where MJ is the component of the electronic angular momentum J in

the field direction.

When an alternating field of frequency v is applied at right
angles to H , magnetic dipole transitions are induced according to

the selection rule AM = %1 and a quantum of energy:
hv = g5 g H (1.3.7)

will be absorbed .thus flipping the spin of the electron from a

parallel to an anti-parallel direction to the magnetic field.

Induced emission is observed for the reverse process but as it is
energetically more favourable for a system in thermal equilibrium to
have more spins in a parallel direction, there will be a net absorption

of power. Equation 1.3.6 may be compared with equation 1.3.1 for a

free ion.

The transition between MS = -~} and Mg = +4 is illustrated in
Figure 1.1] for a field of value H' induced by radiation of frequency
V). Note that for zero field strength the energy of the system is
equal to the free field value E0 and the spin levels(MS = *{) are
degenerate. The splitting of the M energy lLevels increases with

increasing H according to:
Y LRttt = =
EH EL AE hv g R H (1.3.8)
In general the electron is not free, thus g varies from 8o

Experimentally the g factor is calculated from hv = ggH, where H and

v are known, using the equation:
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g = 21.418/ A H {1.3.9)

where A is the radiation wavelength in cm and H the magnetic field '

strength in kGauss.

For the 3d ™ ions the paramagnetic 3d electrons are the outer-
most electrons and are exposed directly to the electrostatic field of
the ligands, This interaction is large enough to quench the orbital
motion, thus it is locked into the field of the ligands and no longer
contributes to the magnetism. The magnetic behaviour is therefore
essentially spin-only as the spin does not couple directly with the

electrostatic field.

1.3.4 Features of the EPR Spectrum

The EPR spectrum is usually obtained using magnetic field
modulation ensuring that the modulation frequency is very much less
than the radiation frequency. This produces effectively the first

derivative of the energy absorption curve.

The intensity of the absorption is proportional to the populatiocn
difference of spins, which at constant microwave frequency and
temperature is a constant fraction of the total number of unpaired
spins. For the first derivative spectrum the product of the peak-—
peak intensity (Ip_p) and the linewidth (AHp_p) can be used as a
measure of the intensity of absorption and therefore of the numbex

of unpaired spins.

The width of the absorption band may be very large in which case
it may be necessary to reduce it if possible. Two interactions
]

affect this widch:

(a) Spin-lattice. When the spin is reversed, energy is
exchanged with the lattice. The time needed for this process to occur
and thermal equilibrium to be re-—established is known as the spin-
lattice relaxation time. If this is short the population difference
can be maintained to high temperatures without saturation occurring.
In general, systems with close orbital energy levels have short spin-
lattice relaxation times which give wide absorption bands, though the
width can be reduced by cooling the specimen.

(b) Spin-spin. The magnetic field experienced by a particular
spin will be affected by the presence of neighbouring unpaired

electrons. This causes a small variation in the value of the magnetic
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field at which absorption occurs hence broadening the absorption
maximum. This is important for materials with a high concentration
of paramagnetic centres but can be reduced to some extent by diluting

the sample with an isomorphous diamagnetic salt.

1.3.4.] Hyperfine Structure

This is a useful feature of the EPR spectrum which arises from
the interaction of the unpaired spin with the magnetic moments of
neighbouring nuclei, The (2I+1) different orientations of the
nucleus produce 2I+! component levels in each electron state, the
splitting between these being, to a first approximation, equal and
independent of the external field. Since the total angular momentum
must remain unchanged, a second selection ;ule AMI = (0 applies when
nuclear magnetic moments are present. An example of nuclear splitting

is shown in Figure 1.12(a) and (b} for constant and varying magnetic

fields respectively.

1.3.5 Summary for TM Ions

The free iom is initially orbitally and spin degenerate but when
placed in a ligand field enviromment some orbital degeneracy will be
lifted, especially with tetragonal distortions of octahedral fields,
e.g. the Jahn-Teller effect. If spin-orbit coupling becomes
appreciable then all orbital degeneracy may be removed. However,
each orbital is still two-fold spin degenerate which can be lifted by
Zeeman splitting through the action of an external magnetic field.
EPR spectroscopy observes transitions between the nondegenerate

Zeeman levels of the orbital ground state (Figure 1.13),

The spin Hamiltonian describes the energy levels and resonance
data, accounting for such factors as the symmetry and strength of the

crystal field, spin-orbit coupling and the hyperfine interaction.

1.3.6 EPR Spectra of Glasses Containing Iron and Manganese

The first study of EPR in glassy solids was made by Sands(48)

who investigated TM and rare earth ions in a number of soda-lime-
silicate base glasses. All the glasses measured, including the undoped
base glasses, produced resonances having apparent anisotropic g values
of 4 and 6, which were ascribed to an unknown impurity. These high g
values were subsequently identified as arising from Fe3+ whiéh was

(49)

present as an impurity in all of the glasses . The work of Sands

(As)also revealed resonances with gn2 for all the doping ions, many

of which exhibited characteristic hyperfine structure,
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Of the redox states of iron and manganese usually found in
glasses only Mn2+ and F23+ are of interest for EPR.investigations.
Both have the d5 electronic configuration, which has a 685/2 ground
state in the free ion, and possesses zerc orbital angular momentum,
There is, therefore, no first order spin-orbit interaction so a
resonance with g ~ g, is expected. The initial fine splitting of the
level is 0.1 cm-] and the spin-lattice time is long, both of which

favour investigation by EPR.

In practice, however, g values higher than 2 are often observed
and in particular an isotropic g at 30/7, though this is not a feature
peculiar to S state ions(so). The theory of these larger g values is

usually based on a spin Hamiltonian of the form:

H - sg s+ D{s2-Is(s+)} + E (s2-52) (1.3.10)

where the terms involving D and E are the axial and orthorhombic
crystal field terms respectively. For the two limiting cases D>>0,
E=0 and D=0, E>>0, the energy levels in zero magnetic field are threé
Kramers doublets. In the first case the lowest doublet has effective
g values of g‘f=2, 8.~ 6 and in the second case (rhombic symmetry),
the middle doublet has an isotropic g value of 4,29, the value seen
for Fe3+ in glasses. Transitions arising from the other two Kramers
doublets will yield a broad background with effective g values
ranging from ! to 10. Further discugsion of this with more detailed

references is given in reference 51,

1.3.6.1 Manganese Glasses

The EPR spectrum of divalent manganese has been investigated in
a wide range of glass forming systems including silicates, borates,
phosphates,. chalcogenides, glasses based on BeF2 and vitreous ZnClz,
but only results from silicate and borate systems will be discussed
here. A surprising feature is that the spectrum is almost identical
in borate and silicate glasses in spite of the structural differences
between them; fluorescence gpectra indicate that Mn2+ is probably
octahedrally coordinated in borate glasses and tetrahedrally coordin-

ated in silicates.

The main features of the spectra obtained at X-band frequencies

are:

(a) An absorption at g ~ 4.3 with a distinct shoulder at g v
3.3 and,
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(b) Six hyperfine lines near g = 2.0 which are observed only
if the manganese concentration is low, This is useful as the magnitude
of the hyperfine coupling constant provides a measure of the covalency

between the an+ jon and its ligands.

(

Taylor and Bray 52) have explained this apparently universal
an+ response in various glass systems not in terms of a unique site
found in all glasses but rather from singularities of powder patterns
which remain invarient with changes in both D and E/D. This enables
glass spectra resulting from random distributions of different
primary sites to have similar envelopes. These authors investigated
a series of polycryétalline compounds of strontium borate with
different Sr0:3203 molar ratios, as well as glasses containing between
20-43% Sr0. The glass samples did not show such sharp spectra as the
crystalline compounds but had a broader background response. The
sharpness of the spectra of the crystalline compounds was attributed
to the occupancy of a single site per compound, which is of interest
considering that the compounds contained a range of three and four
coordinated boron. A comparison of the sharper glassy spectra near

g = 2.0, v3.3 and 4.3 with that of the compounds indicated that there
were probably two primary anf'sites in the glasses, both probably
substitutional for Sr2+ ions. One had E/D ~0.3 and the second 0.1,

It was suggested that the manganese coordination number could change

with doping level.

This assigmment of two manganese sites agreed with the conclusions
reached by Tucker(53). Tucker ascribed one site, with a large.value
of E, (rhombic symmetry), to the g = 4.3 resonance and the second site
with |D,E| << gBH to the g = 2 resonance. This is similar to his
conclusions on Fe3+ glasses which will be mentioned below.

(52)

A similar study to that of Taylor and Bray on both glasses

and crystalline compounds but in the lithium borate system was
conducted in a classic paper by Griscom and Griscom(54). The EPR
spectra of the glasses was interpreted using a diagram of the reson-
ance field comstructed by the authors. The observed fine structure
parameters, which had a range of ~0 > 4 GHz with an apparent constraint
favouring [E/D| n~ 1/3, resulted from the fact that in glasses the
manganese ions experiénced a wide spread of crystal fields. It was
concluded that many of the Mn2+ sites in glasses were possibly

distorted versions of the site occupied in the L120.43203 compound .
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The 55Mn hyperfine coupling constant (A/gB ~ 93G) was relatively
large indicating that the manganese bonding was highly ionic, which’
would tend to support octahedral rather than tetrahedral coordin-
ation. Divalent manganese tends to be more covalently bonded in
silicate systems though it has recently been pointed out by Griscom
5) that the coordination number camnot be determined by EPR measure-

ments alone.

Investigations -have also been wade on potassium borate glasses
with small concentrations of Mn2+ (56). For very small amounts the
central fine structure transitions (M = +}+>-}) were broadened by
random orientations of small non-cubic crystalline fields, but the
spectra showed a well resolved hyperfine structure. This was also
broadened by the random orientation of the Mn2+ ions in the glassy
structure. In addition to the AMI = ( transitions, forbidden AMI =
*] transitions were also observed. However, for larger manganese
concentrations these were almost all washed out as the-spectrum was
inhomogeneously broadened by magnetic dipole-dipole interaction. It
was concluded that the Mn2+ ions were situated in a slightly dist-
orted cubic symmetry. The distortion varied from site to site and
was estimated to range on average <57 in interatomic distance and 100

(

33) has pointed out that the axial
(56)

in angle. However, Griscom
symmetry with a very small value of Dav as found in this work
cannot explain the frequency dependence of the spectra between 9
and 35 GHz.

(57)

Bandyopadhyay has recently puﬁiished work which included a
study of Mn2+ in-a soda~borate glass. The spectrum was described by
a spin Hamiltonian appropriate for Mn2+ in a crystal field of axial

symmetry as used by De Wijn and van Baldren(se):

1}(. = gRHS + D{Si- §S(S+f)} + ASI - gIBII (1.3.11)

The results calculated from the spectrum indicated an overall
deviation from cubic symmetry, however the high value of A suggested
octahedral coordination.

Finally, the work done on silicate glasses will be briefly

(58)

mentioned. Abrashitova investigated both borate and silicate

. 2+ .
glasses. Low concentrations of Mn~ in borate glasses were described
by the spin Hamiltonian in equation 1.3.11. As the concentration of

Mn2+ increased, first the forbidden lines were washed out and then



- 67 -

the hyperfine lines themselves. In the silicate glasses the forbidden
lines were not observed which sugéested a lesser splitting of the spin
levels by the crystal fields than in the borates. Again two types of
site were proposed: axial with g = 2.0 and rhombic with g = 4.3. The
intensity of the g = 4.3 resonance depended on glass composition and
manganese concentration but was stronger for silicate glasses. More

(59)

recently Schreurs demonstrated the presence of hyperfine structure

at g = 4.3 and g = 9.4 in manganese silicate glasses whilst agreeing

with the analysis of Griscom and Griscom(54).

1.3.6.2 Iron Glasses

Iron glasses have been studied by a number of authors since the
pioneering work of Sands(48). In general three distinct resonances at
g =96, 4.3 and 2.0 can be observed: The interpretation of these in
terms of ferric ion coordination and site symmetry has, however, been

(49)

the anisotropic line at g = 6 as due to a ferric site with axial

a subject of great debate in the literature. Castner interpreted
distortion. The resonance arises from transitions between the bottom
Kramers doublet in a weak magnetic field (i.e. §, = +} 8\« 2 8.~ 6
the latter giving rise to g = 6 in a powder pattern). The intemnsity
of the line at g = 4.3 was found to increase monotonically with the
ferric concentration thus it was suggested that this might result
from ferric ion in a tetrahedral (network forming) site.

A number of other authors including Bishay and Makar(38) and
(60) (53)

he ascribed the g = 4.3 resonance to tetrahedral ferric ion and the

Hirdyama have supported the earlier work of Tucker in which

‘o +
resonance at g = 2.0 to octahedral (metwork modifier) Fe3 . These

conclusions have been drawn using EPR in .collaboration with other

structure sensitive techniques such as 0ptica1(38)

(60)

spectroscopy . However, this view has been challenged by Kurkjian

@1) (51)

and Loveridge and Parke . The former authors used

and Mossbauer

and Sigety
M8ssbauer, optical and EPR spectroscopies to study the coordination

of ferric ion in phosphate and silicate glasses. As stated in section
1.2,6.2 the Mdssbauer spectra were interpreted as indicating four-fold
coordination in silicate glasses and six-fold coordination in phos—
phate glasses. This was confirmed, though with some difficulty, for
the silicate glasses, by the optical absorption spectra. It was
demonstrated that the g = 4.3 resonance could be produced by low

symmetry (rhombic) sites of either tetrahedral or octahedral
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coordination when the ferric concentration is low. With an increase
in the ferric concentration, a change from g = 4.3 to g = 2.0 was
observed for both phosphate and silicate glasses. This was inter-
preted by the authors as a result of spin-spin interaction at either

site, rather than a change from four to six-fold coordination.

(51)

, in their work on soda-borate glasses,

(41}

Loveridge and Parke
agreed with the results of Kurkjian and Sigety and reaffirmed
that it is not possible to use the resomance at g = 4,3 and g = 2,0
as indicators of four and six—fold coordination. This was based on
the finding that the intensity of an absorption in a series of
glasses changed very little with widely varying soda contents,
contrary to expectation if only one type of coordination were
contributing. A number ofcbanﬁnations with associated low symmetry
elements could be responsible for the g = 4.3 resonance.

(61,62)

More recent work has confirmed the conclusions of Kurkjian

(41)

"and Sigety and ascribed the g = 2.0 resonance to clusters of
paramagnetic ions coupled by exchange interactions. The alternative
to this'explanation would be that the g = 2.0 resonance is solely

due to weak crystal field terms. If this is so there should be a
direct correlation between this and the g = 6 resonance, since they
are the parallel and perpendicular effective g values of the same
Kramers doublet. This direct correlation has not been observed.

Moon et a1(62) found that the g = 6 resonance decreased with increas-
ing iron concentration, whilst that at g = 2 increased monotonically.

61)

Gupta et al investigated a lead borate glass and found that the

g = 6 resonance peaked at 0.37 Fe203 and had disappeared by 27 Fe203,
whilst the g = 2 absorption commenced at 2% Fe203 and peaked at 7.7%.
The g = 4.3 resonance increased up to 27 Fe203 and then decreased.

(61,62)

Both of these papers proposed the formation of iron clusters

above a certain concentration.

In conclusion, therefore, the EPR resonances of iron glasses

may be explained as follows:

(a) The resonance at g = 4.3 is due to isolated ferric ions
which have undergone rhombic distortion from an octahedral or
tetrahedral environment.

(b) A resonance at g = 2.0 corresponds to clusters of
paramagnetic ions containing two or more ioms coupled by exchange

interactions, and,
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(¢} A resonance at g = 6.0 is observed only in dilute glasses
and originates from ferric ions with an axially distorted

configuration.

1.3.7 EPR Spectra of Mixed TM Oxide Glasses

The study by EPR of interactions between paramagnetic ions when
more than onme TM oxide is present in a glass has not received much
attention. Indeed two recent and otherwise comprehensive surveys

{50,55)

of EPR phenomena in glasses do not include the simultaneous

effect of two TM oxides. Of the little work that has been published,

(63,64)

that of Bogomolova appears to be the most extensive, with more

recent studies by Bandyopadhyay and co-workers(46'57)

reaching
similar conclusions. Only a brief account of these works is

included for completeness.

(63)

Bogomolova was the first to notice that the addition of a

second TM ion (Co2+ - spin 1) to a glass containing paramagnetic

ions (Cu2+, V4+, Mn2+ and W5+ - spin 2) with a variety of host glass
compositions, considerably attenuated the signal once a certain
concentration had been exceeded. This could not be explained by the
"simple shift in redox ratio to produce diamagnetic ions but was
attributed to cross relaxation processes between the two spin
systems, one of which (C02+) has a very short spin-lattice relaxation
time- and the other, spin 2 ion , a long relaxation time, Spin

diffusion within the spin 2 system was also thought to have an effect.

Considering V4+ and Cu2+ ions; when both are present, a chemical
(electron) exchange is possible via the reaction: V4++ Cu2+= V5++ Cu+.
This decreases the integrated intensity of the spectrum of a mixed
glags compared with the sum of the individual integrated intensities
of single TM glasses with identical V and Cu concentrations, because
both V5+ and Cu® are diamagnetic. In addition to this however, the
hyperfine components of the lines were broadened due to an exchange

(64)

with a high concentration of T™M ions (20% V205 + 10% Cu20) which

showed a sharp increase in resistivity compared to a vanadium only

interaction. Bogomolova also reported results for a mixed glass

glass, while the integrated intensity of the spectrum decreased by

a factor of ten and the g value changed from 1.96 to 2.06. The inc-
. . el . . 4+

rease in resistivity was attributed to a decrease in the V

concentration not only because of chemical exchange, which would

only account for the change in integrated intensity, but also an
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exchange interaction between V4+-Cu2+ ion pairs to explain the
change in g factor. These ion pairs did not appear to take part in
the conducticn process. Further work on the copper-vanadium
system will be discussed in section 1.4.5.3 below.

(57)

Bandyopadhyay obtained EPR spectra for three soda-borate

glasses each containing 0.57 Cu20 and 0.67 Mn0 melted at different
temperatures. Spectra obtained at room temperature and 77 K were
similar but the latter were sharper indicating a spin-lattice
relaxation effect. The Cu2+ hyperfine lines were observed but the
Mn2+ hyperfine structure was washed out. This could not be a cross-
relaxation effect, since both Cu2+ and Mn2+ have long spin~lattice
relaxation: times, though spin diffusion within the Mn2+ system or
nuclear relaxation were suggested. The alternative and favoured

2+ _

proposal, however, was that exchange coupled Mn 0 - Cu2+ associates

were formed.

(46)

In a separate study, Bandyopadhyay investigated EPR spectra
of glasses containing high concentrations of Fe, V and Cu singly and
in mixed proportions, as part of his study of electronic conduction
in such materials. O0Of the work on mixed TM glasses that on the Fe-
V system was the most complete, For a series of glasses with Fe
replaced by V, whilst keeping the total TM concentration at
nominally 10%, the Fe3+ absorption at g = 4.3 was always observed
but the V4+ hyperfine structure was only present for glaéses with.
high fractions of vanadium. The behaviour of the spectra with changes
in the iron:vanadium ratio suggested that an interaction was taking
place which obscured the V4+ hyperfine lines. A number of possible
explanations were mentioned, The calculated g values showed that
interaction between nuclear and electronic spin moments should inc-
rease along both parallel and perpendicuiar orientations but both

nuclear spin coupling parameters A, , and AJ_gecreased, implying that

a process of nuclear relaxation co:id be taking place as V205 was

replaced by FeZOB' Alternatively, since optical absorption spect-
roscopy indicated that Fe?' was probably present in the glasses, a
cross relaxation process similar to that described above, could be
taking place between Fe2+, which has a very short spin-lattice
relaxation time and V4+. Finally, spin diffusion within the V4+
spin system could account for the disappearance of the hyperfine

structure.
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As the concentration of iron increased, the intensity and line-
width of the g = 4.3 absorption decreased. This was interpreted as
a decrease in the number of distorted {(rhombic) Fe3+ sites. Often
a decrease in the g = 4.3 resonance of Fe3+ is accompanied by an
increase at g = 2.0, but this was not observed in this case. The
absence of a g = 2.0 line could be due to coupling of less distorted
Fe’' ions with V4+ ions to form associates, but not spin-spin coup-
ling since the linewidth was not increased. However, magnetic coup-

(62) (65)

ruled out. The behaviour of these and the other mixed glasses

ling as proposed by Moon et al and Friebele could not be
suggested that considerable interaction was present forming assoclates

between two ioms with different valency joined by an oxygen ligand,
ie. APT_ o - B(n—l)+

Finally, it is noted that EPR investigations of TM ioms in
glasses are usually conducted with small concentration levels (< 1Z)
to obtain maximum resolution of the spectrum. Only in a few cases
have results on glasses containing up to 207 TM oxide been reported
and these were principally because of the interest in the electrical
conductivity of such glasses: The information that can be gained
from such spectra is more limited. In the present study very dilute
glasses have been specially melted for EPR measurements in addition

to the more concentrated glasses melted primarily for conductivity

measurements.

1.4 Electrical Conduction Mechanisms in Glasses

The fact that most common alkali containing glasses conduct
electricity at sufficiently high temperatures has been recognized
for over a hundred years. Experiments at the turn of the 20th
century established that the current was carried by mobile group
IA alkali ions, whereas alkaline earth or network former ions do not
migrate appreciably in an applied electric field. Although experi~
mental investigations continue, no major theoretical advances
concerning ionic conduction have been made and de¢ conductivity results

are normally expressed in terms of semi-empirical laws.

1.4,1 Tonic Conductivity

A detailed review of the work on ionic conduction in glasses is
beyond the scope of this thesis, since glasses containing a signif-

icant proportion of TM ions are expected to be electronic conductors.
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Indeed, the relatively mobile alkali ions have been deliberately
excluded from glass compositions used in this study. However, it
has been found that an ionic conduction mechanism may be appropriate
for glasses containing only a small proportion of TM ions, so a brief

outline of the subject is included.

The usual model of dc ionic conduction pictures a thermally
activated process involving the mobile ions migrating between inter-
stices in a comparatively open glassy structure. Each cationic site
is assumed to be surrounded by a number of similar sites of equivalent
energy, separated by an energy barrier, and the conduction process
is similar to ionic migration via point defects in crystalline
materials. Application of an electric field alters the energy of
the sites so that net movement of the carrier in the direction of

the field is favoured.

The Rasch-Hinrichsen equation is usually imvoked to explain the
resistivity-temperature dependence found experimentally for a wide

range of glass compositions and temperatures:
log ¢ = A - B/T {1.4.1)

where ¢ is the conductivity, T the temperature and A and B are
constants. This expression is obtained from the Arrhenius equation,

therefore B is a measure of the activation energy of conduction.

A model with greater physical insight was developed by Stevels
who derived an equation for the conductivity by considering the
mobile ions to be vibrating in potential wells. Each ion is surroun-
ded by a number of vacant sites (b) to which it can jump. The
application of an electric field alters the height of the potential
wells as described above. Consideration of this model leads to the

following equation:

Inoc = 1n (vbe?\2n / 6kT) - BH, / RT (1.4.2)

where n is the number of carriers, A the distance between sites, v

the vibration frequency of the ions and R is the gas constant.

Therefore a plot of ln oT against 1/T will be a straight line
with gradient equal to AHdc. In fact experimental data fit either
In 0 or 1n oT against 1/T plots equally well. A detaileéd review of
the theory and experimental results.obtained for ioniec conduction

in glasses is given in reference 66,
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1.4.,2 Electronic Conductivity

1)

In 1954, Denton, Rawson and Stanworth announced the discovery

of the first electronically conducting glasses. These were prepared
from the vanadium phosphate system. Since then, electronic conduction

in glasses has generated great experimental and theoretical interest

for the following reasons:

(a) 1t is possible to study electronic transport in disordered
systems and compare with processes in related crystalline materials
where the band structure is often well understood.

(b) New and useful semiconducting materials might be devel-
oped and also the amorphous equivalents of conventional semiconductor
devices e.g. p—n junctions.

(¢) The phenomenon of switching found in many amorphous

semiconductors can be investigated and perhaps exploited.

The result of this work has been to develop a large number of
non~crystalline materials in which an electronic conduction

mechanism is thought to operate. Three main groups can be identified:

(a) Tetrahedrally bonded amorphous semiconductors such as
a=-silicon and a-germanium. These provide the greatest comparison
between conduction in crystalline and amorphous states of the same
material,

. (b) The chalcogenide glasses based on S, Se and Te combined
with one or more of the following elements: Si, Ce, P, As, Sb and Bi,
Vitreous selenium has also received considerable attention.

{(c) Oxide glasses containing transition metal oxides. Phosp~
hate glasses have been most extensively studied since they can form
glasses containing large proportions of some TM oxides, though
borate, silicate and tellurite glasses have also received attention.
Those TM oxides studied include: V, Fe and Ti, and to a lesser

extent: Mn, Cu, Mo and W,

Many of the concepts of electronic conduction in amorphous
materials have been developed from studies of classes (a) and (b)
above, though some apply equally to oxide glasses. Therefore for
completeness, a brief review of these materials is presented,
preceded by the basis of the conduction process in conventional

crystalline semiconductors.

A complete survey of electronic processes in non-crystalline
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materials is contained in reference 67, whilst references 68 and 69
deal with the electronic properties of a wide range of glasses and

amorphous materials.

1.4.3 Tetrahedral Amorphous Materials and Chalcogenide Glasses

The electronic conductivity of crystalline materials is now
well understood in terms of their electrom band structures, From the
basis of a crystal with a perfect periodic lattice it can be shown
that electrons with certain energies would interact strongly with
the atoms in the lattice and therefore cannot propogate through the
crystal. This gives rise to the concept of allowed energy bands,
separated by forbidden gaps. The arrangement and filling of the
uppermost energy bands, the highest called the conduction band (CB)
with the valence band (VB) below it, determine if the material is
an insulator, semiconductor or conductor. Semiconductors such as
crystalline silicon and germanium have an empty conduction band
separated from a full valence band by an energy gap of ~]1 eV, A
larger energy gap would give an insulator and partial filling of
either the conduction band or the valence band, or overlap between

these bands, a conductor.

Pure silicon, a group IV element, is an intrinsic semiconductor
since conduction takes place by electrons excited across the for-
bidden gap from the valence to the conduction band, togethér with -
the electron holes that they leave behind in the valence band. This
requires either thermal or optical excitation. The conductivity may
be increased by controlled doping with elements of a different
valency: group III e.g. boron, or group V e.g. arsenic. This
increases the carrier concentration by providing sites within the
forbidden gap. Donor states (group V atoms) lie at an energy just
below the conduction band and ionise at temperatures above absolute
zero to provide electrons for the CB, thus producing an n-type
semiconductor. Acceptor states (group III atoms), lying just above
the valence band in energy, remove electrons from the VB, allowing
conduction by electron holes and producing a p-type semiconductor.
At low temperatures, however, for an n-type semiconductor, the Fermi
level lies close to the donor states so practically all of the
excess electrons are condensed on these centres. Conduction is only
possible, therefore, if the material is compensated by introducing

acceptor states, which remove electrons from the donor states, thus
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allowing the remaining electrons to hop from charged to uncharged
donor atoms. The understanding of this impurity conduction in
doped and compensated crystalline semiconductors has greatly aided

the study of amorphous semiconductors and especially TM oxide glasses.

At higher temperatures when the CB or VB are partially filled,
the carriers migrate by band conduction through the extended states
until scattered by either structural imperfections, such as grain
boundaries or impurity atoms, or thermal vibrations of the lattice
(phonons). Thus a resistivity which increases with temperature at
sufficiently high temperatures is a characteristic of crystalline

-conductors and semiconductors.

When considering amorphous semiconductors some of the ideas
which lead to the electronic band structure must be modified, since
the concept of a perfect periodic lattice is no longer valid.
However, although long range order vanishes in the amorphous state,
short range order is essentially unchanged. Since the density of
states for a given material is mainly determined by the first
coordination number, then, if short range order is unchanged in the
amorphous state or varies only slightly, no major change in the
density of states is likely except due to changes in specific

volume. Mott(67)

has emphasised that the density of states is a
valid concept for amorphous materials. It is also possible to
define extended states, although the band edges are no longer well

defined.

Localized states at the band edge result as a consequence of
the lack of long range order in amorphous materials. The theory of

(70) and this transition

this localization is mainly due to Anderson
from extended to localized states is of such fundamental importance
in the theory of conduction in the non—crystalline state, that

(67)

Mott regards this localization theorem as the key to the under-

standing of electronic behaviour in amorphous solids. Anderson(YO)
considered a three dimensional crystalline array of potential wells
with site energies distributed in a random way over a range Uo' He
showed that with increasing Uo’ the ratio Uo/B, where B is the width
of the band formed by the interaction of nearest neighbour states
which is proportional to the overlap integral, approaches a critical
value. At this value an electron placed on a given well at T = 0 K

will no longer diffuse away, but becomes localized. This can be
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applied to doped and compensated semiconductors where it arises

from a random array of impurity atoms in a crystalline lattice.
Disorder has a similar effect. It is assumed that the above condition
is reached, for wideband semiconductors, at the energy EC in Figure
1.14(b) and the band tail states below E, are then localized. If

the bandwidth of the system is small then disorder may localise

all of the states.

This localization is a feature of an 'ideal glass'. In real
glasses structural defects such as broken or dangling bonds, vacancies,
nonbridging atoms or chain ends, give rise to deeper. states within
the gap. TFigure 1.14(c) shows a more realistic gap state distributiom
typical of a-Si and other simple amorphous materials., The charge
distribution in the defect states largely determines the position
of the Fermi level, so the defect structure has a great influence

on the electronic properties.

Cohen, Fritzsche and Ovshinsky(7l)

have proposed a different
model, primarily for complex chalcogenide glasses with four or five
components. This is shown in Figure 1.14(d). The valence and
conduction band tails extend throughout the mobility gap in a
featureless distribution and the overlap pins the Fermi level. More

(68)

recent evidence, however, suggests that model (c) is more

appropriate for these materials.

Two conduction mechanisms are generally observed in amorphous
semiconductors. Firstly, for electrons with energies just above Ec
and for holes just below Ev’ conduction occurs in the extended
states. However, transport is not by band motion with occasional
scattering since the.effect of random potentials and fluctuations in
atomic distance reduces the mean free path and the coherence
length of the electron wave functions so that they approach the
interatomic spacing. The motion therefore becomes diffusive(72)
and is similar to Brownian motion; no thermal activation is
involved. Estimates of the drift mobility in this region are

2 V-l s_l and Cohen(72) regards 10-'2 cmz V-1 s_l as a lower

10 cm
limit for the diffusive mobility in extended states, Secondly, below
Ec or above Ev all the states are localized and carriers can only
move by phonon assisted hopping through the tail or gap states. The

mobility for this process is given by:

n(E) = (EI%Q ) Vph ( exp ~2qR) exp (- k—‘;—) (1.4.,3)
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where R is the average hopping distance, which is a function of
energy because it depends on the density of states distribution,

The term exp (-2aR) describes the overlap of the wavefunctions on
neighbouring hopping sites with o representing the spatial decay of
a localized wave function and vph exp (-W/kT) represents the
probability per second that the localized electron hops to a new
site at an energy W above the original one. Equation 1.4.3 predicts
hopping mobilities at room temperature of <10"2 cm2 v s7'. This
change in drift mobility between diffusive band transport and hopping
defines a mobility gap which is an important concept in amorphous

semiconductor theory.

Therefore in addition to conduction through the extended states
there are current paths through the localized states. In particular,
a special case occurs at low temperature where it is more favourable
for a carrier to hop to a site closer in energy to its original
site rather than to its spatially nearest neighbour. This is known

as variable range hopping and conduction occurs near the Fermi level.

Finally, the question of which mechanism operates in various
materials is still a matter of controversy. For chalcogenide glasses

three mechanisms have been proposed:

(a) Direct phonon-assisted hopping between localized states,
perhaps also involving thermally-activated release from deeper traps.
This is favoured for Se-As glasses including ASZSEB'

(b) Polaron hopping

(¢c) Transport in the extended states with some trapping in

shallow localized states. This is favoured for vitreous Se.

For tetrahedrally bonded materials, such as a-Si, transport is
thought to occur in the extended states near Ec' It is possible,
however, that these conclusions may be altered in the light of the
considerable theoretical and experimental work that is being
expended on these materials and that the evidence may need to be
considered separately for each composition to define the mechanism

operating.

1.4.4 Oxide Glasses Containing TM Ions

Compared to the materials described above, the knowledge of the
band structure of oxide glasses is very primitive. It may be assumed

that commercial soda-lime-silicate glasses must have a forbidden gap
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of several electronvolts width between the full valence band and
empty conduction band, to explain the fact that they are transparent
to visible light. However, only a few attempts have been made to

calculate the band structures of such complex materials.

When considering TM oxides, more progress has been made and
band structures have been determined; see, for example, Catlow and
Muxworthy(73). A schematic illustration for a typical divalent T
oxide is given in Figure 1.15. The electrical properties of TM oxides
have also received much attention with special emphasis on mixed
valence oxides(74). It has been established that charge transport
occurs through the partially filled 3d orbitals. The overlap between
3d orbitals is small and the carriers are further trapped to form
polarons, thus a hopping mechanism is appropriate -rather than band

conduction.

When TM oxides are introduced into an oxide base glass the 3d
levels are likely to remain within the forbidden gap of the glass,
thus giving risé to the optical absorption noted above. However, in
the glass the 3d levels will form localized states in the Anderson
sense, if the Anderson localization criterion is satisfied. For 3d

semiconducting oxide glasses this may be expressed as(75):

W, z 6 (23z) O (1.4.4)

where Wb is the disorder energy, J, the overlap integral and z the

number of nearest neighbours with which the d wavefunction overlaps.

This condition is usually satisfied for TM oxide glasses so the
carrier hopping energy is increased by the disorder term WD. In
addition to this a second kind of localization is also expected
because of polaron formation. Polaron formation is the primcipal
feature of conduction in glasses containing multivalent TM ions and
will be discussed at length below. A crude schematic band structure
of these glasses has been drawn in the spirit of Figure 1.15 and is

shown in Figure 1.16.

1.4.4.1 Conduction Mechanism

An essential pre-requisite for conduction is that the TM ions
are present in more than one oxidation state. Therefore, for many
TM glasses either reducing or oxidising melting conditions are needed

to promote the production of a second species, generally with an



_79_

oxidation state *1 that of the oxidation state normally attained.
Two common techniques used to achieve this are varying the oxygen
partial pressure in the furnace during melting, or adding a reducing
agent, such as dextrose, to the batch. The conduction mechanism is
then due to the transfer of an electron from an ion with the lower
valence state to one with the higher valence state, under the

e vt Fe?t > Fedt). Cond-

uction is therefore diffusion-like in nature, The transfer of two

influence of an electric field. (e.g. V

, . . + +
electrons, as might be expected in tin glasses (Sn2 > Sn4 ), has not

been observed,
The drift mobility, u, is defined by the usual equation:
c = neuy (1.4.5)

However, even for glasses with the greatest conductivities the
drift mobilicty is very low (<10-4 cmZV_ls-l). Therefore the electron
moves slowly through the network and it is thought that it interacts

stonglywith the network to form a polaron.

1.4.4.2 Polaron Formation

Moving with such a low velocity, the electron remains on a site
for a time interval longer than the typical period of vibration of
the network ions and hence the surrounding ions are able to assume
new equilibrium positions consistent with the presence of the addit-
ional charge. These ionic displacements produce a potential energy
well which, if deep encugh, effectively traps the electron and
localizes it on the TM ion and it is unable to move without an
alteration in the positions of the surrounding ions. The bound
electron and its associated network deformation (or lattice deform-~
ation in crystalline solids) is termed a polaron. When the electron
moves, the polarization cloud moves with it and so the two can be

treated as a single particle.

1.4.4,3 Activation Energy for Conduction

The theory of pelaronic conduction in glasses containing TM

(76) 77)

ions has mainly been developed by Mott and Austin and Mott

and their work forms the basis of the following discussion.

The activation energy for polaron hopping from one ion to

. X , +
another may be calculated by considering two TM ions, e.g. Fe3 ’

on adjacent crystallographically equivalent sites(76). One ion,

2+ . - . .
Fe” , carries an additional electron and produces a field which
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polarizes the medium. This polarization gives rise to a potential

well in which the energy of the electron is:

(1.4.6)
where Ep is an effective dielectric constant defined as (e_l- s;])_l.

@7

Following Austin and Mott , this equation is supposed to be

valid up to a radius rp. So if r is greater than rp:

2
V() = - —o (1.4.7)

and r is replaced by rp if r is less than rp.

The subsequent derivation depends upon the effective mass of the
electron, If this is large then the small polaron case is applicable
and the potential well is located at a single ionic site. The value
of T, is somewhat less than the interionic distance R. In the other
case, the smaller effective mass means that the kinetic energy of the
electron must be considered as well as its potential energy and this
gives the large polaron case. However, this will not be considered

further as it is not applicable to TM glasses.

For a small polaron, the total energy of the electron and the

distortion is made up from:

(a) The energy required to polarize the medium, which is

equal to }( e2/4weoaprp), and,

(b) The lowering of the potential energy of the electron,

which is equal to -~ ( ezléneoe rp)

Therefore the polaron binding energy (—Wp) is given by:

W ) - ) = - {=o) (1.4.8)
p 4ne € ¢ 4TE € T ‘e £ T T
CPP coppP apPpP

Transport at high temperatures occurs by hopping but transfer
of the electrén from one ion to the other can only occur when the
energy levels of the two sites are brought into coincidence by
thermal activation with longitudinal optical phonons. The energy
required to achieve this situation, shown in Figure 1.17(b), is

calculated by adding the following components:

(a) The energy to raise the level of the electron on site 1.

= 2 =
. } (e /4neoeprp) Wﬁ
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(b) The polarization energy released on site 1 by relaxing

the displacements of the ions, which is equal to - 3/4 Wb (77).

(c) The energy required to form the well on site 2 = |} Wp.

Therefore the hopping energy is given by:

W. =W =-3/4W_ +1/4W = W I.4.
R RV AN (1.4.9)

An alternative and more exact method of calculating the small
polaron binding energy is by treating the interaction of the electron

with the whole spectrum of the vibrational modes of the surrounding

network. This was first considered in a classic paper by Holstein(78)
of which only the result is quoted:
|
W o= Lz |2 fw 1.4.10
P 2Nq|cq| q ( )

where N is the number of centres per unit volume, w_1is the angular
frequency of an optical phonon with wavenumber q and I; |2 is the

electron-phonon coupling constant.

Therefore to calculate Wp a knowledge of the phonon spectrum
is required. As this is rarely known, it is assumed that the
optical phonon. spectrum is narrow and dispersion can be ignored.

Therefore mq = w the characteristic phonon frequency and:

Calculations have shown that the coupling constant is always

quite high for TM glasses. For example, Mansingh et 31(79),

13 Hz, reported a value of 10

assuming a phonon frequency (vo) of 10
for a tungsten phosphate glass, which gives the effective polaron
mass as about 200 ‘times the mass of an electron.

(80) have shown that an equation of the same

Bogomolov et al
form as that derived above (]1.4.8) can be obtained from Holstein's
equation (1.4.10), assuming a non dispersive system, This gives the
small polaron radius as:

r =3 (n/6 )1/3. R where R = N-l/3

p (1.4.12)

For the small polaron model to apply, the polaron radius must
be smaller than the intersite distance R and greater than the radius
of the ion on which the electron is localized, as measured by the

. . s -1
reciprocal of the electronic decay component a (i.e. o ). Therefore:
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a <r <R (1.4.13)

(81)

Returning to the mechanism of polaron hopping, Killias has

sugpgested that if the centres are close together, the polarization

clouds will overlap and give a partial reduction in W,. This is

ARCID

only expected for high TM oxide concentrations. Killias proved

that WH increases linearly with site separation. This may be

written as::

WH = WH(RO) + aAR (1.4.14)

(76

In view of this, Mott has suggested a modification of

equation 1.4.8 using simple electrostatics, to obtain:
(__EE__) ( L
4TE E r

°oP P

W= 4 -

u ) (1.4.15)

=]

So far in this section, only the hopping energy has been
considered. Howevér, it was sugpgested above that disorder of the
glass will lead to the TM sites being spread over an energy equal to
h%, where in may be defined as the average energy between nearest
neighbour sites at a distance R. Miller and Abrahams(sz) have
estimated W, for impurity conduction in doped and compensated

D
semiconductors as:

W, o= ( e2/4weoesR ) . K (1.4.16)

where K is a constant tabulated by them, which is equal to ~0.3

for glasses containing TM ions.

Typical values of Wb from this equation are <0.1 &V for vanadium

phosphate glasses(83).

The total activation for hopping is therefore:
W o= W, o+ %kb (1.4.17)

(77)

where the terms in HDZ have been ignored R

In fact this only applies at temperatures greater than GD/Z,
where GD is the Debye characteristic temperature defined by the

equation:
kBD =  Huw (1.4,18)

Since hopping at high temperatures-is a multi-phonon process

involving optical phonons, Wh decreases with temperature and at
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T < BD/4 single optical phonons dominate and WH should approach
ﬁm°(84,85). Emin(86) however, has suggested that WH is constant
down to SD/3, especially if there is appreciable phonon dispersion,
and then WH +hm0 rapidly as T drops further. At the lowest temp-
eratures, WH = 0, and the polaron hops with one or more acoustic

phonons making up the energy difference between sites(sa) i.e.

W= 4.

Mot:t:UB)

, however, has proposed that at very low temperatures

WD + 0, because-the polaron will prefer to hop to mofe distant sites
with a smaller energy difference. This behaviour gives rise to the
Mott T“* rule for variable range hopping, which will not be discusded
further since measurements in this study have only been made at

ambient temperatures and above.

The discussion in this section has been based on the assumption
that the two ilons involved in the hopping process are in crystall-
ographically identical sites. This can Bnly be approximately true
in a glass, However, in some cases it is known from cptical
absorption and EPR measurements that different environments are

present e.g. octahedral and tetrahedral. Austin(75)

has proposed
the addition of another term (AU) to the total activation energy
to account for these differences in structure. Therefore equation

1.4.17 becomes:

W= W+ dWp o+ AU (1.4.19)

For barium borate glasses containing small concentrations of
vanadium, AU probably reflects the energy that must be provided to
equalise the centres before hopping can occur(87). Austin(ys),
however, put forward an alternative explanation for iron glasses
suggesting that if the iron ions are too far apart for hopping to
occur, the polaron could hop indirectly via an extended state e.g.
the 4s conduction band. It will be shown that it is necessary to

invoke a AU term for some glasses in the present study.

1.4.4.4 The Mott Equation for D.C. Conductivity

The basic equation for the conductivity is as given above i.e.

g = neu (1.4.5)

The number of carriers (n) can be calculated from experimental

data, assuming that all the T™ ions take part in the conduction
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. . (88)
process, which seems from recent evidence to be the case .

Therefore the mobility (u) remains to be calculated.

A suitable expression for the mobility is:

W = (eR%/kT) . P, . P (.4.20)

1 2

where P, is the probability of coincidence of the two sites and P2

1
the probability of polaron transfer when the sites have equivalent

energy.

The first probability is the product of the predominant phonon
frequency (vo) and the Boltzmann factor involving the minimum

energy for coincidence as derived above. Therefore:

P] = v, exp ( - W/kT ) {(1.4.21)

The expression for P2 depends if the electron transfer is

adiabatic or non—adiabatie.

In the former case, the electron tunnels backwards and forwards
many times during each excitation of the lattice, so the probability
of transfer is unity (P2 = 1), Therefore the mobility for

adiabatic transfer is given by:

po= (voeRzlkT) exp (- WKT ) (1.4.22)

In the non-adiabatic case, the probability of transfer is small,
since the time required for the electron to hop is large compared
with the duration of a coincident event, therefore P2 << 1 and at

high temperatures (T > BD/Z) (77’95):

p prt 2% /B gt (1.4.23)

2

For temperatures such that kT ~ h W, the hopping will be non-

adiabatic if J < ﬁmo.

The electronic transfer integral J is a measure of the electronic
wavefunction overlap of neighbouring sites separated by a distance
R. If a is the electronic decay function i.e. the fall-off with

distance, then the overlap integral between sites is:

J = Jo exp —a R (1.4.24)

Therefore the mobility is given by:

eR2, } W
) ( T Yy (1.4.25)

2 -
W= (5 j,_’%)(w}ga)*exp—(mm
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From a consideration of non—adiabatic hopping in TM oxide

(89)

glasses, Mott has proposed the following expression for the

conductivity:

o =von c(l-¢) (e?/RKT) exp (- 2aR) exp (- W/kT)

@]
]

vph Ne(1-¢) (e?R2/KT) exp (- 20R) exp (- W/KT) (1.4.26)

where N is the total number of TM ions per unit volume, c¢ is the
fraction of reduced ions and (I-c) is the fraction of oxidised TM

ions.

The Mott equation may be written:

6 =Nc(l-c) x e x (vpheRzlkT) exp (-2aR) exp {(-W/kT)

= N' X e X u

and the similarity of the mobility to the expression quoted above
(equation 1.4,25) may be seen. It may also be compared to the

Arrhenius egquation: ¢ = G, exp (- E/KT).

The Mott equation is now almost exclusively used in the analysis
of electronic conduction in glasses containing TM ions. It makes

the following predictions:

(a) A plot of log oT against 1/T should be a straight line
with a gradient of(wH + iwb)/k at high temperatures, falling
continuously to in/k as T approaches 0 K.

(b} The conductivity should increase as the TM ion spacing
decreases, and, _

(¢} The conductivity should go through a broad maximum as

the redox ratio is varied.

A test of these predictions is one of the aims of the present

study.

Finally, it is noted that the Mott equation is mathematically
very similar to the equation for ionic conductivity developed by
Stevels (equation 1.4.2). The differences are the inclusion of a
tunnelling term and the absence of the geometrical factor of 1/6
in the Mott equation, although Austin and Garbett(as) have included
the geometrical term in some of their calculations of polaron
hopping conductivities. This similarity is not surprising given
that the situations are similar. This means, therefore, that ionic

and electronic conduction cannot be distinguished by plots of either
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log oT or log o against I/T.

l1.4.5 Previous Investigations of Conduction in ™ Ion Glasses

Although early studies of electronic conductivity, carried out
before about 1968, analysed dc conductivity results in terms of a
simple Arrhenius relationship and calculated the pre-exponential
factor (cu) and'activation energy (E), most work since that date
has been discussed using the Mott equation outlined above. The
principal aim has been to compare the theoretical predictions for a
small polaron hopping mechanism with experimental data obtained
over a wide range of TM oxides and glass compositions., The terms
selected for comparison between different systems have been the
intersite distance (R), redox ratio (c} and tunnelling term
exp (-2aR) of the pre—exponential factor and, of course, the

activation energy.

Considering first the effect of the redox ratio, the Mott
equation has been formulated on the basis of a diffusion-like
conduction mechanism between a random distribution of T™M ions. It
is, therefore, not strictly applicable to glasses exhibiting some
kind of structure on either a macroscopic or microscopic scale.
Such structure, ordering or segregation has therefore been invoked
to explain deviations from the predictions of the Mott equation on
otherwise apparently homogeneous glasses. Some examples of this are
quoted below. The description of the conduction process in systems
which are obviously two phase i.e. glass/erystal or glass/glass
phase separation, is a different matter and will be discussed in a
following section (l.4.6). However, having noted these exceptions,
the simple fact remains that the theoretical prediction of the Mott
equation, that the conductivity should reach a maximum at a redox
ratio of 0.5, is only observed in a limited number of systems and

most notably in iron phosphate glasses.

The system that has received the greatest attention in the field
of electronically conducting TM oxide glasses has been the vanadium
phosphate system. In these glasses the conductivity maximum occurs

at a V4+/V ratio of between 0.] and 0.2 and this maximum

total
. . . . . (90) .
corresponds to a weak minimum in the activation energy . This
. . . . . 1
behaviour has also been found in other glasses containing vanad:l.um(9 ?
Various theories have been put forward to explain these findings.

. . +
One of the earliest was that a fraction of V5 1ons was rendered
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inactive with respect to the conduction process by being trapped in
polymeric complexes within the glass structure. - However, this explan-
ation has been challenged by Sayer and Mansingh(gz), as little
independent experimental evidence (e.g. spectroscopic) has been put
forward in its support. The latter authors suggested that for a

high concentration of TM oxide, and in particular with a high
concentration of reduced ions, polaron-polaron interactions may be
important. These interactions could be direct, via Coulombic
repulsion, or indirect, by changing the network relaxation at a

given site due to the presence of a polaron on an adjacent site. In
the latter case it could be required that the n nearest neighbours

of the acceptor site must also be unoccupied for a hop to take place.
This requirement changes the total hopping probability from c (i-c)

to c(l-c)n+1. Some evidence was found in support of this from their
experimental results with a value of n = 5, A further theory is

that phase separation is responsible, since homogeneous_Ba0-3203—V205
glasses exhibited a sharp minimum in the resistivity at ¢ = 0.46

(87). However, a problem still exists because this minimum was much
sharper than that predicted by the Mott equation and was due mainly
to a minimum in the activation energy; a point which will be

discussed further below (section 1.4.5.3).

The behaviour of iron and vanadium glasses is similar in that
a maximm in conductivity is usually found at some value of c. In

(93)

contrast , copper glasses studied by Tsuchiya and Moriya showed
no maximum, a discrepancy explained as a consequence of a mixed
conduction process involving both ionic and electronic components.,
This is a reasonable hypothesis as the reduced state of copper in
glass (Cu+, group IB) is singly charged and therefore can migrate in
an electric field in an analogous way to group IA alkali ions. The
conductivity was found to increase with cu’ content as would be

expected with this mechanism.

Titanium borosilicate glasses also showed an increase in
conductivity as the redox ratio varied from ¢ = 0.2 -~ (.6, but for
a somewhat different reason. 1In this case it was proposed(ga) that
carriers move along relatively highly conductive chains of Ti-0-Ti
groups, rather than diffusing through a random distribution of Ti
ions (see also section 1.4.5.3).

The need for a tunnelling term in the conductivity expression

has been questioned by Sayer and Mansingh(gz). They melted a series
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of phosphate glasses comprising 50%Z of the following TM oxides:

Ti, V, Fe, Mn, Co, Ni, Cu, Mo and W, together with additional
glasses containing up to 907 V205. This forms one of the most
complete works to study the effect of individual TM oxides. They
found that the magnitude of the conductivity at any given temperature
was smallest in the glasses having the highest thermal activation
energy. This indicated that the effect of the tunnelling term was
not great and a small polaron model assuming adiabatic hopping was
more appropriate. A plot of log ¢ at 500 K against the activation
energy for each glass showed that the relationship was linear, with
a slope corresponding to a measurement temperature of 530 K. There-
fore the pre-exponential term, inclusive of exp (-2aR), was virtually
constant for the whole series of glasses. A somewhat more complete
plot of this type has been compiled by Murawski et a1(95) from
published data incorporating more than one point for each glass
gsystem. Good agreement between the experimental temperature chosen
and the temperature calculated from the slope of the line, was only
found for the V205--P205 and WO3-P205 systems. In the other cases
the calculated 1/kT value was between 1.6 and 3.5 higher than the
experimental value, if the tunnelling term was ignored. This
5—Te02, FeO-PZOS, M003-P205, TiOz—PZO5 and VZOS-
BaO-B203 systems for which the non-adiabatic approximation was therefore

applied to the V20

proposed. The weakness of this analysis is that the effect of
different carrier concentrations in different glasses is agsumed

to be small.

Several attempts to calculate the electron wavefunction decay
constant o have been made. Usually N, R and ¢ in the Mott
equation are estimated from experimental data, a value for the phonon
frequency vph assumed and hence o can be calculated, Murawski
and Gzowski (96) attempted to calculate a_l from the slope of a plot
of log colc(l—c) against R for iron phosphate glasses at a constant
temperature. The value they obtained was reasonable (1.5 :9) although
the analysis is not strictly accurate as R appears twice in the
expression for 0

voee (1-¢)

0’0 = T[‘—R— exp (- ZGR) (1 .4-27)

A similar approach has been attempted by Hirshima and Yoshida(g72

They substituted Killias' expression (equation 1.4.14) into the Mott

equation and obtained:
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log ( oR ) = log{ zgezc(l-c)} - {Eﬂﬁé%liiﬂhé— (2a+§TJ R (1.4.28)

Log (oR) was then plotted against R, with o normalised to a
value of ¢ of 0.1, at constant temperature. An approximately linear
relationship was found for Fe203 in a variety of base glasses,
yielding values of a-] between 0.5 and 1.0 1. However, linear
relationships were not found for Cu0 or TiO2 glasses. The reason for
the failure in Cu0 glasses was thought to be the significant contrib-

ution of ionic conductivity but no reason for the TiO2 glasses was

given,

Examination of published literature shows that the high temp-
erature activation energy has a pronounced effect on the magnitude
of the conductivity and depends to a large extent on the proportion
and nature of the TM ion. The data of Sayer and Mansingh(gz)

reflects the latter effect as the proportion of TM oxide was roughly

constant at 50%:

1.32 eV Cu : 1.03 eV Ti

Ni : : 0.76 eV
Mo : 1.24 eV Fe : 0,60 eV
Co : 1.23 ev .V o1 0.42 ev

In general, these values are typical of ﬁhose found by other
workers in a wide variety of glass systems with fairly high
proportions of TM oxide., For lower proportions, <157 for example,
the activation energy is high, >1.2 eV, and is less-dependent on
the nature of the ™ ion. However, only a small number of studies

have concentrated on glasses with such low proportions.

In the table above, three regions of high temperature

activation energy have been distinguished:

(a) Above 1.2 eV. A value as high as this leads to an
extremely small, usually unmeasurable, value of room temperature

-16 Q-l

dc conductivity (<10 cm-l). A feature in common with these T™™

elements is the predominance of the reduced (M2+) state over
higher valence states,

(b) Between 0.8 and 1.2 eV. Copper glasses are the main
representatives of this group, which may be associated with a
mixed electronic and ionic conduction process.

(¢) Less than 0.8 eV, as typically found for Ti, Fe and V
containing glasses. Usually vanadium glasses have the smallest

activation energies and are the least resistive of this group,
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(98)

though exceptions do occur .

The basic problem is to separate the activation energy into

i Wb and any AU term. If the low

temperature conductivity is measurable then this can be used to

its constituent parts i.e. W

calculate a value of Wb if the temperature dependence is knowm,
hence WH can be calculated from the high temperature activation
energy (W =W +£WD). Alternatively W, may be estimated from the

temperature dgpendence of the thermoe?ectric power, if this can be
measured. More indirect ways involve using small polaron theory to
calculate WH (equations 1.4.8 and 1.4.9) with Ep e € = n? and the
polaron radius calculated from Bogomolov's egquation (1.4.12), and
calculating W, from the Miller-Abrahams equation (1.4.16). If W, as
calculated from W - WH is much greater than the Miller-Abrahams
disorder energy then a structural differences term may also be

involved. Typical values of W_ and Wb are ~v0,2-0.4eV and <0.1 eV

H
respectively for VZOS-PZO5 glasses. The high values found for Mn,
Co and Ni oxide glasses have yet to be adequately explained.

With this broad background in mind, a survey of more detailed
findings on some individual glass systems especially relevant to

this study will now be presented.

1.4.5.1 Iron Glasses

(99)

Hansen was among the first to systematically investigate
oxide glasses containing iron. He measured the electrical resist-
ivity and thermoelectric power of both a series of 55% (FeO+Mg0)-
45%P205 glasses with Fe0 increasing from Q0 to 557 in 57 intervals,
together with a series of SSZFEO—4SZP205 glasses with differing
redox ratios. The results were analysed in terms of a simple
Arrhenius relationship and it was found that for most glasses

there was a change in slope of the log p~1/T line at temperatures
between 110 and 150°C. Several possibilities were put forward to
explain this including: conduction in different phases above and
below the break, a change from predominantly electronic conduction
to ionic conduction, though no polarization effects were observed,
and charge transfer between iron ions in a similar crystallographic
position at low temperatures and different positions at higher

temperatures.

The conductivity was proposed to be due to a thermally activ-

ated hopping process between Fe2+ and Fe3+ ions, similar to
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crystalline TM oxides with the activation energy pertaining to
mobility rather than carrier generation. The activation energy
changed from 1.6 eV for glasses containing 0 and 57 Fe0O, to 0.7 eV
for concentrations of greater than 25%Z. Above 257 FeO, log p was

proportional to ZFeO.

Further analysis of the temperature dependence of the conduct-
ivity was carried out using an expression for mobility equivalent
to that for adiabatic hopping: '

2n2
ne<R<v E
= ek & exp (—

T T (1.4.29)

with n calculated from thermoelectric power measurements. The

mobilities ranged from IO_IO cmZV-]s-l,at 400 K to 10-7 cmZVHls_]

at 600 K. Calculation of the values of v,, the lattice vibratiomal
frequency, yielded satisfactory values (0.8 x IO13 and 1.7 x 10]2 s_l).
A plot of resistivity against ,redox ratio revealed a broad

‘minimum between Fe2+/Fe of 0.4 — 0.6 in the 55% Fe0 glass.

total
Thermoelectric power measurements showed that the glass changed
. + .
from n-type to p-type conduction as the Fe3 /Fetotal ratcio

decreased below 0.38.

Consideration of these results in the light of the Mott equation
indicates that only partial agreement is found. The tunnelling term
may be ignored and the resistivity minimum with the redox ratio was
. deeper than that predicted by a c(l-¢) factor. That the minimum
even occurs for the 557 FeO glass is perhaps fortuitous considering
the behaviour of the rest of the system which is discussed below.

(100) were the

Following on from this work, Hansen and Splann
first to observe dielectric dispersion in a series of three iron
phosphate glasses with different redox ratios. The ac dispersion
exhibited a temperature dependence equivalent to that of the dec
conductivity, which was therefore attributed to the resonance of
hopping electrons, or holes, between Fe2+ and Fe3+ as in the de
conduction process. However, this conclusion has been questioned by

Kinser(IOI)

who examined 55Fe0-45P205 glasses subjected to different
heat treatments. The change of dc resistivity after thermal treatment
will be discussed in section 1.4.6, but it was found that loss peaks
appeared after heat treatment at 400 and 500 °c for t hour. Samples
heat treated at 300, 600 and 700 °C gave no loss peaks in the 10%-

106 Hz frequency range. Correlation of these results with optical
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and transmission electron microscopy showed that the dielectric
dispersion was the result of a Maxwell-Wagner-Sillars heterogeneous
loss mechanism arising from the production of a finely dispersed
highly conductive crystalline phase after heat treatment at 400 and
SOOIOC. Thermal treatments at lower temperatures produced no resol-
vable crystals or any evidence of liquid-liquid phase separation

and therefore no loss peaks., At higher temperatures only a few
large crystals were produced which, because of their number, did not
lead to observable losses. The results of Hansen et 31(100) were

(101)

therefore explained by Kinser

2+ 3+ . . s
Fe” ~Fe” electronic resonance but rather arising from partial

as not being the result of a

devitrificatrion of the glass during annealing from between 475 and

500 °C. Further discussion between Splann and Kinser(loz)

has not
provided any definite conclusion since in most cases the conduction
losses could mask the peaks in question.

Dozier et 31(103)

have reported further studies relating changes
in the ac and dc electrical properties of a glass with a nominal
composition of 55Fe0-45P205 to the redox ratio and devitrification

. . . +
induced by heat treatment. The glass with a redox ratio (Fe3 /Fe

)

total
of 0.76 showed no dispersion in the as~cast state, but a dispersion

appeared after heat treatment at 600 °C. With further heat treatment
a second dispersion appeared and both grew in magnitude. This two
peak phenomenon was explained by the nucleation and growth of two
conducting crystalline phases giving rise to a Maxwell-Wagner-Sillars
inhomogeneous loss mechanism. The dispersion behaviour for the glass
with a redox ratio of 0.3]1 was less well defined although in this
case a loss peak was present for the as—cast specimen. A further
specimen cast onto copper blocks cooled with liquid nitrogen,
revealed no loss peaks. This shows clearly the effect of quenching
rate on producing a truly homogeneous glass. An increase in
quenching rate also decreased the density of the glass thereby
increasing the separation of the iron ions, thus increasing the
resistivity of the specimen. The final glass, which had a redox
ratio of 0.44, showed no loss peaks after 2 hr at 600 °C even though
X-ray diffraction analysis showed the presence of crystallites. This
was attributed to their large size (0.5 - 1.0 mm in diameter). This
work was inconclusive as to the origin of the dispersion i.e. whether it
was due to the polaren hopping resonance or devitrification,though

the latter was favoured.
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ﬂmmoecal“%)

have recently investigated the dielectric
behaviour of FeQ -~ P205 glasses using the method of thermally
stimulated depolarizatiom (TSD). They claim the the TSD technique
is more convenient than conventional ac dielectric loss measurements
for investigating semiconducting glasses, since conduction losses
are absent in the former case. The as—-cast glass exhibited two TSD
peaks, one at low temperature representing a Debye-type dielectric
dispersion and the other,at a higher temperature, a space-charge
(electrode) polarization. The low frequency pemittivity dispersion,
related to the low temperature peak, was not adequately described by
a model involving electron hopping between Fe2+ and Fe3+ ions as

proposed by Sayer and Mansingh(gz)

and Thurzeo et al suggested that
another model, based on the presence of clusters of at least one
dispersed phase within the homogeneous matrix, was more appropriate.
The authors alsc considered the effect of heat treatment on the TSD
peaks and their conclusions agreed with those of Kinser(lOI). No
suggestion was given regarding the nature of the dispersed phase
although its volume appeared to be controlled by the redox ratio.

(105) (99) by

Vaughan and Kinser extended the work of Hansen

looking at a series of glasses in the FEO_FEZOB_PZOS system. Glasses
containing greater than 507 P205 were homogeneous whilst those with
less than 407 P205 were phase separated. The authors suggested that
a complete compositional and microstructural description is necessary
to characterize the glasses and that a more informative way of
presenting the resistivity-composition data for a three component
system such as this, is achieved by using the Gibbs' triangle. This
permits similtaneous examination of the effect of total TM ion
concentration and redox ratio. It was found that in general the
minimum resistivity of a glass with a given composition did not

oceur at ¢ = 0,5, except for the 552(FeO/Fe203)~452P205 composition
as reported by Hansen(gg). In addition, the change of resistivity
with T™ ion spacing R, deviated from the expected behaviour at low

values of R.

For glasses with high iron concentrations, the effect of the
heterogeneous structure was considered in that Fe2+ ions may be
segregated to islands which do not enter the conduction process.
Alternacively, if the isolated phase is rich in Fe3+, then magnetic
coupling between Fe2+ ions in the matrix phase would effectively

2+, .. . xs .
remove Fe ions and push the minimum resistivity to a higher redox
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ratio, as observed. Removal of one redox state from participating
in conduction would explain the changes in resistivity with R. Feor
high iron contents, hence low R spacings as calculated from the
composition, the effective R is higher because of segregation, hence

the resistivity rises.

The effect of segregation would reduce as the iron concentration
is reduced leading to the apparent ideal behaviour for the 557 Fer
composition. At lower iron concentrations, it was suggested that
ferric ions acted as network formers, thus shifting the minimum

. s . . . . 3+
resistivity to a lower redox ratio (i.e. higher in Fe™ ).

These arguments should be related to the activation energy as
well but no relationship between resistivity and activation energy
changes could be found. Thechange in c(l-c) was also too small to
account for the large changes in resistivity observed. The authors
therefore concluded that the resistivity behaviour of the system
was not easily rationalised even with the microstructural and
magnetic arguments‘advanced and was incompatable with first order

theories.

Borate glasses containing iron have been investigated by Gawish

and Saleh(]06’107) and Ardelean(los).

The former authors studied calcium borate glasses containing
between 10 and 23% Fe203 and measured ac and dc conductivities and
thermoelectric power. The results were initially analysed using
the Arrhenius relationship producing plots which were linear above
400 K, but with a steadily decreasing gradient below that temper-
ature. Compositions containing less than 207 FeZO3 were ﬁitreous,
but higher iron concentrations promoted devitrification, which
produced a marked decrease in the activation energy and resistivity,
especially for temperatures below 300 K. The authors concluded
from the variation of the dec conductivity with temperature, together
with the frequency dependence of the ac conductivity, that conduction
was due to electron or polaron hopping between ferrous and ferric
ions and hence the Mott equation should apply. However, no attempt
was made to analyse the results in terms of the polaron parameters,

rp, e, WH and Wb. The glasses all had a constant redox ratio so a

test of the c(l-c} prediction was not possible.

The same authors have recently reported further studies on the

(107)

same glass system concerning mainly ac properties . For glasses
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with an Fe203 céncentration of less than 207, a hopping mechanism
was proposed. However, in the partially crystallized glasses with
compositions between 20 - 307 Fe203, the predominant conduction
mechanism was thought to be trap limited band conduction at
frequencies below 5 kHz and hopping above this wvalue. For even
higher concentrations, the material was completely crystalline, with
possibly a diffusive conduction mechanism operating, involving tr-
-ansport in non-localized states >Ec with hopping in localized states
only above 10 kHz.

Lead borate glasses containing iron were studied by Ardelean(los)

with Fe203 contents varying from 2-507. Glasses with greater than
157 Fe203 exhibited a change in slope in the log p - 1/T plort,
though in this case the temperature of the change increased linearly
with Fe203 concentration. The reason for this was ascribed to the
coordination enviromment of both ferrous and ferric ions, both of
which can have two types of site. Therefore, at low temperatures
charge transfer was between Fe2+ and F33+ ions in similar environ-
ments, whilst ions in different environments could be involved at
higher temperatures, therefore introducing a AU term (of ~0.4 eV
in magnitude) into the activation energy. By analysis of the
polaron parameters it was found that the Mott equation was valid
between 5 - 157 Fe203 whilst an adiabatic approximation, -putting
exp (-2aR) = |, was more appropriate for higher iron concentrations.
The activation energy for the 27 glass was 1.2]1 eV, which is high
for a polaron hopping mechanism, suggesting that another mechanism
was operating.

Silicate glasses containing iron have not received much study,

(109)

though Anderson and MacCrone have investigated equimolar
PbO-SiO2 glasses containing low concentrations of iron ions. This
is one of only a few studies concentrating on the conduction
mechanism in glasses with such a low TM level (<10%Z). They found
that the de conductivity was always lower than the ac conductivity,
even at the highest temperatures. The dc¢ activation energy was
constant over a large temperature range and the dependence of the
conductivity on the redox ratio predicted by the Mott equation was
not observed. Finally, the activation energy for hopping was
constant over the concentration range studied. Analysis of the
dielectric data using both Cole—Cole and Grant plots revealed two

distinct relaxation processes: the first at low temperatures and
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high measuring frequencies with a relaxation time distribution
apparently independent of temperature. The second, at high tempe-
ratures and low frequencies, with a high magnitude and a relaxation

time distribution which varied randomly with temperature.

The discrepancies with small polaron theory promoted the devel-
opment of a new conduction model in which a random distribution of
™M ions was no longer assumed., Instead the new model proposed that
charge carriers moved preferentially along paths of relatively high
conductivity. These paths were thought to consist of three dimen=-
sional tree-like clusters of linear chains of Fel*-0-re* units,
with the clusters comnnected at a limited number of points. The iron

ions are electronically coupled through the oxygen ion by an exchange
mechanism,

The various abnormal features of the conduction process were
therefore explained as follows. The ac conductivity is dominated
by carriers hopping between ferrous and ferric ion pairs within the
chains. This gives rise to the first relaxation process noted
above and also provides a reason for the constant value of WH’
independent of composition and redox ratio. The de conductivity
results from movement of carriers along the chains, producing the
second relaxation process, but is dependent on connections between
clusters. Thus as the iron concentration increases from zero, the
clusters grow in size, with the dc conductivity remaining constant,
or slowly increasing, as the clusters begin to overlap. At a
critical composition, enough connections have been established for
the conductivity to increase rapidly with composition. Further
evidence for a model of this type was provided from magnetic
susceptibility and EPR data. The carriers were proposed to be
small polarons hopping adiabatically between sites.

(110)

Finally in this section, Munakata
(97)

, Kennedy and MacKenzie

(111)

and Hirashima and Yoshida , have specifically investigated

the effect of the base glass on the conductivity of TM oxide glasses,

The latter authors reported work on the dc conductivity of iron
containing glasses with different network formers (SiOz, 3203, P205)
and different basicities. The conductivity of the borate glasses
increased with increasing PbO/B203 ratio, but this could not be
accounted for by the change in either the Fe ion density, and hence

in R, or the redox ratio. In the light of their previous work on
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the behaviour of iron in glass melts, they attributed the increase
in conductivity to an increase in the fraction of four—fold coord-
inated iron in the glass at the expemnse of six—fold coordinated iron.
A similar explanation was advanced for the increase in conductivity
of the phosphate glass. In contrast, the basicity of the silicate
glass had very little effect on the conductivity, therefore it was
assumed that there was a less significant change in the iron coord-
ination state as the PbO/S:i.O2 ratio was altered. The authors
suggested that a non-adiabatic small polaron conduction mechanism

was most appropriate for their results.

1.4,5.2 Manganese Glasses

To date there have been only a very few systematic investigations
of the electrical properties of glasses containing manganese.

One early study was that of McMillan(llz)

who investigated
manganese as well as some other TM ions in the system T oxide/A1203/
Si02. Compositions containing less than 357 Mn0 could not be
produced as homogeneous melts, even after melting at 1450 °Cc for long
periods of time, but glasses were formed containing between 35-557%
Mn0O. From the colour of the glasses most of the manganese was
thought to be present in the divalent state. The volume resistivity

4_ 15

at room temperature was very high at 10 10°" Qecm. The surface
5

13_;!

reduced by 104 after suitable heat treatment, which led also to the

resistivity likewise was between 10 Qcm, but this was
appearance of a reflecting film on the surface of the glass. It was
- concluded that although the bulk glass was insulating, a semicond-

. . , . +
ucting surface layer was formed by oxidation of some of the an to

Mn3+. It was proposed that as the Mn3+ formed within the glass at
1450°C did not impart semiconducting properties, then Mn3+ formed by
oxidation at 600°C must occupy a different gite i.e. an energetically
more favourable site for allowing electronic conduction to take place.
This could be because the crystallographic site of the Mn2+ ion is
unlikely to change during oxidation at 600°C, thus allowing conduct~
ion between M’ and Mn®® in equivalent sites. No mention of the
temperature relationship of the bulk resistivity was given for these

glasses,

Calcium manganese silicate glasses have also been investigated

(113)

by Kuznetsova and Evstrop'ev but the glasses were treated as

insulating and no mention was made of electronic conduction. The
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3 2 cm and glasses melted

resistivity at 300°C was between 108-101
under reducing conditions were found to have a resistiwity of half
an order of magnitude greater than that of glasses synthesised in a
weakly oxidising medium. It was stated that the resistivity did not
depend greatly on the valency of manganese ions in the glass.

(114) measured the conductivity of glasses

Ershov and Shul'ts
with Mn0 concentrations from x = 10-557 in 30Pb0-(70-x)SiO2 base
glasses. An electronic conduction mechanism was indicated by the
absence of polarization effects with p-type conductivity demonst-
rated by the thermopower. As the manganese concentration increased
up to 55% Mn0, the resistivity decreased from 10]3- 109  em at
200°C and the activation energy from 2.6 to ~1.7 eV (see note on
activation energy below), though the conductivity and activation
energy were almost constant for Mn0 concentrations of greater than
407. The redox ratio was determined by chemical analysis and also
estimated from the thermopower with the two results being in fair
agreement. The fraction of Mn3+ increased from 3.17 to 23.47 as

MnO increased from 20-55%.

The same authors as part of a study of conductivity in the
mixed MnOCMn203)-Fe0 (Fe203)"Si02 system also reported measurements
on some binary manganese silicate compositions containing between
40-70% Mn0<]15). Only compositions containing between 40-50%7 MnO2
were glassy, whilst higher Mn0O concentrations produced either
partially or fully crystallized materials containing tephroite
as the main crystalline phase. The glasses contained about 77 Mn
in the trivalent state. A plot of log ¢ against 1/T was linear
yielding activation energy values of 2.21-2.28 eV for the glasses,
dropping to 1.30 eV for a crystallized glass., Only é very slight
change in log ¢ and activation energy were noted as Mn0O increased
from 40-50%7. The dramatic change on crystallization was thought
to be due to a higher electron mobility with the ordering of the
structure,

(Note: Whilst not stated in these references(IIB’llé’lls) it

is understood that Russian practice is to analyse conductivity
using the equation: o = g exp (- E/2kT). The activation energies
quoted must therefore be divided by 2 for comparison with others

quoted in this thesis.)

(92)

Finally, the work of Sayer and Mansingh , which included
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a SOMn304-50P205 glass is relevant. A low conductivity and high
activation energy were found (1.24 eV) but the redox ratio was not
stated. Infrared absorption studies separated the series of TM
oxide glasses into two distinct groups. The first, including: Mn,
Co, Ni and Cu oxides, showed features in the spectrum which were
thought to be characteristic of phosphate tetrahedra. The second
group, comprising such IM oxides as: Ti, V, Mo and W were found to
show spectra dominated by groups of the form MOn, where M is a T™M
ion. This. suggestion of a fundamental difference in the glassy
structure can be used to explain the much higher activation energy
shown by glasses in the first group, including manganese, to those
in the second group. However, it is not easy to extend this argument
to glass systems based on other network formers, where the same

differences in activation energy apply.

Some further work on binary manganese phosphate systems will

also be discussed in the following section on mixed TM oxide glasses.

1.4.5.3 Mixed TM Oxide Glasses-

Although interest in glasses containing more than one TM oxide
began in the 1960's, when such glasses with high conductivities

(116)

were developed , no detailed study of the conduction mechanism
was made at that time, It is only in recent years that greater
attention has been focussed on conduction mechanisms in these
systems. Some work on mixed iron-manganese systems has been
reported, which will be described first, though this dces not
directly identify the role of each TM element. Therefore this
section concludes with a brief account of work on other mixed
systems.

(117)

Tsuchiya and Moriya studied electronic conductivity and

dielectric relaxation in phosphate glasses containing Fe203 and MnO,
For the glasses containing Mn0O singly, reduction of the glass with
carbon during melting and increasing the concentration of MnQ, both
decreased the conductivity. Whilst the former finding can be
explained easily, the latter is surprising. Although glasses were
not analysed to determine the manganese redox ratio, it is reasonable
to expect the fraction of Mn3+ to be small, as found in all other
studies of manganese glasses. Further reduction during melting will

therefore lower this fraction even further, thus decreasing the

conductivity. It is possible that the redox ratio for the glass
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with higher Mn0 content is very small, thus explaining the decrease
in conductivity with increasing MnO, but this is contrary to most
findings in which the fraction of Mn3+ iqcreases as the Mn0 concent-
ration increases. In contrast, the conductivity of the iron only
glasses increased with the total iron content and as the redox ratio
decreased from ~0.8 to 0.5. The activation energy for the manganese
glass was about twice that of the iron glass with similar TM oxide
molar concentrations. The dc conductivity of the mixed glasses
increased after replacing Mn( by Fe203 but it appeared to be unaltered
by the iron redox ratio and heat treatment. It was suggested that
iron and manganese interacted with each other by oxidation and
reduction, but the final redox state had very little effect on the
conductivity. No explanation for this was offered.

Broadly similar results were found by the same authors in a
(118)

later work on xFe203—(50—x)Mn0—50P205 glasses . In this work
just one manganese only glass was investigated in both normal and
'reduced' redox states, although the exact ratios were not specified.
The results for the reduced glass were, however, distinctly different
to their earlier work on a glass with the same composition, though
the redox ratios may be different. 1In this case the log o - 1/T plot
showed a change in slope at ~373 K and the conductivity at higher
temperatures was almost identical for normal and reduced glasses,
rather than being nearly an ordér of magnitude lower as found
previously., The high temperature activation energy for the reduced
glass was also different in the two studies. In the mixed glasses,
the conductivity increased linearly by replacing MnQ with Fe203 and
also increased in the reduced glasses. Some of the log o - /T

- plots showed a slight change in gradient. (2-3 kcal/mole) at about

373 K as had been observed in the previous work, but the change was
very much less noticeable than that of the manganese glass. In both

. +
of these works the proportion of Mn3 was not stated and no attempt

was made to analyse the results in terms of small polaron theory.

Ershov and Shul'ts(]ls) measured the conductivity of glasses in
the MnO(Mn203)-Fe203(FeO)—SiO2 system, They considered that all four
possible redox states: Fe2+, Fe3+, Mn2+ and Mn3+ were present
simultaneously in the glasses, although their analysis technique
could only measure the difference between Mn3+and Fe2+ concentrations
because of redox reactions on dissolving the glass for chemical

analysis. For glasses with 57 Fe203, the concentration of MnO was
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varied between 45-607, but no systematic variation in activation
energy or conductivity was found, though the activation energy was
generally 0.2-0.3 eV lower than manganese only glasses. 1In a further
series with 457 MnO, an increase in F3203 up to 87 also had no _
systematic effect; the activation energy decreased by 0.2 eV in the
5% glass but returned to the manganese only value with 87 Fe203. It
was only with the onset of crystallization that decreases in resist-
ivity and activation emergy were observed. Chemical analysis of this
series showed that the concentration of Mn3+ was greater than Fe2+,
suggesting that the increase in theconductivity was largely-due to
crystallization, resulting in a heightened carrier mobility, rather
than the effect of mixing two TM elements. These authors also
considered the effect of the change in the ferrous content of the

glasses. On going from Fe2+/Fe = 0 to 0.5, the conductivity

increased by two orders of magnzgszi and the activation energy
decreased by 0.35-0.40 eV. This was attributed to an increase in

the number of Fe2+ donors and possible structural arrangements in the
‘glass, due to a change in the iron coordination number on going

3+ + . . . .
from Fe~ to Fe2 , to explain the change in activation energy.

Mixed iron-manganese glasses have also been studied by Pronkin

et 31(119)

, but these also contained an appreciable proportion of
sodium ions. This paper also referemced some previous work on iron
containing sodium glasses where mixed cationic-electronic conduct=-
ivity was found, depending upon the iron concentration and measuring
temperature, The authors determined that the transport number of
the sodium ions was unity, as measured by Tubandt's method, and

so proposed purely cationic conductivity in the experimental
temperature range of 280-380°C. The log o against 1/T relationship
was linear for each of the three glasses, but the activation energy
progressively decreased from 1.00 eV through 0.88 to 0.72 eV as

Mn0 was replaced by Fe203, whilst keeping the sodium content
constant. Such a change does not seem easy to reconcile with purely
cationic conductivity, especially when the results of the present

study are considered.

A systematic investigation of conduction in barium borate
glasses containing mixed iron—vanadium, copper-vanadium and cdpper-
iron oxides has been made hy Bandyopadhyay(ga). Except for the
copper—iron glasses, the resistivity of the mixed glasses was less

than that of the single ™ oxide glasses with the same concentrations
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of ™M ions. The reason why this was not observed for the copper-
iron compositions was thought to be due to the low concentration
of reduced states. The enhancement of conductivity in the mixed
glasses could arise -either from polaron hopping between ions of
different TM elements, or a change in the redox ratio. However,

it was demonstrated that the observed changes in redox ratio could
not account for the increase in conductivity. It was therefore
concluded that hopping between neighbouring ions of different TM
elements is energetically more favourable than hopping between ions
of the same element at greater average distances,

As well as his work on EPR outlined above, Bogomolova(lzo) has

measured the resistivity of some mixed TM oxide glasses and attempted
to relate the changes in the EPR spectra to the change in resistivity.
As stated already, the effect of additions of a second TM oxide

could either be to allow electron exchange between different ™
elements, or simply change the redox ratio, thus producing a change in
the conductivity. Thus during the melting of glasses containing
vanadium and copper, the following reaction will take place:

+ +
V4 + Cu2 -r V5+ + Cu+

possibly with an exchange interaction at sufficiently high concent-

. . + + . . .
rations leading to V4 - Cu2 associates. For a glass with composition

32Ca0-25. 3P205 42, 7V205, the addition of 3.3 x21020 atoms of Cu per
gram of glass increased the resistivity by ~I10” @ c¢m. The EPR
spectrum changed as well: the width of the exchanged narrowed V4+
line increased, the integrated intensity fell by a factor of 1.6 but
the g value remained approximately constant at 1.97. To explain
these findings, Bogomolova assumed a chemical exchange between V4+

and Cu2+ which left 4 x 1020 b ions g 1, compared to the starting

figure of 6,65 x 1020 4+ -1

ratio to 0,095. Such a change could cause the observed increase in

, thus reducing the vanadium redox

resistivity without the necessity of postulating that copper ions
enter the conduction mechanism. For higher concentrations, 6.6 x
1020 cu2* g7 ang 102! ¥4 ¢

reduced and the EPR spectrum altered: the integrated intensity

, the resistivity was slightly

fell by 1.14, the linewidth increased and the g factor increased
to 2.05. It was proposed that a chemical exchange with a similar
reaction constant to that above took place, which reduced the

concentration of both Cu2+'and V4+, but the remaining V4+ ions
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=1, . . 24+, .
20 g ]) interacted with Cu” ions to form associates

(7.4 x 10
producing an exchange broadened EPR line with average g factor. .
However, these associates were thought to have little influence on
the charge transfer process, thus giving very little change in
resistivity. Replacement of Ca0 by an equal weight of Cu20 also
increased the linewidth and integrated intensity of the EPR spectrum
and changed g to 2.07, but reduced the resistivity. This was
explained by a shift in the equilibrium to higher V4+, together

with the production of V4+- Cu2+

pairs and more complex clusters of
both types of ions. It was thought that the reduction in resistivity

could be due to the presence of large clusters of associates,

(121)

Sayer and Lynch investigated the electrical properties
of two series of tungsten phosphate glasses with small additions
of other TM ions: Series 1: 0.2 - 8.67 V205, MoO3 and Cu0, Series 2:

1,57 of other TM ions including Fe.203 and Mn0. EPR, NMR and optical

spectroscopy were also utilised to investigate the impurity effects
(122). V205 and MoO3 reduced the conductivity sharply, even for
concentrations of less than 1%; V205 had its maximum effect at ~l1,5%
after which the conductivity increased with further additions,

whilst MoO3 reduced the conductivity continuously. All the other

™ ions had very little effect, especially at low concentrations.

It was thought that the conductivity was affected partly by changes
in the redox states of the ions, but mainly by a change in the
probability of hopping. The activation energy was the dominant
parameter and varied inversely with impurity spacing at low impuricy
concentrations, but it was not possible to account for this

behaviour using a model of trap-controlled drift mobility. The fact .
that only V and Mo had a strong impurity effect indicated that
structural considerations could be important. Isolated V and Mo ions
both localized electrons in their vicinity with localization

energies of 0.75 and 0.80 eV respectively, but for high vanadium
impurity levels the results suggested direct electron transfer
between vanadium sites, The conduction mechanism was thought to be
similar to the Miller-Abrahams model for impurity conduction in
semiconductors and the possibility of relatively long range interact-
ions between impurity sites to overcome the localization energy
(especially for vanadium) was mentioned. Thermopower and optical

absorption measurements on undoped glasses were consistent with a

small polaron hopping mechanism, with the correlation WBPtN4WH
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being qualitatively observed even for doped glasses. EPR spectra
indicated exchange interactions between the paramagnetie ions at

mean spacings of <16 R, whilst at high impurity concentrations a

strongly exchanged narrowed resonance was observed.

(123)

In more recent work, Bogomolova has both extended his

previous work on the Ca0-Cu0-V,0_-P,0. system and also investigated

2°5 "275
tungsten phosphate glasses containing copper, with the same compos-
ition as used by Sayer and Lynch(IZI). The copper—vanadium glasses

were found to be phase separated; one phase contained V4+ and was
conducting. As the copper concentration increased to 5%, the
resistivity first increased but then fell to just below the undoped
value. The author proposed that copper ions entered the conducting
phase forming V4+- Cu2+ pairs which took part in the transport
process, but as their concentration was very much less than that of
V4+, there was little effect on the resistivity. With an increase
in copper over 5%, further phase separation took place producing a
new conducting phase whose resistivity was practically independent
of the copper concentration. EPR spectra of these glasses were
highly sensitive to heat treatment and hence the degree and type of
phase separation. For the tungsten glasses, Bogomolova(123)
remarked that the small change in conductivity agreed poorly. with

the assumption about delocalization of unpaired electrons from W5+
ions as given by Sayer and Lynch(IZI). EPR spectra indicated that
the amount of W5+ decreased as copper increased but no signal from
any.Cu2+* W5+ associates was observed. This was possibly because

of the large differences in g between Cu2+ and W5+ which leads to
smearing of the signal and hence difficulty in detection. It was
proposed that copper would, in the absence of phase separation,

have a sim;lar effect on both vanadium and tungsten phosphate glasses.
A model involving the structure of the glass was proposed in which
the copper ions were located in the cation layers of the gléss,

whilst vanadium and tungsten were in the glass network through

which electronic transport takes place. The process of charge
transport was thought to be determined by either indirect exchange
between V4+(or W5+)- 0 - Cu2+ or direct delocalization between

W5+ and Cu2+.

Mansingh, Sayer et a1(124)

have recently measured the dec
conductivity and dielectric properties of vanadium phosphate

glasses containing 0-57 molybdenum 'impurity'. The conductivity of



~ 105 -

the 17 MoO3 glass was increased by two orders of magnitude and
smaller changes were also seen in the activation energy and dielec~
tric constant at this impurity level. It was thought that the Mo
ions had only an indirect effect and conduction continued to take
place between the vanadium ions. The results could be explained

by the small polaron theory, with the change in conductivity due to
doping being attributed primarily to a modification of the high
frequency dielectric constant, which will affect the polaron hopping
energy. The high frequency dielectric constant is determined by

the electronic polarizability of the glass lattice, which in turn is
a function of the local bonding. It was also found that the mean
hopping distance was greater than the mean TM ion spacing, which
allows percolation to a number of sites beyond the nearest neighbour.
Percolation considerations could be of fundamental importance in

™ oxide glasses if changes in the site energy, because of local

bonding, exclude carrier transitions between adjacent sites.

1.4.6 Previous Investigations of Electronic Conduction in

Crystallized Glasses.Containing TM Oxides

Hamblen et al(]25) were the first to try to correlate the
electrical properties and thermal history of a glass, particularly
after heat treatment between the liquidus temperature and the
annealing range. Glasses prepared from V205 melted with various
metaphosphates (those of Ba, Pb, Li, Na, K, Cd and V) were found to
be electronically conducting with resistivities which decreased
with increasing vanadium content. The metaphosphate cation also
appeared to exert an effect on the resistivity with cadmium contain-
ing glasses exhibiting the lowest resistance. Resistivities could.
be altered considerably by using a suitable heat treatment.
Generally the resistivity decreased after heat treatment, with the
" exception of Cd and Li glasses for which the opposite occurred. For
some glasses it was observed that as the devitrification temperature
was increased, the resistivity decreased. For isothermal heat
treatments above the transformation range, the greatest decrease in
resistivity occurred during the first half hour of treatment, after
which a slight increase was observed. No attempt was made to explain
any of these observations in terms of the phases produced on
devitrification and their effect on the vanadium ion distribution

or electron mobility.
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A more complete examination of crystallized glasses in the
MgO-AIZOB-SiOZ-TiO2 system was made by Kumar and Nag(lza). For a
composition containing 6.57 Ti02, conduction in the vitreous state
was thought to be by impurity Na® ions, possibly with some contrib-
ution from,Mg2+ ions, because of the high dc activation enérgy (1.39
eV). The ac activation energy was 1.19 eV which suggested that the
mechanism was similar to that of dc conduction. During crystall-
ization in the range 900-114000, one of the earliest crystal phases
to appear was magnesium aluminium titanate. Specimens crystallized
at <900°C were deep blue in colour, probably resulting from partial

+ . .
4 to Ti3+. This was accompanied by a decrease in

reduction of Ti
the dc resistivity and activation energy (to 0.80 eV), along with a
corresponding increase in dielectric loss. This was thought to be

due to the presence of semiconducting crystals within the insulating
glass matrix, which also gave rise to a high frequency dielectric
relaxation band through Maxwell-Wagner loss. The ac activation

energy at 0.50 eV, was significantly lower than the corresponding

dc value and was probably associated with the electron mobility
within the nonstoichiometric titanate crystals. The dec activation
energy increased with increasing crystallization temperature ags

the degree of reduction of the titanate phase reduced and the fraction
of insulating crystalline phases (cordierite, cristobalite and
enstatite) increased.

Much of the work. on the effect of crystallization on TM glasses
has been done with iron.as the TM ion. O'Horo and Stenitz(]27)
investigated a calcium alumino-borosilicate glass containing Fe203.
The glass in the as—cast condition exhibited some signs of phase
separation and had a fairly high room temperature conductivity, with
a dc activation energy of 0.68 eV, which is typical of iron glasses.
With a single stage heat treatment between 650 - 80000, iron oxides
were crystallized increasing both the resistivity and activation
energy (to 1.2 eV). For heat treatment temperatures below 75000,
the resistivity continued to increase with time but above that
temperature, a dramatic decrease in resistivity and activation
energy (to 0.02 eV) was found. These changes were explained as
follows. Growth of a crystalline iron oxide phase will increase
the resistivity by removing iron ions from the conduction process.

Segregation of ferrous and ferric ions will also result in changes

in the redox ratio of the residual glass, the distance between
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F32+- Fe3+ ion pairs and hence a change in activation energy.
However, at a certain crystallized fraction, a continuous crystal
network can be formed through which conduction will take place,
rather than through the residual glass. Consequently there is a
reduction in resistivity and activation energy to values typical of
the crystalline phase.

(128) was mainly interested in the devitrification

Schultz
behaviour of iron containing lead silicate glasses for the product-
ion of magnetic lead ferrite, but his results on the electrical
properties of these glasses are of interest in the present work.
Glass compositions included up to 3% ZrO2 as a nucleating agent
which, after heat treatment, produced semiconducting glass-—ceramics
with room temperature log resistivities between 1.5-4.8 @ cm and
activation energies between 0,09-0.22 eV. These should be compared
with respective values of 10.22 @ cm and 0.65 eV for the uncryst-
allized glass. These low values were thought to be the result of
the formation of a nonstoichiometric lead ferrite phase along with
tunnelling effects through the residual glass, because of the close
proximity of neighbouring crystals.

(129)

Kinser included the effect of devitrification in his study
of an iron phosphate glass. .The resistivity of the glass decreased
slowly with one hour thermal treatments up to 50000, but similar
treatments at 600, 700 and 800°C caused pronounced increases in
resistivity. It was suggested that the former finding could be
explained in one of two ways. Firstly, by a decrease in the inter-
ionic distance arising from the decreasing volume of glass, because
of higher annealing temperatures, or secondly by the fact that
crystals observed by TEM after a low temperature heat treatment were
preferentially formed from ferrous ions. This left the matrix
richer in ferric ion, thus increasing the effective value of the

. + .
redox ratio (Fe3 /Fe However, after heat treatment at higher

total)'
temperatures the opposite effect was found with the dispersed phase
preferentially incorporating ferric ion, hence reducing c¢ and the
resistivity. The dispersed phase was not thought to contribute to
the dc conductivity as no high conductivity path was formed.

Following this work, Kinser(IOI) and Dozier et 81(103) together
investigated the effect of heat treatment at 600°C on three glasses

with the same composition but with different redox ratios. The
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effect of the change in sample volume was found to be small compared
with the variation in redox ratio, depending on the stoichiometry of
the precipitating phases and the redox ratio of the as-cast glass.
The glass with ¢ = 0.76 showed an initial decrease in resistivity
resulting from segregation of Fe3+ ions into the crystalline phase
(FePOA). After a while, a phase incorporating Fe2+ was precipitated
resulting in a subsequent increase in the resistivity. Similar
explanations were advanced for the two glasses with ¢ < 0.5, for
which the vesistivity initially increased after heat treatment. The
overall change for the specimen with ¢ = 0.44 was less than for the
other two., This would be expected as the 'U' shape of the log p
against ¢ curve will result in relative insensitivity to segregation
of either F33+ or Fe2+ ions for 0.4 < ¢ < 0.6.

Tricker et al(130)

carried out 57Fe Mssbauer and X-ray photo-
electron spectroscopic studies on a number of iron containing calcium
borate glasses which showed large changes in dc conductivity ﬁpon
ammealing. For a 177 Fe203 glass, the resistivity in the unannealed
condition was 10~ @ cm, but after heat treatment at 750°C for 3 hr
the resistivity rose to A5 x 10]3 Q@ cm. After longer amnealing times
the resistivity progressively decreased to a constant value of 3 x
103 Q@ cm at 20 hr. Changes in the Mdssbauer spectra correlated with
these changes in resistivity, The spectrum of the unannealed glass
was consistent with the presence of predominantly ferric ion in a
distorted octahedral oxygen ion environment., Short heat treatment
times produced a partial ordering of the glassy phase which reduced
the linewidth, intensity and quadrupole splitting of the resonances
and also the conductivity., Longer times led to precipitatioﬁ of
u—Fe203, which was identified by both Mdssbauer spectroscopy and X-
ray diffraction. The enhanced conductivity was, therefore, probably
due to a continuous network of u—Fe203 crystals, though detailed
mechanisms for changes in conductivity were not discussed in the

paper.

A sodium boro—aluminosilicate glass containing iron was devel-
oped by Russak and McLaren(l31) for use as a semiconducting glaze
for porcelain insulatdrs. It was stated that the as-melted glass was
not semiconducting but was made so by the controlled devitrification
of magnetite (Fe304). The degree of crystallinity and crystal size
were dependent on the heat treatment time and temperature, and

crystal growth was controlled by diffusion of iron ions with an
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activation energy of 28 kcal/mole. Only surface resistivities were
measured, yielding values which depended on the degree of crystal-

lization, The activation energy was 7 kcal/mole but was independent
of heat treatment temperature and hence the degree of crystallinity.

(118)

Tsuchiya and Moriya studied the properties of crystal-

lized manganese and mixed manganese-iron glasses. A 50Mn0—50P205
glass showed a dramatic increase in conductivity (greater than 5.5
orders of magnitude) after annealing at 534°C for 24 hr. The log o
- 1/T plot also showed a change in slope at about 80°C, with a
higher activation energy above this temperature although it was still
less than that of the uncrystallized glass. The changes in conduct-
ivity for the mixed glasses containing 10, 20 and 257 Fe203 were
minor and could probably be accounted for by the error in measure-
ment of log ¢ (v£0.1-0.2). However, the mixed, as well as the
manganese glasses, gave X~-ray diffracticn patterns indicating that
crystallization has occurred, although the phases were unspecified.
The authors suggested for the manganese glass that preferential
segregation of manganese, consisting of a particular oxidation

state, could be assumed to explain the large increase in

conductivity.

Ershov and Shul'ts(]ls)

also measured a sharp decrease in
resistivity and activation energy for manganese silicate glasses
which crystallized on cooling, producing tephroite as the major
crystalline phase. This was attributed to the heightened mobility
of electrons with ordering of the structure. TFor the mixed iron-
manganese compositions, crystallization also produced a decrease
in resistivity (by 3-4 orders of magnitude) and activation-energy
(v0.7 eV), with the activation energy for the composition 13Fe203-
45Mn0-425i02 being just 0.08 eV. This again was ascribed to
heightened carrier mobility during ordering of the structure as a
result of the decrease in the energy of electron jumps between TM
ions with different valencies. Because of the differences in
conductivity and activation energy between manganese and the mixed
glasses when crystallized, and bearing in mind the relative conduct-
ivities of Mn0 and Fe203, it was assumed that iron and manganese
silicate structures were differentiated in the crystallized mixed
glass resulting in conduction through iron rich regions.

(132)

Hench investigated a number of glasses based on the

vanadium phosphate system including some glasses previously studied
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by Hemblen {27

ment an initial ordering of the glass was followed by detectable

reported above. He showed that during heat treat-

crystallization. These microstructural changes significantly
increased the dc conductivity, probably by influencing the electronic
transport mechanism. The electrical properties of some of the glass-—
es, e.g. those based on KZPOB-VZOS’ were strongly affected by
fabrication variables such as quenching temperature and rate of cool-
ing, since these determine the short range order of the glass.
Chemical composition was also an important variable, especially the
addition of alkali or alkaline earth ions, since these affected the
tendencies towards phase separation and crystallization. They there—
fore produce variations in the material's sensitivity to thermal
treatments. Some unusual dielectric behaviour was associated with

the partially crystallized glass because of the presence of crystals,
with different conductivities, in a glassy matrix and the resulting
interfacial effects. Finally, this was one of the few studies to
attempt to explain the findings in terms of a band theory and
schematic representations of the electronic band structures were

presented.

Finally in this section, two of the most recent works on the
effect of crystallization on the properties of electronically
conducting ™ glasses, both dealing with the V’OS—PZOS system,

(133

will be briefly mentioned. Limb and Davis found that heat

treatment of V205-P205 binary and V205—P205—3203 ternary compositions
promoted phase separation of coalesced amorphous droplets of V205 at
220°C, and subsequent bulk. crystallization at higher temperatures.
The de resistivity and activation energy both decreased after heat
treatment at 290 and 41000, as a result of the production of a
continuous and highly conduecting polycrystalline bzos phase, with
individual crystals in point to point contact. After heating at
AIOOC, the samples were 837 crystalline with values of conductivity
and activation energy very close to those of pure polycrystalline

V205. The redox ratio was independent of annealing and crystalliz-

ation temperatures and the value of 9 from the analysis:

o = o exp (-W/kT) : g, = ke (1-¢)/T

was relatively unchanged, indicating that the conductivity was

controlled principally by changes in activation energy.

(134)

Yoshida and Matsuno studied heat treatment effects on
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mixed Nb205-V205—P205 glasses. Two compositions were selected,
one rich in V205 (A) and the other rich in Nb205 (R), Heat treat-
ment increased the conductivity and decreased the activation
energy of both compositions with the activation energies falling
to that of crystalline V205 (0.23 eV)., X-ray diffraction analysis
showed that composition A producgd V205 plus another unidentified
phase or phases, whilst B produced NbPO 4ind V205. There was a
/Vtotal) for both

compositions during crystallization, but the decrease could not

5
reduction in the vanadium redox ratio (V

account for the increase in conductivity. Electronic transport

through a conductive crystalline phase was therefore suggested.
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TAELE 1.1
PREPARATION OF AMORPHOUS MATERIALS FROM SOLID, LIQUID AND GASEQUS
PHASES '
Starting Technique Examples of Materials Prepared
Phase by the Technique
Vapour Phase Synthetic high purity fused silica.
Hydrolysis Also used to control the refractive
index gradient of optical fibres
by ion doping
Glow Discharge Amorphous films of Si and Ge from their
Gas Decomposition respective hydrides, Can also be used
to dope amorphous semiconductors,
Thermal Most classes of amorphous semiconductors
Evaporation 8i, Ge and chalcogenide glasses.
Sputtering Some chalcogenides. Amorphous VZOS'
Splat Cocling Glassy metals
Chemical Amorphous A5253 by passing HZS gas
Liquid Reaction and through a solution of
Precipitation Asz 3 in HCI1.
Electrolytic Ge from electrolysis of GeCl4
Deposition in glycol
4 Neutron or Ion Silica
Bombardment
Solid
Shock. Wave Silica
Bombardment
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CHAPTER 2

EXPERIMENTAL DETAILS

2.1 Glass melting

2.1.1 Choice of Base Glass Compositions

It has already been mentioned that most studies of electronic
conductivity in oxide glass systems have been made on phosphate and
borate glasses. It was therefore thought that a study of silicate
glasses would be interesting and allow comparisons to be made. Most
silicate glasses also possess superior chemical durability and
mechanical properties to phosphate and borate glasses and are there-
fore more suitable for commercial applications, where such properties

may be important.

Previous work at Imperial College had been concerned with the
production of glass—ceramics (Slag-ceram) from blast furnace slags
with the generic composition CaO-MgO-AlZOB-SiOZ. Such compositions
are also excellent as base glasses for studies of electronic conduct-
ivity in vitreous systems, since they contain no mobile group IA
alkali ions and will also dissolve appreciable concentrations of most
™ oxides. It was natural therefore, that this study should commence
with an investigation of a base glass with such a composition (base
glass 1 in Table 2.1). A glass of this composition had also been

(135)

used by Rouse in his study of conduction in glass—ceramics

containing vanadium and iron.

Manganese glasses were studied first since electronic conduct-
ivity in manganese glasses has received very little attention.
However, it soon became apparent that the proportion of Mn3+ that
could be retained in a glass with the composition of base glass 1
was limited. It was therefore decided to change the base glass
composition to try and increase the Mn3+ concentration. This was
achieved by increasing the basicity of the silicate glass by
increasing the alkaline earth oxide concentration at the expense of
silica and alumina. Magnesia was also replaced by lime to give a
calcium aluminosilicate glass with the composition shown in Table
2.1 (base glass 2). To compare with this, another series of glasses
was melted using base glass 3 which had alumina and silica increased-

at the expense of lime and hence had a lower basicity than base glass

2. The compositions of these glasses are shown on the CaOfA1203—SiOi
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phase diagram in Figure 2.1.

Even with base glass 2, the maximum proportion of Mn3+ attain-
able on melting in air was only 257. It was thought desirable to try
to produce some glasses with Mn3+ proportions of 40 - 507 to test
the dependence of the conductivity on the redox ratio and to see if
the conductivity became more typical of glasses which normally have
an excess of the oxidised ion. Therefore a barium borate base
glass was chosen, since glasses can be melted with high proportions
of Ba0 to achieve a high basicity, and the author had had previous
experience with this glass system. The melting temperatures of such
glasses are also lower than the silicate glasses, which will favour
the formation of Mn3+. In any case, even if high proportions of Mn3+
were not achieved with these glasses, it was thought that the change
in glass former would provide interesting results on the effect of
glass fomer on the conductivity behaviour of a TM ion. This has

also received little attention to date.

Later studies of iron and mixed iron-manganese glasses were

made only with a silicate base glass and base glass 2 was chosen.

In the description which follows, the glasses and glass-ceramics
have been coded according to the following general scheme. The first
letter indicates the type of gléss former: silicate (8) or borate
(B), and the following letter(s) the TM ion: manganese (M), iron
(F) or ménganese and iron (MF). The letters are, in turn, followed
by a number which indicates the order of melting and the letter C
is appended if the particular sample had been heat treated to -
promote crystallizatiom. All compositions are given in moleZ

unless otherwise stated.

2.1.2 Study of Redox Equilibrium in Glasses

It has been shown above that the electrical resistivity of an
electronically conducting glass depends upon the ratio of redox sta-
tes of the ™ element. It is therefore important to be able to study
the resistivity as a function. of redox ratio to test the validity
of the theoretical relationship described by the Mott equation
(1.4.26).

The equilibrium redox ratio of a given multivalent ion in a

glass will depend upon the following parameters:

(a) Concentration of the redox oxide
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(b) Composition of the base glass i.e. basicity
(¢) Melting temperature, and,
(d) Partial pressure (fugacity) of oxygen in the furnace

atmosphere,

In some cases it can take many hours for equilibrium to be
established within the melt and if equilibrium has not been estab-
lished then obviously the period of melting will affect the redox
ratio observed at any particular time. A final additional factor
affecting the redox ratio is that if the glass is cooled slowly
enough from the melting temperature, then the redox ratio may have
time to partially adjust to the continually changing equilibrium
conditions and so will not be representative of the true equilibrium
at the melting temperature. This, however, should not apply in
this study since glasses wgre.rapidly quenched to a temperature at

which oxygen diffusion rates were low.

Taking a particular redox oxide in a glass with a given concen-
tration therefore leaves three independent means of controlling the
equilibrium redox ratio: varying the melting temperature, furnace
atmosphere or base glass composition. Generally the latter
technique is inappropriate although, as mentioned already, it has
been used in the present study where it was desired to both increase
the yield of a particular redox state and investigate any effect of
the base glass composition on the resistivity. Therefore melting
temperature and the composition of the furnace atmosphere remain as

variables,

. . . »
Two methods can be used to investigate the range of redox

ratios which can occur for a particular base glass composition:

(a) At equilibrium, by choosing a range of temperatures
and oxygen partial pressures in the furnace atmosphere and allowing
a series of melts to reach equilibrium at each combination;

(b) Following the path to equilibrium by sampling a single
melt at different times at a given temperature. The redox state
of the TM ion in the starting material can be varied to cover a

wider range of redox ratios.

For the second method to be of use it must be assumed, or
preferably shown by experiment, that the redox ratio is uniform
‘throughout the whole volume of the melt i.e. that the sample is

typical of the bulk melt and not just of the surface open to the
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atmosphere. However, this technique has been used in the present
study to gain information on the equilibrium redox ratios in

various melts.

2.1.2.1 Calcium Magnesium Aluminosilicate Glasses Containing

Manganese

Preliminary melts to study the approach to equilibrium in
manganese glasses were made using base glass | with the composition
shown in Table 2.1.

The dried raw materials to produce 100 g of glass were weighed
to an accuracy of *0,01 g, thoroughly mixed in a porcelain mortar
and then melted in a 70 ml capacity Pt — 5% Au crucible at 1450°¢C
in an electric furnace., After allowing sufficient time to produce
a homogeneous, refined melt, typically a period of three hours, the

glass was. quenched, crushed and weighed.

From this weight, the weight of the manganese compound of the
desired oxidation state to give the final glass composition was
calculated, The manganese compound was weighed to an accuracy of
+0,0001 g, thoroughly mixed with the base glass and then the glass
was remelted at the required temperature, with intermittent stirring
using a platinum stirrer. Samples were pouredlat regular intervals

fer subsequent analysis.

In order to approach the equilibrium redox ratio from both
sides, two glasses were prepared using manganese (II) carbonate
(Analar grade), one containing 3wt7 (SMI) and the other 6 wtZ (SM3)
manganese -expressed as Mn0, and attempts were made to produce

compounds rich in Mot which could be added to the batch.

Manganic oxide was prepared by heating B—Mnoz, a high purity
pyrolusite ore supplied by Ever Ready Ltd., in air at 700°C for
two hours., The conversion tb Mn203.was confirmed by X-ray powder
diffraction analysis. However, when this oxide was used as a batch
material, a vigorous reaction occurred at the glass melting temper-
ature of 1450°C which forced most of the batch over the top of the
crucible. Analysis of the small quantity of glass remaining showed
that only 9.6Z of the total manganese was present as Mn3+. In the
light of this result a search was made for a compound rich in Mn3+
which might be stable at the glass melting temperature.

(138)

Glasser has determined the CaOiHn203 phase diagram and in
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particular has reported X-ray diffraction data on calcium manganate
(CaZMnZOA)' This was prepared by heating a mixture of 75wtZ Mn203
and 25wtZ Ca0 at 1430°C for 30 hr. It was stable up to its melting
point of 145000, but the liquid rapidly lost oxygen at higher
temperatures. Chemical anélysis indicated an Mn3+ content of 857

of the total manganese.

Calcium manganate was prepared in the way described by Glasser
and confirmed by X-ray powder diffraction amalysis. Chemical anal-
ysis gave the Mn3+ content as 77% and 807 by two separate determin-
ations. However, when the base glass and 6wt7 calcium manganate
were melted at 1400°C most of the glass was again lost because of
vigorous frothing, with the remaining glass having just 9% of the

3+
total manganese as Mn .

It is therefore very difficult to prepare glasses containing
high proportions of Mn3+ by adding a compound rich in Mn3+ to the

batch. At the glass melting temperature Mn must lose oxygen

0 .
273
rapidly to produce Mn{ + Mn304 which dissolves in the glass. This

is confirmed by the phase diagram for this system. Presumably
calcium manganate also reacts, possibly with a component in the
batch, when .dissolving in the glass and yields oxygen, for when
heated alone it is stable at 1400°C, '

No attempt was made to melt in atmospheres other than air as
the effect of increased po2 seems to be limited. Johnston(’37)
found that melting in pure oxygen did not significantly alter the

3+

+ P o
an /Mn_ ratic in a soda-silicate glass.

2.1.2,2 Calcium Aluminosilicate Glasses Containing Iron

Base glass 2 (Table 2.1) was used for this and all the other
iron glasses., The approach to equilibriﬁﬁ was studied from both
sides 'by melting two glasses; the first containing initially only

ferrous iron and the second, initially, only ferric iron.

Firstly, the calcium aluminosilicate base glass was prepared
using dried raw materials as described above. After quenching,
crushing and weighing, iron was added to the batch using either pure
ferric oxide or reagent grade ferrous oxalate. Glasses were melted
containing 0.115]1 moles Fe per 100 g of base glass (equivalent to
6Z Fel), at 1450°C and were sampled with time. At regular intervals
a button of 30 mm diameter was poured, which was then annealed from

680°C. These samples were large enough to prepare a conductivity
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specimen which was later sacrificed fotr chemical analysis and opti=-
cal absorption spectroscopy. These two glasses are subsequently

referred to as SF1 (prepared from Fe203) and SF3 (prepared from
ferrous oxalate).

2.1.3 Details of Glass Melting for Conductivity Specimens

2.1.3.1 Calcium Aluminosilicate Glasses Containing Manganese:

High Lime (Series SMH)

Base glass 2 with the composition given in Table 2.1 was used
for this series since it was hoped that the higher basicity of this
glass would increase the proportion of Mn3+ compared to the calcium
magnesium aluminosilicate glass described above. Dilute glasses
containing initially: 0,57 (SM15), 1.07 (SMi6) and 2.07% (SM17) MnO2
were prepared by melting 100 g of base glass followed by quenching,
crushing and weighing. Manganese was then added as pure MnO2 to
obtain the desired composition, followed by melting at 15000, 1450°
and 1450°C respectively. Each glass was melted for at least five
hours to attain equilibrium, with occasional stirring with a
platinum blade stirrer to ensure homogeneity. The glass was then
poured onto a large brass disc into circular buttons of 30 mm

diameter, which were subsequently annealed by furnace cooling from
680°C.

Five more concentrated glasses containing approximately: 67
(SM11), 107 (S418), 137 (SM12), 187 (SM13) and 23% (SM14) MnO,,
were prepared by thoroughly mixing the batch for 100 g of base glass
with the appropriate weight of reagent grade MnOz. These glasses were
each melted at 1400°C for at least six hours with occasional stir-
ring, then poured and annealed as above. In each case it was
sought to keep the melting temperature as low as possible, consis-
tent with the production of homogeneous glass, to encourage format-—
ion of Mn3+. Attempts to produce glasses with concentrations of

Mn02 of greater than 237 were not successful as the solubility
limit was exceeded.

2.1.3.2 Calecium Aluminosilicate Glasses Containing Manganese:

Low Lime (Series SML)

Base glass 3 with the composition shown in Table 2.1 was used
for this series since the lower basicity should yield lower proport-

. + . . .
ions of Mn3 compared to equivalent glasses in series SMH. The
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crystallization behaviour would also be expected to be different
to series SMH. Only concentrated glasses were prepared containing:
6% (M7), 13% (M8), 187 (sM9) and 237 (M10) MnO,

and melting conditions identical to those of the concentrated glasses

, using techniques

in section 2.1.3.1, It is seen that these concentrations are equiv-

alent to those in series SMH.

2.1.3.3 Barium Borate Glasses Contailning Manganese (Series BM)

The phase diagram for the binary BaO-B203 system is shown in
Figure 2.2. No information is thought to be available for the
quaternary MnO-Mn203-BaO-B203 system. Binary barium borate glasses
can be prepared easily in the region between 15-407 BaQ, which
corresponds to an area of low liquidus temperatures on the phase
diagram. The range of glass formation may be extended, however,
by a few per cent on either side by rapid quenching. The following

glasses were melted:

(a) One glass with composition lBZBa0-77ZBZO3—SZMn02, melted
at 1100°C (m7)

(b) Two glasses with composition 38%3&0-57%3203~52Mn02, one
melted at 1050°C (B45) and the other at 980°C (®8), just above the
liquidus temperature. This was to provide different redox ratios.

(c). Two glasses with composition 36%Ba0—54%B203—102Mn02,
again one at 1050°C and the other at 980°C (M6 and BM9 respectively).

(d) Two glasses with a BaO:Bzo3
(c) above, containing 157 (BM10) and 207 (BM1.1) Mnbz. Both were
melted at 1100°C,

ratio of 2:3 as in (b) and

Each of these seven glasses was melted in a Pt-5%Au crucible
using Analar grade barium carbonate and boric acid, and reagent
grade MnO2 as source materials. Batches to produce 100 g of glass
were weighed out and thoroughly mixed prior to melting and the melts
stirred several times to ensure homogeneity. Blocks were poured as
above which were annealed at temperatures ranging from 560° - 600°C

depending on the manganese content.

Several attempts were made to produce glasses with higher Ba(
contents to further increase the basicity and hence the proportion
of Mn3+. A glass containing 50%Ba0—45%B203-52Mn203 showed extensive
crystalline patches, both on the surface and in the bulk of the

specimen and was therefore rejected.

One other area of low liquidus temperature occurs in the binary
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system at 612Ba0—3923203 at which it might be possible to produce
glasses. A binary glass with the composition given above crystal-
lized completely on cooling, but compositions with a similar BaO:
3203 molar ratio containing 5% and 107 MnO2 showed extensive glassy
regions when quenched. The unannealed glasses, however, had little
mechanical strength and tended to crystallize fully on annealing,

therefore work with these compositions was abandoned.

2,1.3.4 Calcium Aluminosilicate Glasses Containing Iron (Series 5F)

This series of glasses used base glass 2 and had equivalent
iron jonic concentrations to those in manganese series SMH. Similar
techniques for batch mixing and melting were used. Dilute glasses
with: 0.25%7 (SF2), 0.57 (SF8) and 1.0% (SF7) Fe203, added as pure
ferric oxide, were melted at 15000, 1500° and 1450°C respectively.

Samples were poured and then annealed from 680°C.

More concentrated glasses were melted at 1450°C with: 5% (SF6),
6.5%Z (SF4) and 9% (SF5) Fe203 again added as pure ferric oxide. The

annealing temperature was again 680°C.

All these glasses were melted for at least six hours to approach

equilibrium, with frequent stirring to ensure good homogeneity.

2.1.3.5 Mixed Manganese-Iron Glasses . (Series SMF)

Five glasses were melted in this series with equal molar

proportions of manganese and iron dissolved in the base glass.

The three dilute glasses containing 0.57 (SMF1), 1.07 (SMF4)
and 2.0%7 (SMF5) total TM oxide, intended primarily for spectroscopic
measurements to determine the effect of mixing the two TM oxides,
were prepared as in section72.].3.l. Firstly, 100 g of base glass
was melted, pure ferric oxide and manganese dioxide added as
required, and the glasses melted at 14500, 1450° and 1400°C
respectively. To ensure a homogeneous distribution of TM ions
throughout the glass, the glass was quenched during the latter melt-
ing period, finely crushed and remelted. The total melting time was
four hours. These mixed TM glasses have nominally the same
composition as the dilute iron and manganese glasses as follows:

SMF1 = SM15, SF2, SMF4 = SM16, SF8 and SMFS = SMI17,SF7.

The other two glasses with equal proportions of iron and
manganese were more concentrated and contained 0.2302 and 0.3588

moles of TM ion in total added to 100 g of bagse glass (SMF2 and SMF3
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respectively). These were effectively combinations of equivalent
iron and manganese glasses: SMF2 = SM1l + SFl, SMF3 = SM18 + SFé6.
These glasses were prepared in a similar way to the concentrated
manganese glasses described above and melted at 1450° and 1350°C
respectively, with one intermediate quench and crush. The second
glass (SMFB)-produced a crystalline residue which settled on the
bottom of the crucible indicating that the solubility limit had been

exceeded, however, the glassy portion was used.

Two more glasses each with a total of 0.2302 moles of TM ion,
but with irpn : manganese ratios of 7 : 3 and 9 : |, were melted to
form a series with SMF2 (5:5 ratio) in which manganese was progres-—
sively replaced by iron whilst keeping the total TM ion content
constant. These glasses, referred to as SMF2A and SMF2E respectively
were melted by adding ferrous oxalate and manganese dioxide to 100 g
of premelted base glass. Ferrous oxalate was used as the starting
materiél, along with a short melting time of just 45 minutes at 1425°
C, to retain a high proportion of ferrous ion in the glasses. Pre-
melting of the base glass allowed homogeneous glassés to be
produced in such a short time. All glasses in this section were

annealed from 680°C.

2.2 Density Measurement

The densities of all the glasses were measured using the
Archimedes method. One of the annealed blocks, weighing about 15 g,
was suspended by a fine platinum wire on a single pan balance
capable of reading to +0. 0001 g, and weighed in both air and
distilled water. The density was calculated and values are quoted
to +0.001 g cm—3. No change in weight could be detected for any

of the glasses whilst immersed in water.

2.3. Chemical Analysis of the Glasses

One problem often encountered when attempting tolchemically
analyse silicate glasses is that the glass cannot usually be dissol-
ved without the use of concentrated hydrofluoric acid. This acid
frequently interferes with the chemical analysis, particularly if
the redox ratio is being determined. For example, ferrous ion is
rapidly oxidised in air in the presence of fluoride ions which
renders redox titrations involving ferrous ion inaccurate. Cerium

ions are also complexed with similar consequences. For this reason
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borate and phosphate glasses are usually preferred for studies of
redox equilibrium and also electronic conductivity. It was
fortunate therefore, that the low silica content of the calcium
aluminosilicate glasses (base glasses 2 and 3) allowed dissolution
to be accomplished using strong sulphuric or hydrochloric acids,
without the need for additions of hydrofluoric acid. However, the
CaO-MgO-A1203—SiO2 glasses containing manganese used for redox
studies were more difficult to dissolve,making the use of HF
unavoidable. Both dissolution and titration were performed under
an oxygen free nitrogen aﬁmosphere, further deoxygenated by passing
the gas throﬁgh a tube furnace containing copper wocl heated to
45000, to prevent oxidation of the reducing agent in the Mn
determination.

(138) only

Following the recommendations of Hillebrand et al
small quantities of HF were used and after the glass had dissolved,
excess HF was removed by complexing with boric acid, to prevent
fluoride ions complexing wifh the cerium sulphate used for back

titration.

2.3.1 Manganese Glasses

It is reasonable to assume that with the melting conditions
described above, manganese will only be present as Mn2+ or Mn3+.
Trivalent manganese may be conveniently estimated by redox
titration and total manganese either colorimetrically or by atomic
absorption spectroscopy. The following techniques were used for

both borate and silicate glasses.

©2.3.1.1 Estimation of Trivalent Manganese

+ . s . . .
Mn3 is unstable in acidic solution and 1s therefore easily
reduced by reducing agents such as ferrous ammonium sulphate. The

analysis is based on one described by Pau1(139).

For the determination, a quanti;y of 0.3-1.0 g of glass,
depending upon the total manganese concentration, was fimely ground
in an agate mortar under methyl chloroform and accurately weighed
into a glass beaker, To this was added 20 ml of 0,02N ferrous
ammonium sulphate and 50 ml of 6N sulphuric acid to dissolve the
glass. The diséolution was effected in a reaction vessel under an
inert atmosphere of oxygen free nitrogen to prevent oxidation of
ferrous ion by the air. In some cases, for the more dilute glasses,

it was necessary to gently warm the vessel to completely dissolve
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the glass. For SMl , SM3 and other glasses with base glass 1, 4-5
ml of 407 HF was added to the sulphuric acid and the dissolution was

carried out in a plastic beaker.

After dissolution, the excess HF, if present, was complexed with
boric acid and the unreacted ferrous ion determined by back titration
with 0.025M ceric sulphate solution, detecting the end point either
potentiometrically or using ferroin as an indicator. The titratiom

was also usually performed under an OFN atmosphere.

For potentiometric analysis, a2 platinum electrode and a
standard calomel reference electrode were used and the solutions
were bridged by a 37 agar saturated KCl gel in a flexible poly-
ethylene tube. The electrochemical e.m.f was measured by a Keithley
electrometer and the end point determined graphically using the

second derivative method.

2.3.1.2 Total Manganese

This was performed either colorimetrically for glasses contain-
ing greater than 67 Mn0O, using the standard periodate method, or

by atomic absorption spectroscopy (AA).

For the periodate method the weight of glass needed to give
24 mg Mn when dissolved in one litre was calculated from the batch
composition. This weight of ground glass was dissolved in 100 ml
of 2N H2804 and the solution made up to a litre using distilled
water. A portion of 25 ml was transferredto a 50 ml flask to which
was added 5 ml conc HNO, and | g KIO

3 4"
two minutes and then kept in a water bath at above 90°C for a

The solution was boiled for

further 10 minutes to oxidise all of the manganese to Mn7+, hence

giving a purple coloration.

The fldasks were allowed to cool, the solution made up to 50 ml
with distilled water and the optical absorption measured in a | cm
cell at 545nm using a Unicam SP600 Series II spectrophotometer.

The optical absorption was compared with standards made from a
1000 ppm Mn solution treated as above, to estimate the manganese

concentration.

For the more dilute glasses, the amount of glass that would
need to be dissolved would produce an appreciable amount of CaSOa
precipitate, which would interfere with the method above. Therefore

the appropriate weight of ground glass te give 12-15 mg Mn per litre
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of solution was dissolved in 50 ml 9N HCl, with additions of HF

for base glass | compositions, and the solution diluted to 1 1 with
distilled water, Standards were prepared containing 0-20 mg/l

of manganese from the 1000 ppm solution but diluted with a solution
of the base glass treated as above. This was to provide a blank to
guard against errors from any interfering ions. Manganese
concentrations were determined using a Perkin Elmer 290B atomic
absorption spectrometer with standard operating conditions. By also
measuring some standards prepared with water it was determined that

there were no interfering ions.

2.3.2 Iron Glasses

With the melting conditions. used in this study, iron is only

2 3+

expected as Fe * and Fe” ., Glasses have been analysed for Fe2+

and total iron and Fe3+ was calculated by difference.

2.3.2.1 Estimation of Divalent Iron

The analysis is based on the oxidation of Fe2+ by iodine

monochloride as described by Hay(lao).

A solution of iodine monochloride was prepared by dissolving
3.22 g potassium iodate in 37.5 ml water, then adding 5.00 g
potassium iodide and making up to 100 ml with 9N HCL. A volume of
10 ml of this concentrated solution was diluted to 100 ml with 9N
BCl to produce a working solution which was adjusted to just remove
traces of free iodine, from a carbon tetrachloride layer, by adding

dilute KIO3 or KI solutions dropwise as required.

A suitable weight of glass, usually 0.1-0.3 g, was finely
ground under methyl chloroform and accurately weighed into a 100 ml
volumetric flask. To this was added 5 ml ICl with 2 mil CCl4 to
dissolve the liberated iodine and 50 ml 9N HCl to dissolve the
glass. The flask was stoppered and shaken in a high speed shaker

for 20 minutes to completely dissolve the glass and oxidise Fe2+.

Free iodine was determined by titration against 0.004N KIO3.

The reactions are as follows:

aFe?t + 2101 + 28 = 2Fe’t + 2mCL + I,
2I, + KIO, + 6HCL = KCL  + SICL + 3H,0
Therefore: | ml 0.0254 KIO, = 0.005585 g Fe’'.

3
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2.3.2.2 Total Iron

Total iron was measured exclusively by atomic absorption
spectroscopy. Approximately 0.1-0.3 g of finely powdered glass,
depending on the iron concentration, was accurately weighed and
dissolved in 50 ml 9N HCl. The solution was diluted with distilled
water to give a final iron concentration of 12-15 mg/l. Standards
were prepared containing between 0-20 mg Fe/l from a 1000 ppm
solution using a solution of base glass as described above. Iron
concentrations were determined using a Perkin Elmer 290B AA
spectrometer with standard operating conditions. No interference

from other ions was observed.

2,3.,3 Mixed Iron-Manganese Glasses

Generally speaking it is not possible to chemically analyse a
glass with two or more TM elements for individual redox ion
concentrations since the ions will react when the glass is dissolved
hence changing the concentrations. The best that can be achieved is
an estimate of the total concentration of oxidising or reducing ioms.
This was not performed in the present study since it was hoped that

2+

the individual Fe” and Mn3+ concentrations could be determined by

optical absorption spectroscopy.

The only chemical analysis applied to these glasses was there-
fore total iron and manganese concentrations, both of which were
performed by AA spectroscopy on the same sample. Samples containing
suitable TM concentrations were prepared in a similar way to the
single iron and manganese glasses described above. No interference

between iron and manganese was observed.

2.4 Optical Absorption .Spectroscopy

Optical absorption spectra were obtained for most of the
glasses using a Perkin-Elmer 450 UV-VIS-NIR double beam recording
spectrophotométer. In all cases air was used as reference. Two
wavelength ranges were scanned: the near infra-red between 600 -
2700 nm for which the transmittance of the specimen was recorded
and secondly, the visible~ near ultraviolet region between 350 -

750 nm for which the absorbance of the specimen was recorded.

The measurements were performed on thin sections prepared by
grinding a block of glass and diamond polishing to a | um finish.,

For the dilute glasses the intensity of the colour was low enough



- 136 -

for thin discs of unsupported glass to be used, but for the more
intensely coloured glasses the specimen was cemented onto a microscope
slide with canada balsam after one side had been polished. The
specimen was then thinned, polished and measured with the slide as a
support. The absorption of the slide and canada balsam was subtract-

ed from the total absorbance when the absorption curves were plotted.

In this study, optical absorption data are reported according
to the current recommended spectrometry nomenclature as given by
Angell and ang(so): '

(a) 7% Transmission = I/Io x 100 2.1)

where I = transmitted beam intensity

and I incident beam intensity.

(b) Absorbance = -~ log (I/Io). ' (2.2)
(c) Absorptivity (o) is defined by Beer's law:
dIl = -14dl 2.3)

a = - log (I/Io) /1 (2.4)
where 1 is the thickness of the sample.

(d) At an absorption peak which can be assigned to a particular

ionic species, the molar absorptivity is defined as:

e = afe = - log (I/Io) / lc (2.5)

with units of litre mole-] cm_l, where ¢ is the concentration of
absorbing species in moles 1-1, which equals the concentration of
absorbing species per gram of glass multiplied by the density of the

glass in g l-].

. . . -1
The energy of the absorption in units of em ~ or electromvolts
has been used to report data, in preference to wavelength:

1 eV = 8065.45 cm | = 1240 mm.

2.5 Electron Paramagnetic Resordrce

Several glasses and some glass—ceramics were selected for study
by EPR spectroscopy. In each case the material was coarsely
powdered, taking particular care to avoid contamination by metallic
iron and the sample was held in a quartz tube purged with nitrogen.
The EPR spectrum was recorded as the first derivﬁtivé of the

absorption using a Varian E!2 EPR spectrometer. Measurements were
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only made at X band frequency at room temperature.

2,6 Crystallization Studies

All of the silicate glasses, except the dilute mixed manganese—
iron glasses SMF1, SMF4 and SMF5, were given a series of two stage
heat treatments to see if bulk internal nucleation and growth could
be produced. Small pieces of glass, approximately 1 cm cubed, cut
from one of the annealed blocks were placed in an electric muffle
furnace at the chosen nucleation temperature for a period of at
least three hours and in some cases longer. After this nucleation
heat treatment, the temperature of the muffle was raised to the
selected temperature for crystal growth and samples were removed
after one hour at this temperature. Polished thin sections were

then prepared to measure the extent of crystallization.

Each glass received nucleation heat treatments at a range of
temperatures between 710 - 830°C, followed. by a standard érystal
growth treatment at 930+10°C. If this temperature proved too low,
as indicated by little observed surface crystallization, the growth
temperature was raised progressively to as high as 1000°C and/or the

time was increased.

Once heat treatment conditions for a particular composition had
been established such that bulk internal crystallization was
. produced, further blocks of glass were crystallized for optical
and electron microscopy, X-ray diffraction analysis and electrical
measurements. Some glasses were heat treated at the growth temper-
ature for various times, withdrawing a sample after each interval

to observe the progress of crystallization.

2.7 Optical Microscopy

Optical examination using transmitted light was carried out on
all of the glasses, to establish homogeneity and absence of crystal-
line phases, as well as on heat treated materials. In each case
thin sections were prepared mounted on glass microscope slides with
Lakeside cement. For preliminary crystallization experiments to
establish heat treatment conditions the thin sections were prepared
with 600 grade carborundum paper; however, sections for more
detailed examination and photomicrography were polished to. a 1 um
diamond finish. A Reichert polarising microscope fitted with a 35 mm

camera was used for optical examination and photomicrography.
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2.8 X-Ray Diffraction Analysis

X-ray diffraction analysis has been used both to examine glasses
rich in ™ oxide, to detect evidence of crystallinity and also to
detemine the crystal phases present in the glass—ceramics. Compos-
itions containing iron were examined using a Gunier De Wolff

focussing camera with cobalt K, radiation.

Cobalt radiation is unsuitable for materials containing mangan~
ese because its characteristic wavelength is shorter than the
manganese K absorption edge, therefore fluorescent radiation is
produced which fogs the film and masks low intensity reflections,
Therefore for manganese specimens copper radiation was used, with

either a Debye-Scherrer camera or a Phillips diffractometer.

One sample (SMI0C) was also analysed by the Natural History

department of the British Museum using irom radiation.

2.9 Electron Microscopy

Transmission electron microscopy has been used on certain

samples for the following reasons:

(a) To detect any phase separétion (l1iquid-liquid) or fine
scale crystallization of some concentrated glasses (SM13, SMI4),

(b) To investigate crystallization behaviour within the
microscope (SM10, SF4),

(e) To examine conventionally crystallized glass—ceramics
(sM10C, SM12C, SMI3C and M14C),

The latter has been supplemented by scanning electron micros—

copy for both manganese and irom glasses.

2.9,1 Transmission Electron.Microscopy

Samples were prepared by either mechanical thinning or blowing,

followed by ion beam thinning.

The first method was based on that described by Clinton(l4l).
A small piece of the glass or glass—ceramic was polished on one side
to a | uym finish and then cemented to a glass slide with Lakeside
cement. The specimen was ground on a 600 grade carborundum disc
until the edges began to disintegrate, when a final polish to a | um
finish was given. The thickness of the specimen at this stage was
between 30-40 ym. A 3 mm single hole copper microscope grid was

stuck onte the sample using a PVA adhesive and the sample released
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from the glass slide by soaking in toluene,

The specimen was thinned further using a Technics Auto MIM ion
beam thinner until a small hole appeared in the centre of the
specimen. Generally the angle of incidence of the beams was 15°
although once a hole had appeared this was reduced to 10° to
remove surface irregularities. As the angle is reduced the thinning
rate is also reduced, so a compromise must be reached between
thinning time and surface smoothness. At angles of 10-15% the
removal rate was typically 1-2 um/hr with an acceptable degree of

surface irregularity.

The second method was used to prepare some glass specimens
for crystallization studies in the microscope, by blowing down a
silica glass tube onto which a small gob of molten glass had been
gathered, The bubble formed disintegrated into a shower of small
pieces with thicknesses down to 1 um. For examination by the high
voltage electron microscope these were just thin enough, although
some were ion beam thinned further at an angle of incidence of 10°.
This method is of little use for investigating any microscopic
structure that might be present in the glasses as cooling rates

are go much higher than bulk quenched and annealed specimens,

Most of the specimens were examined using an AEI EM7 high
voltage electron microscope (HVEM) operating at 1000 kV. At this
voltage a thickness of up to | pm is sufficiently transparent to
~ the electron beam. In-situ crystallizétién experiments were made
using a platinum strip heater incorporated within the specimen
‘holder surrounding the copper grid. It was not possible to
incorporate a thermocouple alongside the specimen, so temperatures
were therefore estimated from the power input to the heater and a

previous calibration.

For some preliminary investigations of the glass—ceramics an
AEI EM6G microscope operating at 100 kV was used. However, the
reduced penetrating power of the beam allowed only small areas

of the specimen to be examined compared to the HVEM.

Generally, charging of the specimen was not a problem, though
some of the earlier observations were carried out on specimens

coated with evaporated carbon.

2.9.2 Scanning Electron Microscopy

Routine investigations were made on the morphology of crystalline
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phases in glass—ceramics M10C, SM13C, SF4C and SF5C using a

Cambridge 600 scanning electron microscope.

Freshly fractured surfaces were prepared and etched in 17 IF
solution for five seconds to preferentially dissolve the glass
between dendrites and therefore enhance the surface relief between
glass and crystalline phases. The sample was cleaned in an ultra~
sonic bath to remove corrosion products and then fixed to an
aluminium stub using Durofix adhesive. To prevent charging in the
electron beam, samples were coated with a 100 % thick layer of
gold by de sputtering. Some samples were examined without HF

etching but were found to be fearureless.

2.10 Electron Probe Microanalysis

It is of considerable importance to know the distribution of
the ™ ions ip a glass—ceramic to be able to interpret the elect-
rical properties of the specimen. TM ions may either be rejected
by a growing crystal or may crystallize out, either as a single
T oxide or in combination with other oxides. Much of this inform-
ation may be obtained from optical microscopy used in conjunction
with X-ray diffraction analysis, but electron probe microanalysis

(EPMA) is also an extremely valuable tool.

Two techniques have been used. In most cases polished specimens
were scanned using a Joel EPMA. With this instrument the specimen
can be moved while twin crystal spectrometers are set to monitor
different elements. Thus a continuous measure of changes in Ca, Al,
Si or Mn can be recorded as the beam moves from glassy to crystalline
. areas. Quantitative analysis can only be obtained after calibration

against standards.

For further examination of SM10C a Microscan EPMA was used
which enabled the composition of an area of about 5 um in diameter
to be determined. Thus various small areas of both glassy and
crystalline phases could be analysed individually, which was impos-
sible using bulk chemical analysis. However, for SMI10C the
crystallite size was of the order of the electron beam diameter
hence analyses were subject to interference from surrounding matrix

material.

Specimens for both instruments were made by embedding a small

block of glass—ceramic in a cold setting resin, then grinding and
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polishing the surface to a } pm diamond finish. Carbon coating

was used to reduce charging.

2.11 D.C. Resistivity Measurements

Specimens for dc resistivity measurements were ground to a
thickness of between 1.5-3.5 mm from one of the annealed blocks
and polished to a 6 ym finish. Gold contacts were applied by dc
sputtering in a conventional three terminal guarded arrangement.
The absence of electrode effects was confirmed for two specimens
by measuring with both gold and silver electrodes, the latter
applied Bs silver DAG. No significant difference in results

between the two electrodes could be detected,

The resistance was measured by the V-1 method. A stabilised
dec voltage was applied to the specimen held in the apparatus shown
in Figure 2.3 and the resulting current was measured by a Keithley
602 high impedence electrometer. To check for linear V-I plots,
i.e. olmic behaviour, a series of voltages between 5-500 V was.
applied. Two regulated power supplies were used: a Heathkit 1P-20U
for the range 5-50 V and an APT 501 from 201-500 V, Deviations from
olmic behaviour were found for some of the glass—ceramicsg but the

reasons for this will be discussed in Chapter 4 below.

Occasionally during measurements, the voltage polarity applied
to the specimen was reversed but no change in current (except in
sign) was observed, indicating that there were no rectifying
contacts. Some authorsclaz) have reported switching effects in
some TM oxide glasses but no such effects could be found in these

glasses or glass-ceramics.

The resistance was measured at 50°C intervals from room
temperature to about SOOOC, though for some glasses readings were
extended to 700°C. TFor the dilute glasses, measurements at low
temperatures were not possible so the specimen was heated until
readings could be taken. Temperatures were accurately measured using
a Pt - Pt/13%ZRh thermocouple placed next to the specimen and the
furnace temperature was controlled to +1°¢ using a phase-angle
Eurotherm controller with an independent thermocouple. To check
for temperature stability and also the presence of any time depend-
ence of the current, the thermocouple and electrometer outputs were

displayed on a Lingeis chart recorder.
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The resistivity (p) of the glass or glass—ceramic was

calculated using the standard expression:

v m(d/2)?

P = T 5 Q cm {(2.6)

where V is the applied voltage, I the current, d the diameter of

the smaller electrode and b the thickness of the specimen.

2.12 A.C. Resistivity and Dielectric Properties

Several of the glasses and glass—ceramics with relatively
low dc resistivities were selected for ac resistivity measurements.
Generally the same specimen as used for the dc measurements was
used although for SFl.4 and SF3.5, thinner discs with a thickness

of 0.16 mm were prepared.

The specimens again had a three terminal sputtered gold
electrode arrangement and were placed in a similar rig to that used
for dc.resistivity after the measuring bridge had been trimmed.
This was done with the leads connected to the sample holder, which
was in position in the furnace. The conductance and capacitance of
the specimen were measured in the frequency range between 0.1 - 40
kHz by balancing the output of a Wayne Kerr AF S12] signal
generator applied to the specimen with a Wayne Kerr B221 (Mk III)
universal bridge using a Dymar AF wave analyser type 771A as the

detector.

The sample was heated using a dc powered Kanthal wound furnace
and the temperature measured using a chromel-alumel thermocouple
placed alongside the specimen. At each temperature, before ac
measurements were made, the dc resistance of the sample was checked
using either the V-I method as described above or with a Keithley

602 electrometer in the resistance mode.

2.13 Thermoelectric Power

An attempt was made to measure thermoelectric voltages on some

of the more conducting glasses.

A purposely designed rig was built, of which an enlarged
schematic diagram of the specimen holder is shown in Figure 2.4.
The specimen was a piece of glass 30 -40 omm long and approximately
10 x 10 mn in section, cut from a specially poured block. The ends

were ground and polished to be plane and parallel and sputtered
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with gold to form the electrodes. The specimen was held between
two platinum foil electrodes and was supported by two brass blocks,
one of which was spring loaded. The brass and platinum were

separated by alumina plates to prevent electrical contact.

The specimen and holder were heated in a small Kanthal wound
furnace and a reversible temperature difference could be established
at the chosen measuring temperature using the independently
controlled heater associated with each end of the specimen. The
temperature at each electrode was accurately measured using a
chromel -alumel thermocouple embedded in a small recess in the
alumina plate close to the platinum foil. Temperatures were
displayed on a twin pen recorder for easy determination of the

temperature difference across the specimen.

Once the temperature differential had been established, the
thermoelectric voltage was measured by a Keithley 602 electrometer
with its unity gain terminals connected to a Data Precision digital

multimeter to give an accurate digital output.
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TABLE 2.1

COMPOSITIONS OF THE SILICATE BASE GLASSES

Oxide Raw Material Drying Composition (wtZ)
Temp ( °c ) Base Base Base
‘ Glass 1| Glass 2| Glass 3

S:i.O2 Thermal Syndicate 1000 42 40 50
- Crushed Quartz

A].203 Analar A1203 : 1350 20 15 19

Cal Analar CaCO3 110 28 45 31

MgQ Analar Mg0 1350 10 - -
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CHAFPTIER 3

EXPERIMENTAL RESULTS

3.1 Composition of the Glasses

The results of the analysis of the total ™ ion content of the
glasses have been calculated in terms of the number of moles of TM
ion contained in 100 g of glass. If the result is to be expressed
in terms of the percentage of TM oxide then it must be recognized
that all glagsesg contained a mixture of at least two TM ion valence
states and therefore of two 'oxides'. 1In practice for manganese
glasses, although the starting material was MnOz, analysed glass
compositions have been expressed with manganese as Mn0O because the

+ o, ; .
an ion was the predominant valence state in the glass.

All of the iron glasses, with the exceptibn of those in the SF3

series, were melted with Fe203 as the starting material and as Fe3+

was the major valency state, compositions have been expressed in

terms of Fe203. Glass SF3, however, was melted with ferrous oxalate
e e sk , . s 2+

and as it initially contained appreciable proportions of Fe™ , the

composition was calculated in terms of FeO.

The mixed iron-manganese glassés were calculated either as Fe203
+ Mn0O or Fe0O + Mn0 depending upon the valency state of iron in the

batch.

From the analysis of the total TM ion concentration in moles of
™ ion per 100 g of glass, the weight percentage of the appropriate
™ oxide, as discussed above, could be calculated. Since all
additions of TM oxide were made to nominally 100 g of base glass,
the weight of starting material necessary to obtain this composition
could be deduced and compared with the actual weight added to the
batch. This allowed an estimate of the losses during batch prepar-
ation and melting, and also as a result of possible batch material
impurity. Generally these losses were between 5 and 77 for manganese
glasses melted with reagent grade MnO2 and less than 1Z for iron

glagses melted with pure Fe203.

Knowing the weight of starting material corresponding to the
analysed total TM ion concentration and assuming this to be added to
100 g of base glass, made up of the appropriate number of moles of

components to obtain the desired composition shown in Table 2.1, the
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full molar composition of the glass could be calculated. These
compositions are given in Tables 3.1.1 = 3.1.5 for series SMH, SML,

BM, SF and SMF respectively.

This calculation assumes that little loss of base glass
components occurred on melting but was necessary because the actual
proportion of each individual oxide was not determined by a full
chemical analysis of the glass. Losses .on preparing and melting the
base glasses were typically between 1 - 27 which provides some
justification for the assumption above. Care was taken during
weighing and mixing of the batch and while charging the crucible

to minimise losses.

3.1.1 Vitrification and Homogeneity of the Glasses

A polished thin section from each glass composition was used
to check that the glass was homogenecus and completely free of any
crystalline phases, either from undissolved material or devitrific-
ation products. The examination was carried out using transmitted
polarized light microscopy and it was found that all compositions
which could be examined in this way were completely vitrified. For
those glasses which were too highly coloured to be examined in

transmitted light, X-ray powder diffraction analysis was undertaken.

None of the glasses containing high proportions of T oxides
produced any diffraction lines in the X-ray pattern once the surface
layer (with a thickness of the order of a few ym) had been ground
away. Surface crystallization was noted for SM14, SF4 and SF5. In
the latter case the surface changed colour after heat treatment
presumably due to oxidation of an iron oxide layer. The crystalliz-

ation product was subsequently identified as magnetite (Fe304).

During melting it was noted that SMF3 was not fully in the
liquid state but had a solid sediment on the bottom of the crucible.
On casting, the liquid.cooled to a glass with no evidence of
devitrification, though the sediment in the crucible was crystalline.
It was considered that the solubility limit of the TM oxides had been

exceeded.

The homogeneity of the glasses was assessed by the uniformity
of colour throughout the thin sections. It was satisfactory for

all glasses, but with. the following two exceptions:
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(a) SM10: Dark reddish-brown ccloured streaks were observed.
This probably arose from inhomogeneity in the melt as the furnace
failed during the melting schedule, resulting in the glass being
melted and poured at 1200°C instead of 1400°C.

(b) SF3.l: This sample was the first to be cast from melt SF3
prepared for redox ratio studies. It was coloured green (i.e. rich
in Fe2+) in the centre of the thin section but yellowish-brown (1.e.
rich in Fe3+) throughout the remainder. This indicates that
equilibrium had not been established within the melt and the surface
layers were more oxidised than the bulk of the melt. The melt had
not been stirred before the sample was taken because of the short
melting time required to retain a high proportion of Fe2+. For
this reason the optical and electrical properties of this glass
must be treated with caution. Such inhomogeneity was not noted

for other glasses in this series or for glasses in series SFl.

3.2 Calculation of the Distance Between TM Ions

The number of, and distance between, TM ions in the glass are
two important parameters in the Mott equation. These were calculated
from the density and molar composition of each glass using the

following equations:

(a) Molar volume (Vm) i.e. the volume containing one mole

of glass:
Vv = M————D (3-] )

where W is the total weight of glass, M the number of moles of glass
in that weight and D the density. '

(b) Number of TM ions per unit volume (N): .

N = YN (3.2)

v
m

where Mg, is the number of moles of TM ion in one mole of glass

and N is Avogadro's number.
{c) Distance between TM iomns (R):
R = 3/ 1/N _ (3.3)

This is equivalent to calculating the cubic volume associated
with a single TM ion and then taking the cube root to calculate the

interatomic distance. It assumes a random distribution of ions in
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the glass,

For the mixed manganese-iron glasses calculations (b) and (c)

have been performed to find the average distances:

(a) between manganese ions,
(b) between iron ions, and,

(c) Tbetween adjacent ions whether they be iron or manganese.

Experimentally determined values of density and redox ratio,
together with calculated values of molar volume, number of TM ions
per unit volume and T interionic distance are presented in Tables

3.2.1 - 3.2,5 for each glass series.

3.3 . Optical Absorption Spectra

The recorded optical absorption spectra of the manganese, iron
and mixed glasses have been replotted on a graph of absorptivity

against wavenumber which are shown in Figures 3.1.1 - 3.1.6.

The spectra of the barium borate glasses containing manganese
were measured for two different specimen thicknesses and the

calculated absorptivities showed satisfactory agreement.

For glasses containing a single TM element the molar
absorptivity was calculated at the absorption peak of Fez+ or Mn3+ as
appropriate. The accuracy of the calculation was variable because
for dilute and highly concentrated glasses, large errors were
introduced in the measurement of ionic concentration and specimen
thickness respectively. The values obtained for the molar

- absorptivities will be discussed in greater detail in Chapter 4.

3.4 Crystallization Behaviour of the Glasses

The results of heat treatments which were successful in
producing bulk crystallization in the glasses are recorded in Tables
3.3.1 - 3.3.4., As well as the heat treatment conditions, the-
results of optical examination by transmitted polarized light

microscopy and also of X-ray diffraction analysis are also included.

3.4.1 Optical Photomicrography

Selected photomicrographs showing typical microstructures of
some of the crystallized glasses are shown in Plates 3.1 - 3.9,

Details of the microstructure of each glass—ceramic are given in
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the accompanying notes. These are complementary to the observations

noted in Tables 3.3.1 - 3.3.4.

3.4.2 Phase Determination - X-Ray Diffraction Analysis

In all cases surface devitrifigation preceded internal
nucleation and growth. As the major interest of the study was the
ef fect of TM oxides on nucleation phenomena within the glass, the
surface growth on each specimen was removed by grinding on a diamond
lapping wheel before X-ray analysis or electrical measurements were

made.

Optical examination of many of the glass—ceramics indicated
that several crystalline phases were often present simultaneously.
In some cases only small proportions were present which gave only
weak reflections in the X-ray powder pattern, thus making identif-
ication difficult. The following discussion indicates the likely
minority phases present whilst a more general discussion of the

crystallization processes is reserved for Chapter 4,

(a) SM7C: Comparing the diffraction pattern with standard
ASTM patterns revealed that anorthite was the major crystal phase
present. However, certain lines were more intense than predicted
and other lines present were not accounted for by the amorthite
pattern. This is indicative of a second phase, which was also

just discernable in the thin sections and optical micrographs.

The best fit for these additional lines was provided by mang-
anese metasilicate (MnSiOB) but with the monocliniec structure,
Usually MnSiO3 (rhodonite) which is synthetized at 1 atm pressure
has a tricliniec structure. The synthesis of the monoclinic
structure has only been reported at higher pressures, soc the reason
for its formation in a glass is not clear. It could be the result

of the constraint of the surrounding glass during growth.

(b) SM10C: The major phase produced after short heat treat-
ments was a pyroxene, the composition of which will be discussed
in section 4.8 below. However, the dendritic phase which crystal-
lized first appeared brown‘in transmitted light, thus it was inferred
that it contained an appreciable quantiiy of Mn3+. 0f the possible
phases, braunite (MnO;3Mn203.Si02) provided the best fit to the
X~ray data, although the experimental powder pattern was not distinct
enough for identification to be certain, therefore the identification

1s tentative.
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(c) MI13C: As for MI0C the reddish-brown coloration of the
dendrites indicated a high proportion of Mn3+, although braunite
could be ruled out in this case from a consideration of the X-ray
data. The identification was mainly based on those lines of the
major crystalline phase (gehlenite) which had greater intensity
than that expected from the ASTM standard. Two likely phases were
Y-ano3 and Mn304 both of which have similar d-spacings so therefore
the powder patterns differ only in the intensity of certain lines.
The lines in these patterns are predicted to overlap some of the
gehlenite lines, thus a measure of their intensity was difficulc.
However, it was felt that Mn304 provided better agreement with the

experimentally determined powder pattern.

(d) SM14C: It was not certain from the optical examination
how many phases were present. Unfortunately it has proved impossible
to match the residual X-ray pattern, after the lines of the major
phase (gehlenite) had been subtracted, to any one single phase.
In addition, there were insufficient lines to be able to postulate

a mixture of phases.

(e} Iron glasses: The powder diffraction patterns 6f SF4G,
SF5C and SF6C were all similar and characteristic of a pyroxene
phase. The likely compositions are discussed below. Whereas all
of the manganese glass—ceramics in series SMH had produced gehlenitg
this was only detected in SF6C, though small amounts may have been

present in the other glass-ceramics.

The optical examination revealed a fine dispersion of particles
in SF4C which wére not birefringent. This suggested a cubiec crystal
structure., X-ray analysis indicated that these particles were
probably magnetite (F8304)’ which has a spinel structure and is
therefore cubic. However, the d-spacings of magnetite are very
similar to those of maghemite (Y—Fe203) but the latter is reported
to revert to haematite on heating and therefore it was felt that it
would not be stable at the crystal growth temperature. SF6C and
SF5C did not appear to have any other detectable crystalline phases
in the internal nucleation and growth region although magnetite was

detected on the surface of SF5C after heat treatment.

(f) Mixed glasses: All of the mixed glasses gave broadly
similar X-ray powder patterns after crystallization. It has not. been

possible to eXactly determine the phases present, although
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compositions close to gehlenite and wollastonite seemed to be likely.
The total number of phases could not be ascertained by optical

examination.

3.4.3 Electron Microscopy

It was felt that because of the fine crystallite size of some
of the glass—ceramics, electron optical techniques could be of value
because of the increase in resolution offered. Both scanning and

transmission electron microscopy were attempted.

3.4.3.1 Scanning electron Microscopy (SEM)

Selected SEM micrographs of SMI3C after crystal growth for |
hour are shown in Plate 3.10A - 3.10D. Although some debris from
the chemical etching has been left on the crystal surface, it is
just possible to detect a number of platelets running perpendicular
to the direction of the dendrite arms. These will be referred to
again below. Also evident is the shape of the dendrite arms from

the section through the arm which comes out from the page.

The micrographs for SMI0C and SM14C were less helpful. Plate
3.10E shows only the vague outline of a dendrite in SMI0C giving no
hint of the internal structure noted in the optical micrographs.

The morphology of the crystalline phase(s) in SMI4C is still uncléar,

so even the number of phases present is unknown (Plate 3.10F).

Plate 3,11 shows various features of the crystalline structure
of SFAC, with Plate 3.11B being typical of the bulk of the specimen.
Therefore as X-ray diffraction analysis indicated that a pyroxene
was the major phase, this plate gives an indication of the pyroxene
morphology and particle size. The dendritic structure shown in the
other pictures was found towards the edge in just one part of the
specimen, It is proposed that this phase may be gehlenite, judging
by the shape of the dendrite arms shown in Plate 3.11D, but the
quantity present was insufficient to be detected by X-ray diffraction
analysis. The well defined crystal morphology probably indicates
that the dendrites were surrounded by residual glass, which has been

dissolved away, rather than the pyroxene phase.

The microstructure of SF5C as seen in the SEM was identical to
that shown in Plate 3.11B. Careful searching of the specimen did
not reveal any coarse dendritic structures as seen in SF4C. SF6C

would be expected to show a similar microstructure to SF4C, though
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with a larger proportion of gehlenite but a specimen has not been

examined by SEM.

3.4.3.2 Transmission Electron Microscopy (TEM)

This section deals only with TEM studies of specimens heat
treated in a furnace in the normal manner i.e. outside the

microscope.

Plate 3.12 shows the microstructure of an area representative
of SM12C together with the accompanying electron diffraction pattern.
The picture shows part of a spherulite and the individual fibres
can be distinguished. The electron diffraction pattern shows
noticeable splitting of some of the spots indicating that the fibres

are crystallographically related.

Plates 3.13 and 3.14 are of SMI3C, the former of the early
stages of crystallization showing the characteristic Mn304 dendrites
in a glassy matrix and the latter of a completely crystalline
specimen after a longer heat treatment. More information is gained
in the second case because the thinning rate of the fully crystal-
lized material was more even. Plate 3.13 shows that the glass was
preferentially thinned away leaving the dendrites still relatively
thick although some intermal structure is visible in pictures B and
C. The most striking effect in Plate 3.14 is the striping. The
electron diffraction pattern shows a single crystal pattern (i.e.
spots) superimposed on a polycrystalline background (spotted rings).
The simplicity of the single crystal pattern indicates that the
stripes are of the same material and it is proposed that they have
probably been formed by a martensitic-type transformation. This is
a diffusionless transformation, which occurs very rapidly and has
been observed in other ceramic materials. It is suggested that
MnSOA nucleates in the glass as a spinel (MnO.Mn203) and then grows
with cubic symmetry. However, at low temperatures the tetragonal
form is the most stable and so on cooling a cubic to tetragonal
martensitic transformation takes place. A series of platelets are
formed in the crystal with half the platelets in one orientation
and the other half in a different orientation to minimise the strain
energy. Thus two platelets with the same orientation are generally
separated by one with the different orientation. This can be clearly
seen in Plate 3.14E where certain bend contours run through

alternate platelets and do not appear in the intermediate ones.
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Plate 3.14D shows the existence of stacking faults on the 'bright'
orientation of the platelets, running diagonally across the picture.
The crystallographic relationship between the two regions is shown

by the electron diffraction pattern in Plate 3.13D.

TEM studies were also made on samples of SM10C but the crystal-
line dendrites could not be thinned sufficiently for the electron
beam to penetrate before the surrounding glass was completely thinned
away and the specimen lost. Electron micrographs of the relatively
thick dendrites were not very informative and so have not been

included.

3.4.4 Electron Probe Microanalysis (EPMA)

It has been noted previously that identification of many of the
crystalline phases was difficult and therefore it was nﬁt always
possible to know the distribution of TM ions among the different
phases. To help clarify this situation EPMA has been performed on

selected crystallized manganese glasses.

(a) SM10C: Two backscattered electron images of large dendr-—
ites in the sample are shown in Plate 3.15. The core of each
dendrite arm appears light, corresponding to a high mean atomic
number, and therefore are probably rich in manganese. Conversely,
the surrodnding pyroxene phase has a similar manganese concentration
to the remaining glass. However, between and around the pyroxene
arms the picture is darker, which indicates a lower mean atomic
number and therefore depletion of manganese. These changes in
manganese concentration were confirmed by quantitatively scanning
across the surface of the specimen to assess the distribution of .

selected elements (Mn, Si, Al and Ca).

(b} SM13C: The Mn304 dendrites clearly showed up as higher
atomic number material on the backscattered electron image.
Quantitative‘scanning revealed a depletion in manganese concentration
in the glassy area surrounding the dendrite. The dendrite arms
themselves were very high in manganese thus confirming the hypothesis
that the phase was rich in manganese. However, all the other
elements scanned were greatly reduced in the dendrite although the
concentrations did not fall to zero. This was because the resolution
of the electron beam was 4-5 uym compared with the dendrite arm width
which was estimated to be 1-2 ym by optical microscopy. Thus the

analysis was affected by the surrounding glass and the values
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obtained represented a mean analysis of both glassy and crystalline

material.

(c) SMI4C: Unfortunately the fine particle size of the
crystalline phases resulted in the specimen appearing to have a
uniform distribution of elements in both the backscattered electron
image and also the quantitative element scans across the specimen.
Therefore there seems to be no appreciable partition of manganese
between the different phases unless the particle size was much less

than the resolution of the electron beam (5 ym).

3.4.5 . In-Situ erstallization in the High Voltage Electron

Microscope

Only two glasses (SM10 and SF4) were studied using this tech-
nique, For SMIQ two samples were examined; one being a blown glass
film and the other an ion beam thinned foil prepared from a glass

which had received a nucleation heat treatment,

Plates 3.16 A and C seem to show a two phase effect on a spec—
imen coated with carbon. It was thought at first that this was
indicative of some kind of phase separation, however, it could also
be the result of a poorly applied coating.. Comparison of Plates
3.16 A and D shows that some fine scale structure is present in the
sample which had received a nucleation heat treatment. This cannot
be the same effect as in the glass because the electron diffraction
patterns in B and E are different. Plate 3.16B is typical of an
amorphous material whilst the broad rings shown in Plate 3.16E are
the result of the fine particle size. Therefore the nucleation -
heat treatment has produced either phase separation or crystalline

nuclei. The latter possibility was confirmed as follows.

- After heating to about 900°C in the microscope the dispersed
second phase became more pronounced; occurring either as almost -
spherical particles with a range of diameter, or as rods. After
continued heating the crystalline phase consumed the original glass
(Plate 3.17A,C and E). Analysis of the electron diffraction patterns
in Plates 3.17B, D and F showed that only one phase crystallized and
that it had a cubic spinel type structure. However, it was not

possible to identify the actual composition.

The crystallization of the blown glass film in the microscope

was different. In this case the crystals were larger, more angular
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and showed greater contrast (Plate 3.18). Some crystals had bands
running across (Plate 3,18E) which could be faults in the crystal
structure. In this case the electron diffraction patterns confirmed
that braunite was the probable phase, as bulk nucleation and growth
studies had indicated. Once again identification was tentative as
the camera constant of the microscope, which is needed to calculate
the d=-spacings, could only be estimated. It should be noted that
this film was not carbon coated and did not show any two phase effect

before heating.

The reasons for these differences in crystallization behaviour
are not obvious. Generally heat treatment temperatures in the micro-
scope were higher for the latter sample which produced braunite,
though the actual temperatures were not known. Therefore it is
concluded that the first phase to nucleate at lower temperatures is
a spinel type phase. At low growth temperatures this continues to
grow but if the temperature is raised, braunite grows on the spinel
nuclei, This is probably because the greater diffusion necessary
to grow the more complicated crystal structure of braunite is
possible at higher temperatures. One difference between this tech-
nique and conventional studies of crystallization is the short

timescale involved. Growth occurs in minutes rather than hours.

The results of the study of SF4 are shown in Plate 3.19. In
this case the growing phase had almost perfect spherical morphology.
Whilst this is not unknown for crystalline phases, it is rare and
it is thought that phase separation by a nucleation and growth
process occurred at high temperatures. On cooling, the discrete
phase crystallized, giving the electron diffraction pattern shown
in picture E. Unfortunately this could not be indexed as lines with
high d-spacings were masked by the centre spot because of an increase

in the camera length.

Several interesting effects were noted for this specimen.
Although the intersection between the two spheres appears darker
as would be expected, some spheres have a dark hemisphere without a
second overlapping sphere being apparent. Secondly the particles
show a remarkable absence of internal structure in C and D, possibly
indicating that they were amorphous., The specimen was held at the growth
temperature when these micrographs were taken but it was not possible
to record an electron diffraction pattern at temperature to confirm

that they were amorphous because of movement of the specimen.
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Finally, Plate 3.19F shows the boundary between a phase separated
area and part of the foil with little separation. It is believed
that separation only occurred when the electron beam was on the

sample, probably because of the extra heating of the beam rather

than any radiation damage effects.

To summarize, in-situ heat treatments in the HVEM can give
some information about the early stages of crystallization. However,
these mechanisms may not be applicable during conventional heat

treatments because of the following effects:

(@) Uncertainty in the temperature distribution across the
specimen and the effect of heating by the electron beam.

(b) The possibility of irradiation effects in the nucleation
process. This could contribute to the short time-scale during
which nucleation and growth occurs,

(c) The abnormally large surface to volume ratio of the

specimen.

3.5 Electron Paramagnetic Resonance

All of the spectra were obtained with basically similar
conditions. X band frequency (9.506 GHz) was used with a modulation
frequency of 100 kHz and modulation amplitude of 5 G. However, the
microwave power and receiver gain were varied to allow the wide
variations in signal intensities between the glasses to be recorded.
The first derivative of the intensity was recorded against the

magnetic field strength and these are shown in Figures 3.2.1 - 3.2.5.

An attempt was made to measure the EFR spectra of the three
dilute iron-manganese glasses SMF1, SMF4 and SMF5. Unfortunately
the intensities were extremely low and with the high gain needed to
detect the signal, the background ncise swamped the TM ion absorption.
These spectra are not reproduced but it was possible to distinguish
two absorptions for each glass, the first at about 1.7 kG and the
second at 3.4 kG, both of which increased as the TM ion concentration
was increased. The derivative intensity approximately doubled as
the TM ion concentration doubled. These effects will be discussed

further in section 4.3.3.

Two crystallized glasses were examined. The spectra of SF&C
is shown in Figure 3.2.4 but problems were experienced with SMF2AC.

The signal obtained had high intensity and was very broad. Such
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extreme broadness is indicative that ferromagnetic (or ferrimagnetic)
resonance is involved rather than paramagnetic resonance. In ferro-
magnetism the magnetic ions are incorporated into well defined magnet-
ically coupled structures and.are no longer impurities in a non-magnetic
host phase. Since ferromagnetic resonance (FMR) and the associated

area of amorphous magnetism are beyond the scope of this study, no
further measurements were attempted on either this sample or any

other crystallized mixed T glasses in the same series.

3.6 D.C. Resistivity Measurements
3.6.1 Glasses

The dc resistivity variation with temperature has been analysed
using the Mott equation for small polaron hopping conduction (Equa-
tion 1.4.26), TFor convenience the equation has been rewritten in

logarithmic form with conductivity replaced by resistivity as follows:

e . k. 2aR W
log ¢ = log VN eRZe(=c) * 3303 Y T30 %)

Mott's prediction of a polaron hopping mechanism is therefore
validated if a plot of log p/T against 1/T is a straight line at

high temperatures.

Many references,'especially early ones in the field, have data
plotted in terms of log p against 1/T and this is also the convent-
ional method of presenting resistivity-temperature data for ionically

‘conducting glasses. In recognition of this, the gradient and
intercept of both log p/T and log p = |/T plots have been calculated
in this sﬁudy. In practice the difference between these was small
and thé data may fit -either relationship equally well, although the

gradient was greater when log p/T - 1/T plots were used.

A computer programme was written to calculate the resistivity
at each temperature from the experimentally determined parameteré.
and also perform linear regression analysis to determine the best
straight line through the data. 1In all cases the plot of log p/T -
1/T had a marginally higher coxrelation coefficient so only these

results have been quoted subsequently.

For many of the glasses the experimental data were not best
described by a linear relationship so the regression analysis was
repeated for two intersecting straight lines. The temperature at

which the lines intersect has been determined and will be referred
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to as the transition temperature (TI). This is not to be confused

with the glass transition temperature (Tg).

Graphs showing the resistivity-tewperature data together with
the lines fitted by linear regression analysis are shown for each
series of glasses in Figures 3.3.1 - 3,3.5, From the best fit lines the
resistivities at 293,400, 500 and 600 K were calculated to facilitate
comparison of the glasses in this study with those reported in the

literature by other workers. (Values at 293K were usually extrapolated).

The gradient and intercept of the best fit lines have been used
to evaluate various parameters for the glasses as follows.
The Mott equation predicts the gradient of the log p/T - 1/T plot
to be equal to W/2.303k, therefore the activation energy for cond-
uction was easily calculated. The intercept has the value:

k

} I
R= (l-c) v

ph

2aR
2.303

) +

Intercept = log ({Nez (3.5
The terms in the curly brackets are either universal constants
or have been determined experimentally, therefore only the phonon
frequency (vph) and electron decay component {(a) were unknown.
Usually the phonon frequency for ™ ion glasses is assumed to be of

13 -1 (95)

the order of 10 7 s ,thus o and u_l could be calculated.

For many of the glasses containing small proportions of T™™
oxides the value of u_l calculated by this method were unrealistic,
being either negative or large and positive. Now u—l physically
represents the rate of electronic wave decéy on the TM ion and
therefore negative values are meaningless, whilst positive values
of large magnitude are unreasonable, This discovery points to a
defect in the analysis and suggests that the tunnelling tem
involving o may not apply for these dilute glaéses. It has been

stated previously that Sayer and Mansingh(gz)

have postulated an
adiabatic hopping model with o = 0 for glasses containing a very
high proportion of TM oxide though it is not suggested that the

adiabatic model applies in the present case.

With the assumption that the tumnnelling term does not enter
equation 3.4, the phonon frequency can be calculated from the inter—
cept of the log p/T ~1/T plot and this calculation has been

performed for all glasses,

Finally, the size of the polaron has been estimated using

Bogomolov's approximate equation:
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5 - 3 em'/3 (1.4.12)

For the small polaron formalism to apply then the following

condition must be satisfied:

ol < r, < R (1.4.13)

and an estimation of this has been made in each case.

The results of the calculations described in this section are

presented in Tables 3.4.1 - 3.4.7. for each series of glasses.

3.6.2 Glass—Ceramics

The analysis of the temperature dependence of the resistivity
of glasses following crystallization on heat treatment was more
difficult. It has previously been noted that several crystalline
phases may be present in addition to residual glass and the TM ions
are distributed between these phases., The main problem is therefore
defining the conduction path through these phases along which the
current carriers move. In some cases the resistivity may be deter-
mined by the gaps between conducting crystals and in others cond-
uction may occur exclusively through a residual glassy phase; it is
often difficult to detect traces of glass which remain after

crystallization.

This uncertainty in the nature of the conduction path results
in the resistivity of the specimen, as calculated from the resist-
ance, electrode surface area and specimen thickness, being a nominal
value for that sﬁecimen alone. It may - not always represent the
resistivity of the conducting phase and is therefore not a 'material'
property in such a way as the resistivity of a homogeneous material
is, It may depend on specimen dimensions if the specimen is

cut from a block of material with a non-~uniform microstructure.

For this reason, a comparison of the activation energies in the
glass—ceramic and original glass probably provides the best indica-
tion of a change in the conduction mechanism, rather than the

change in resistivity taken alone.

However, in spite of this difficulty the resistivity-temperature
relationship has been treated by the small polaron model. Values
of interionic distance and redox ratio were assumed, as a first
approximation, to be unchanged from those calculated for the parent

glass and these have been used in the calculations.
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Therefore straight lines have been fitted by computer to the
log o/T = 1/T plots using linear regression analysis., From the
computed gradient and intercépt, the resistivity at 293, 400, 500
and 600 K, conduction activation emnergy, electron decay component
(with vph= 1013s_1) and phonon frequency (assuming ¢ = 0) have been
calculated. These are presented in Tables 3.4.1 - 3.4.7 along with
the parent glasses to aid comparison. ‘Graphs of log p against /T
for both crystallized glass and parent glass are shown in Figures
3.4,1 = 3.4.11.

3.7 - A.C. Resistivity of Glasses-and Glass-Ceramics

The ac measurements were obtained as readings of conductance
and capacitance at a range of frequencies for a range of temperature.
The total conductivity measured at a particular frequency is defined

as the sum of the ac and de components:

1(m) = g + o (w) (3.6)

ctota dc ac

Therefore to evaluate the true ac conductivity, the dc component
must be calculated and subtracted from the total conductivity. TFor
most glasses dc resistivities were measured on the sample before ac
measurements were taken. These values proved to be in close agree-
ment with the independently determined dc¢ values. For glasses for
which this was not domne, dec values were calculated using values of
gradient and intercept of the computer fitted lines obtained from

dc resistivity measurements.
Reverting to resistivity equation 3.6 becomes:

] I 1

e — = ——— o= _y . (3-63.)
ptotalﬁn) pdc . pac(w
Therefore:
ptotal (@) x Pae
p, @) = - . (3.7)
ac Pac ptotal(w)

Graphs have been plotted showing the relationship between the
dc and total resistivities at various frequencies as a function of

temperature and these are shown in Figures 3.5.1 - 3.5.9.

It is often found experimentally that the ac conductivity of a

wide range of materials obeys the empirical relationship:



i.e. log pac(w) = k' -=n log £ (3.8)

where w is the angular frequency (= 2rf) and k, k' and n are

constants.

To test this relationship, log P Was plotted against log £
and these graphs are shown in Figures 3.6.1 - 3.6.9. For plots
which were linear, values of slope and correlation coefficient have
been calculated by linear regression analysis and these have been

tabulated on the graphs.

The dielectric properties of the glasses and glass-ceramics
have been assessed by calculating both the real (¢') and the
imaginary (¢") parts of the complex dielectric constant & using

the following relationships:

g = g' =~ ie" 3.9)
- o
' =& ——m—_——
where [ EO(A/l) (3.10)
"o 1 1
g = — X 5 3.11)
o ac

and the loss tangent: tan § = e¢"/e'.

In these equations C is the capacitance of the specimen with thick-

ness 1, and A is the area of the electrodes.

Values of e' and " have been plotted against log f to determine
the presence of loss peaké. These graphs are shown in Figures 3.7.1
- 3.7.9.

3.8 Thermoelectric Power

A number of glasses were investigated including SF5 which had
one of the highest de¢ conductivities, but unfortunately in spite of
considerable effort it was not possible to measure meaningful

thermoelectric voltages.

Typically a temperature differential of 25 - 50°C was created
across the specimen, which was accompanied by a measuruidba emf
between the platinum electrodes. However, as the temperature
gradient was reversed the emf did not change in sign as would be

expected for a thermoelectric emf, hence no valid measurements
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could be obtailned.

The reason for the failure of these experiments could lie in
the fairly high resistivity of the glasses, although the thermo-
power of iron glasses with similar Fe,0., contents to SF5 has been

(106) . z3 .
, but it seems more likely that the problem

measured before
lies in the measuring apparatus. It was difficult to maintain a
steady temperature gradient across the sample and the currents
flowing in the various heating coils during measurement might have
generated sufficient electrical noise to mask the small thermo-
electric emf. Some improvements to the rig were made but with
little success and it was decided that a more sophisticated rig
would be required. Hence further work on thermoelectric power

was discontinued.
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TABLE 3.1.l.

COMPOSITIONS OF THE HIGH LIME MANGANESE

ALUMINOSILICATE GLASSES (SERIES SMH)

Glass Composition (Mole %) Melting
Code SiO2 A1203 CaD MnO temperature (°c)
SM 15 41.02 9.06 49.43 0.49 1500

SM 16 40.79 9.01 49.16 1.04 1450

SM 17 40,39 B.92 48.67 2.02 1450

SM 11 38.66 8.54 46.58 6.22 1400

SM 18 37.32 8.24 44,97 9.46 1400

SM 12 J6.11 7.98 43.51 12.41 1400

SM 13 34.46 7.61 41.53 16.40 1400

SM 14 32.67 7.22 39.37 20.75 1400

TABLE 3.1.2, -
COMPOSITIONS OF THE LOW LIME MANGANESE
ALUMINO SILICATE GLASSES (SERIES SML)

Glass Composition (Mole %) Melting
Code 5i0, Al,04 Ca0 MnO éemperature °c)
SM 7 49.47 10.93 33.40 6.20 1500

SM 8 46,32 10.23 31.27 12.17 1400

SM 9 44.07 9.74 29.75 16.44 1400

SM 10 41.77 9.23 28.20 20.81 1400
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TABLE 3.1.3.

COMPOSITIONS OF THE BARIUM BORATE GLASSES

CONTAINING MANGANESE (SERIES BM)

Glass Composition (Mole %) Melting
Code BaO B 203 MnO termperature (°C)
BM 7 18.03 77.14 4.83 1100
BM 5 38.20 57.30 4.50 1050
BM 8 38.18 57.28 4,54 980
BM 6 36.33 54.49 9.18 1050
BM 36.47 54.70 8.83 980
BM 10 34,28 51.42 14.31 1100
BM 11 32.05 48.07 19.88 1100
TABLE 3.l.4.
COMPOSITIONS OF THE CALCIUM IRON
ALUMINOSILICATE. GLASSES (SERIES SF)
Glass Composition (Mole %) Melting
Code 50,  ALO,  CaO Fe,0; | temperature (°C)
SF 2 41.11 9.08 49.55 0.25(8) 1500
SF 8 41.01 9.06 49.42 0.50(4) 1500
SF 7 40.82 9.02 49.20 0.96(0) 1450
SF 1 39.79 8.79 47.95 3.47 1450
SF 6 39.08 8.63 47.09 5.20 1450
SF 4 38.32 8.46 46.18 7.04 1450
SF 5 37.11 8.20 44.73 9.96 1450
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TABLE 3.1.5.

COMPQOSITIONS OF THE MIXED IRON - MANGANESE

GLASSES (SERIES SMF)

Glass Compaositions Melting

Cade S50, AlLO; Ca0 Fe,0; MnO | temperature (°C)

SMF 1 41.06 9.07  49.48 014 0.26 1450

SMF 4 40.90 9.03 49.28  0.28 0.50 1450

SMF 5 40.64 8.98 48,97  0.49 0.93 1400

SMF 2 37.24 8.23  44.87  3.33 6.33 1450

© SMF 2A 36.28 8.01  43.89  8.27 3.55 1425

(FeO)

SMF 2B 36.30 802 4375  10.68 1.25 1425
(FeO)

SMF 3 35.36 7.81  42.61  4.80 9.43 1350




TABLE 3.2.1.

GLASS PARAMETERS FOR SERIES SMH

Redox Ratio Number of Mn Mn-Mn
Glass M|2|+ (%) Density Molar Ions per unit Spacing
Code %MnO v otal Volume Volume (N}

(g o) (em”) (x 107Y) (eri?) R) (A)

SM 15 0.49 91.8 2.919 21.24 0.14 19.3
SM 16 1.04 90.1 2,928 21.19 0.29 15.0
SM 17 2.02 88.3 2.943 21.11 0.57 12.0
SM 11 6.22 85.8 2,993 20.87 1.80 8.23
SM 18 9.46 80.2 3.064 20.49 2,78 7.11
SM 12 12.41 Bl1.5 3.101 20.32 3.68 6.48
SM 13 16.40 78.4 3.166 20.02 4.93 5.88
SM 14 20,75 74.2 3.236 19.71 6.34 5.40

- 0Li ~



GLASS PARAMETERS FOR SERIES SML

Redox Ratio Number of Mn
Glass % MnO 2+ Density ?Id:lfrlr‘le lons per unit 24':(':':
Code Mn (%) Valume (N) P 9

MR iotal (g cm'J) (cm3) (x 1021) (cn-13) R) (A)
SM 7 6.20 93.4 2.882 22.20 1.68 8.41
SM 8 12.17 92.5 2.979 21.63 3.39 6.66
SM9 16.44 90.9 3.051 21.22 4.66 5.99
SM10 20.81 88.4 3.129 © 20.80 6.02 5.50

=121 -




TABLE 3.2.3.

GLASS PARAMETERS FOR SERIES BM

Clacs Redox Ratio Density vcﬂlﬁ; . E‘;’;’gg: 3;’:‘” r;:)r;cl\l/r
Code % MnO Mn2+ (%) Volume {N) 9
" total (g cm_s) (cm3) (x 10-21) (cm-3) R) (R)

BM 7 4.83 93.4 2.871 29.81 D.98 10.1

BM 5 4.59 83.5 3.776 26.93 1.01 9.98
BM B 4.54 79.6 3.787 26.85 1.02 9.94
BM 6 9.18 84.8 3.960 25.30 2.18 771
BM 9 B.83 79.9 3.818 26.27 2.02 7.91
BM10 14.31 83.2 3.855 25.56 3.36 6.68
BM11 19.88 83.6 3.873 24.98 4.79 5.93

- ¢l -



TABLE 3.24.

GLASS PARAMETERS FOR SERIES SF

Redox Ratio . Molar Numb:?r of Fe Ions Fe-Fe

gla:jss % FeZD Fe 2+ (%) Densnf; Volu}me per ur'zli VOIUT';.B (N) Spacing
ode Fe | (gem ) {em™) (x10 "7) (em 7) R) (A
otal

SF 2 0.258 15.8 2,918 21.30 0.15 19.0
SF 8 0.504 18.1 2,926 21.32 0.29 15.2
SF 7 0.960 14.9 2.941 21.37 0.54 12,3
SF 1(.2) 3.47 10.7 3.014 21.66 1.93 8.03
SF 6 5.20 11.0 3.065 21.86 2.87 1.04
SF 4 7.04 11.2 3.116 22.07 3.84 6.39
SF 5 9.96 11.6 3.193 22.44 5.35 5.72
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TABLE 3.2.5

GLASS PARAMETERS FOR SERIES SMF

.Glass %Fezo3 % MnO Redox Ratio Density Molar Number of TM TM-TM
Code Fe 2+(%) mh(%) Volume {})(;‘II?J rl?'\er((IJ\Blt Spacing
Fe total| M total -3 3 21, -3
ota ola (gcm™) (em”) (x 107°7) (em™) R) @A)
" SMF1 0.140 0.255 0.0 - 2,919 21.26 Mn 0.072 24.0
Fe 0.079 23.3
™ 0.15 18.8
SMF & 0.285 0.502 0.0 <8.2 2.925 21.27 Mn 0.14 19.2
Fe 0.16 18.4
™ 0.30 14.9
SMF5 0.487 0.930 0.0 <9.9 2.944 21.22 Mn 0.26 15.6
Fe 0.28 15.4
™ 0.54 12,3
SMF2 3.329 6.332 0.0 <14.2 3.087 21.29 Mn 1.79 8.23
' Fe 1.88 8.10
™ 3.67 6.48
SMF 2A 8.269(FeQ) 3.550 18.5 0.0 3.091 20.36 Mn 1.05 9.84
Fe 2.45 7.42
™ 3.50 6.59
SMF 2B 10.68 (FeO) 1.250 20.9 0.0 3.103 20.33 Mn 0.37 13.9
' Fe 3.17 6.81
™ 3.54 6.56
SMF 3 4.796 9.433 0.0 <20.0 3.192 21.13 Mn 2.69 7.19
Fe 2,73 7.15
™ 5.42 5.69

- WLl -



TABLE 3.3.1

SUMMARY OF HEAT TREATMENTS FOR GLASSES IN SERIES SML

Glass Heat Treatment
- - - - » » - - »* - f
Code ZMn0 Nucleation | Crystal Growth Optical Examination X-Ray Identification of Phases
1o |eme)| TC0) Jt (hr)
Devitrified completely with growth star- Main phase was anorthite. Extra
M7 6.2 800 15 980 6 .t:mg at the surface. Some ev;dence of lines may correspond to
a second phase with small crystals manganese silicate. See text.
between the dendrites. (Plate 3.1.1)
740 15 910 15 Surface growth only. -
M8 12,2
M9 16.4 Completely crystallized from the
: 800 | 15 980 6 i As above
surface as above. .
Uneven distribution of crystals probably Major phase surrounding brown
due to inhomogeneity in the sample. For dendrite arms was a pyroxene.
most of the specimen the crystal size was ] Dendrite arms could be braunite.
740 15 920 3 too fine to be resolved. In the remain- See Text.
M10 20.8 ing glassy matrix small dendrites could
be resolved into two phases. (3.2.1-3.2.5)
Completely crystallized., Probably four - Major phase was glaucochroite
730 7 950 | 25 phases present; one showiﬁg green-pink with some indications of
pleochroism. bustamite.

- 6Ll -



TABLE 3.3.2

SUMMARY OF HEAT TREA']MENTS FOR GLASSES IN SERIES SMH

Glass Heat Treatment
Code Mn0 Nucleation | Crystal Growth Optical Examination X~Ray Identification of Phases
TCcH|e ey | 1) |t hr)
Two phases: surface growth and fine feath- Not certain: probably wollas—
G2 0.0 730 4 930 15 ery dendritic growth from a few internal tonite and ranklnltg with some
. nuclei. Large proportion of glass gehlenite.

remained uncrystallized.

M5 0.5 650 18 980 1 Small surface crystallization. Little or

M16 1.0 700 18 980 1 no internal erowth _

SM17 2.0f 750 | 18 980 1 & :

SMl 1 6.2 800 18 980 - 1

700- Few large tabular crystals in a glassy
850 3 980 1 matrix. (Plates 3.3.1 & 3.3.2)

No increase in the number of nuclei. Crys— gehlenite

I8 2.3 700- tal morphology now spherulitic, Crystals

850 3 280 3 grow to 2-3mm in a glassy matrix.
(Plates 3.3.3 & 3.3.4)
710 15 930 6 Spherulites in a glassy matrix.

SMl2 12.4 710 15 930 15 Similar to above but spherulites larger. gehlenite

(Plate 3.4.1)

- 941 -



TARLE 3.3.2 {(contd)

SUMMARY OF HEAT TREATMENTS FOR GLASSES IN SERIES SMH

Glass Heat Treatment
Code ZMn0 Nucleation | Crystal growth Optical Examination X~Ray Identification of Phases
T°c) |t br) | TCC) e (hr)
0.5 Small brown six-arm dendrites (Plate 3.5.1)
1.0 Remaining glass starts spherulitic
1.5 crystallization while dendrites continue . Spherulitic matrix phase
SM13 16.4 | 730 3 920 2.5 to grow. (Plates 3.5.2 - 3.5.5) is gehlenite. Deﬁdrltes are
possibly Mn304. See text.
Brown 'cross-shaped' dendrites in a fully
19 crystalline matrix. (Plate 3.5.6)
710 3 910 7.0 Small spherulites in a brown unresolved
fully crystalline matrix. (Plates 3.6.1 & Spherulitic phase again
M4 20.8 3.6.2) gehlenite. Matrix phase
720 2 930 1.5 Spherulites much larger and more perfectly unknown. See text.
. formed than above. (Plate 3.6.3)

- Ll -
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TABLE 3.3.3

HEAT TREATMENTS FOR GLASSES IN SERIES SF

Glass Heat Treatment
Code ZFe203 Nucleation | Crystal Growth Optical Examination X-Ray Identification of Phases
TCO|er) | TCC) | ehr)
SF2 0.25 .
SF8 0.50 700 Surface growth only. No bulk
SF7 0.6 to 3 980 | crystallization -
SE1 L 3.47 | 800
SF3 .
700 Small dendrites in a glassy matrix
800 3 280 1 (Plate 3.7.1) .
Major phase was a pyroxene
Completely crystallized: dendrites had . . .
close 1n composition to aug-
700 grown and consumed the bulk of the specimen. ite. The second 'brown'
SFé I 5.20 1 3 980 | 15 | The surf th d brown in pl
e surface growth appeared brown in plane phase was probably gehlenite
800 polarized light and there were some areas with some ionic substitutions
of the same phase in the bulk growth.
(Plate 3.7.2)
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TABLE 3.3.3 {(Contd)

SUMMARY OF HEAT TREATMENTS FOR GLASSES IN SERIES SF

Glass Heat Treatment
Code ZFe203 Nucleation |Crystal Growth Optical Examination X~-Ray Identification of Phases
Ty ehr) | TCC) |eme)
Completely crystallized. The crystal size Major phase was a pyroxene
of the major phase was too fine to be possibly related to fassaite
SF4 7 .04 800 3 950 0.5 resolved. At high magnifications a high or a ferro—augite. Some
density of small non-birefringent evidence of magnetite as the
particles was apparent. second phase.
Completely crystallized. The major phase Major phase was a pyroxene
was again too fine to be resolved but in possibly related to fassaite
SF5 9.96 800 3 950 0.5 this case there was no evidence of any or a ferro-augite as in SF4
second phase. above.  No evidence of any
other phase.
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TABLE 3.3.4

SUMMARY OF HEAT TREATMENTS FOR GLASSES IN SERIES SMF

determine the number of phases present
(Plates 3.9.1 (SMF2A) & 3.9.2 (SMF2B)})

Glass | Heat Treatment
Code %FEZO3 Mn0 Nucleation]Crystal Growth Optical Examination X-Ray Identification of Phases
T°cH)|c(hr)| TCc) | £ )
MF1 0.14 } 0.26
MF4 0.29 1] 0.50 - - Not Heat Treated -
SMF5 0.491] 0,93
700 A few isolated dendrites and some sur-
850 3 980 I face growth. (Plate 3.8.1)
Completely crystallized: probably three Pattern was similar to
MF2 3.33 ] 6,33] 700 phases: gehlenite plus magnetite,
- 3 980 15 ; {a) Dark brown dendritic phase
850 _(b) A pleochroic phase
{c) Orange dendritic surface growth.
Completely crystallized. Scale of
MF24 4.321 3.71 700 5 080 | crystallization too fine to be able to gehlenite and wollastonite
SMF2B 5.64 ) 1.32] 850

with some ionic substitutions

SMF 3

"Not Heat Tfeated

- 081 -



TABLE 3.4.1.

ELECTRICAL PROPERTIES OF GLASSES IN SERIES SMH

LOG( RESI%TM)TY Activation | -1 . Y ph with
Glass p 1n ii.cm Energy o R
Glass 1 g4 MnO _ ot p , oo
293K | 400K | SOOK | 600K | (eV) R) (R) @ | &
sM15 | 0.49 3108 | 2186 | 1681 | 1346 | 203 |-655 | 7.78 19.3 3.62x10%°
sM16 | 1.04 26.82 | 1931 | 15.22 | 1251 | 1661 730 6.06 15.0 1.51x10%°
sM17 | 2.02 2460 | 1815 | 1466 | 1232 | 1431 6.06 | 4.85 12.0 1.88x1011
sSM11 | 6.22 2206 | 1655 | 13.50 | 1148 | 1249 2.70 | 3.32 823 | 2.25x10%C
sM18 | 9.46 2011 | 1487 | 1202 | 1008 | 1169 2.87 | 2.87 7.11 6.99x1010
sMiz | 12.41 | 19.02 | 1607 | 1138 | 9.60 1.105 2.58 | 2.61 6.48 - | 6.62x1010
10
sz | 1640 |27:36 | 1294 | 1055 | 8.7 0.988 196 | , 5 5.0 z.33><10ll T<T,
T = 535K 18.28 | 1331 | 10.61 | 8.83 1.109 3.48 34110 [ 75 71,
' ' ' 10
ovie | 2005 | 1690 | 1244 | 10.00 | 842 0999 | 227 | ,.0 | su0 a.ssxmlz T<T,
T = 508 1773 | 1276 | 10,06 | 8.28 1.110 4.72 ' L01x107 | T > T,

- [81 =



TABLE 3.4.1(a)

ELECTRICAL PROPERTIES OF GLASS-CERAMICS IN SERIES SMH

- I8l -

LOG RESISTIVITY Activation -1 R Y ph with
Glass % MnO : (p in Q.cm) Energy « T )
Code (W) o a =0
293k | 400k | sook | e0OK (ev) (A) (R) (A) L)
5
swusc | oue [1535 | 1276 | 1133 | 1040 o598 0.86 | , g7 J11 6°02xwu T <T,
1= 535 K 20,28 | 14.79 | 1L.81 9.84 | 1.222 4.36 382x10™ [T > T,
smizc | 1241 | 18.69 | 13.78 | 11.11 9.35| 1.097 281 | 261 6.48 1.00x10M1
10 |-
SMI3 | jeup [1791 | 1342 | 1099 9.39| 1.004 176 |, 5 .88 1.2£;><1UlT T<T,
T,= 526 K 19.04 | 13.88 | 11.08 9.23| 1150 3.34 2.98x10° [T T,
9 <
M3 | o4 | 1746 | 1309 | 108 9.36 |  0.956 156 | 555 .88 5.37x10IZ T<T,
T 546 K 19.59 | 14.14 | 11.18 9.22| 1.214 5.22 105x10°° [T > T,
smisC | 2075 | 2121 | 1535 | 1206 | 1004 1304 | 416 | 228 | 540 | 7.46x20M




TABLE 3.4.2.

ELECTRICAL PROPERTIES OF GLASSES AND GILLASS-CERAMICS IN SERIES SML

LOG RESISTIVITY Thctivation | -1 [, v ph with

Glass (p in ©2.cm) Energy P R

Code % MnO W) _ -0

293K 400K 500K 600K (ev) A) A) A) Y

SM 7 620 | 2667 | 1821 | 1470 | 12.38 | 1432 4.29 | 3.39 8.41 1.99x101!
smMe | 1227 | 2048 | 15.21 | 1235 | 1045 | 1178 2.75 | 2.68 6.66 7.91x1010
sM9 | 1644 | 1940 | 148 | 11.34 9.46 | 1.164 3.95 | 2.41 5.99 4.84x1011
sMio | 20.81 | 18.38 | 13.22 | 10.43 8.57 | 1.149 6.97 | 2.22 5.50 2.07x10%2
smic | 620 | 2180 | 16.20 | 1316 | 1115 | 1245 3.56 | 3.39 8.41 8.92x10'0
smioc | 2081 | 13.91 | 10.28 8.32 702 | 0817 2.49 | 2.22 5.50 1.21x10M
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TABLE 3.4.3.

ELECTRICAL PROPERTIES OF GLASSES IN SERIES BM

LOG RESISTIVITY Activation a-l . v ph with

Shas .| emno P A A B IO
:' 293K 400K 500K 600K (ev) (A) (A) | (A) (8-1)

BM7 | 483 | 2795 | 2032 | 166 | 13.41 | 1.688 174 | 406 | 10. 3.14x10%2
BM 5 4.50 | 2644 | 18.89 | 1478 | 12.06 | 1669 | -26.2 | .02 9.98 2.14x10%>
BM 8 as56 | 2551 | 1823 | 1427 | 164 | 1611 | -455 | 401 9.94" | 1.55x10%°
BM 6 9.8 | 2139 | 15.80 | 1277 | 1076 | 1.243 3.29 | 3.11 7.71 9.26x10'°0
BMo | 883 | mer | 1542 | 1260 | 1075 | 1156 | 242 [ 319 | 791 | L46xao™®
BMIO | 1431 | 1926 | 1407 | 1n40 | 957 | 1135 304 | 269 | 6.8 La2x10tt
BM11 | 19.88 | 17.59 | 12.89 | 1033 | 865 | 1052 3.00 { 239 | 593 | 2.16xw0™t
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[

'ELECTRICAL PROPERTIES OF GLASSES IN SERIES SF

TABLE 3.4.4.

LO% RESI{SITIVI)TY Activation -1 v ph with
Glass p 1n ii.cm Energy « o R
Caode | %Fe20 ) 5. . 5 « =0
203k | aook | sook | 00K (ev) @ | @ (A) D)
sc2 | o.258 | 25.55. | 1849 | 1465 | 1211 | 1623 136 | 7.65 19.0 . | L32x10%?
sk8 | osoa | 2652 | 195 | 1503 | 12.47 | 1631 53.0 | 6.13 15.2 5.68x10%°
_ _ ,
SF 7 osen 1198 | 1539 | 1312 | nez | 0940 206 | , o6 123 5.92x1l]11 T<T,
23.47 | 1732 | 1397 | 175 | 1368 6.05 L7310 [T 5T,
sFL2 | 3.47 15.54 | 11.85 9.86 8.54 | 0.830 2.23 | 3.24 8.03 | 7.37x10%°
. 10. A7 8.12 1.50 8.15x1G°
.y 520 13.74 0.77 9 0.674 " - X > T,
1426 | 10.66 B.72 743 | 0.811 2.71 . . 5.55x10 | T >T,
10
SF 4 204 12.05 9.14 7.58 6.55 |  0.660 206 | 557 ‘39 z.usnaolI T <T,
12.66 9.23 | - 7.38 615 | 0.774 4.15 sezao™ [T 5T,
5
o 5 0,96 11,40 B.74 7.31 637 | 0.607 165 | 3 5.7 9.59><10ll T <T,
11.90 8.64 6.80 5.72 | 0.737 3.87 52210 | T > T,

- GBI -



TABLE 3.4.4.(a)

ELECTRICAL PROPERTIES OF GLASS-CERAMICS IN SERIES SF

LOG RESISTIVITY Activation | -1 . v ph with
Glass | o c. (p in Q.cm) Energy P R
Code €23 - (W), @ =0
293K | 400K 500K 600K (ev) A) R) R) Y
10
10.25 7.81 6.50 5.64 | 0.559 2.37 2.61x10 _h.low v
SFéC | 520 5.55 759 | 6.32 559 | 0.542 7.3 | 284 7.04 5T1x10.0 Tigh
_ —
| 12.56 9,70 8,16 704 | 0.650 1.65 4.30x10° fLow v
SF4C | 7.04 12.12 9.38 7.90 6.9 | 0.625 1.65 | 27 6.39 4.38x10° |High ¥
| 10
8,30 6.24 5,13 6.41 | 0.477 2,31 7.10x1019 [Low v
SFSC | 9.96 8.25 | 610 | 495 | 419] 049 | 281 | 2?1 | 72 [T170x10'! [HeRV

- 981 -



TABLE 3.4.5.

£t ECTRICAL PRORERTIES OF SELECTED GLASSES AND GLASS-CERAMICS

IN SERIES SMF

%F8203 LOG RESISTIVITY Activation -1 v ph with
Glass (%Fe0) (p in Q.cm) Energy | ¢ o R
Code W) o o a =0
/ %MnO | 293K 400K | soox 600K (ev) (R) (R) (R) SN
0.14 13
SMF1 ~  |27.03 19.36 | 15.19 12.42 | 1.696 —ve 7.56 18.8 | 1.7x10
SMF2 3,33 - 3,00 3.32 8.23 | 4.1x10°° | Mn
~s 1898 14.19 | 11.58 9.86 | 1.072 o 26l s | Loao® |t
8.27 10
sMF2A | Feo 13.73 10.34 8.51 738 | 0.766 2.33_ | 2.99 742 | 1.7x1 09 Fe
3.55 1.90 2.66 659 | 9.6x10 ™
10.68 10
SMF2B | FeQ 12.67 9.39 7.61 6.46 | 0.743 2,87 2.75 6.81 | 8.7x10 . Fe
1.25 2.50 2.65 6.56 | 5.6x10 ™
10
SMF3 4.80 Sas 1691 | 1262 | 1029 B.76 | 0.961 2.75 2,99 .19 5""‘1010 Mo
. 1.80 2.30 5.69 | 1.5x10 ™
8.27 9
sMF2AC| FeO 10.83 8.32 6.97 609 | 0573 2.04 t 299 742 | 8.0 Fe
3.55 1.72 2.66 659 | 4.5x10° | ™™
10.68 7
smrzac | Feo 5.85 5.23 4.91 472 | 0.165 1.10 .75 6.81 6'9"107 Fe
1.25 1.10 2.65 6.56 | 4.4x10 ™

- £81 -



TABLE 3.4.6.

ELECTRICAL PROPERTIES OF IRON GLASSES WITH DIFFERENT REDOX RATIOS

LOG RESISTIVITY Activation | -1 v ph with
Glass 2+ ( in 2.cm) Energy |} ¢ p R .
Code E (%) (W) o o o =0

Fe total 293K 400K 500K 600K (ev) (A) (A) (A) (8‘1)

SF1.1 9.3 16.09 12.28 10.22 8.87 0.856 2,19 3.24 8.03 6.&5)(109
SF1.2 10.7 15.62 | 11.88 9.86 8.52 0.841 2,31 3.24 8.03 9.45x109
SF1.3 13.8 1534 | 11.71 9.75 8.45 0.819 | 2.16 3.24 8.03 5.84x109
SFl.4 14.9 15.56 11.84 9.82 8.50 0.838 2,22 3.24 8.03 7.22)(109
SF1.5 15.8 15.36 | 11.73 9.77 8.47 0.818 2.11 3.24 8.03 4.36)(109

~ 88l ~



"TABLE 3.4.7.

ELECTRICAL PROPERTIES OF IRON GLASSES WITH DIFFERENT REDOX RATIOS

LOG RESISTIVITY

Activation a-l N V ph with

(G:Ladses E§2+(%) {p in Q.cm) E"‘(ﬁ;‘)ﬂ ] 0'p F\:) ¢ -0
Fe, otal 293K 1 400K 500K 600K (ev) (A) (A) (A) (3-1)

SF3.1 44.5 15.14 | 11.53 9.57 8.28 0.815 2.18 3.42 8.49 4.12)(109
SF3.2 444 14.88 | 11.40 9.52 8.29 0.784 2,02 3.42 8.49 2.22x109
SF3.3 32.1 15.31 11.66 9.69 8.39 0.822 2.18 3.42 8.49 4.12)(109
SF3.4 22.2 15.12 | 11.54 9.-6[1 8.33 0.807 2.21 3.42 | B.49 4.52x109
SF3.5 15.0 15.69 | 11.98 9.97 8.65 0.836 2.24 3.42 8.49 5.08)(1[]9

-— 681 -



ABSORPTIVITY (em™')

)40-

Fig 3.1.I. OPTICAL ABSORPTION SPECTRA OF HIGH LIME
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ABSORPTIVITY (cm™)
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F‘S 3.5.1. Leog Q/Taga.msl:)‘r for hugh Lime
manganese aluminosilicate
_ SL‘a..sszs
- (Series 5MH)
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Fig. 33.2. Log€/T against /s for Low Lime
mangqanese aluminosclicate

alasses (Se.rie.s SML.);T_LL.
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Fig 3.3.3. Log Q/-r asa.f.nstyr for barium borale

alasses contalning manganese
(Series BM)
Bms

PMS
BMG
BMIO 7 BMIL

Q.10

Yrx\o* ()



- 207 -

Fig 3.3.4. Log €/ against T for
Fe,05-Ca0 -AL,03-Si0; glasses
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Fig 33.4 continved (Series SF)
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Fig 3.3.5. Log &/ against 4 for
MnO- Fe,0z-Ca0 —AL-‘_Os—s;Oz SLaSS'QS
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Figs 3.4.1 — 3.4.il.

Log € aqainst /T for glasses
and cr\js\:a.LLi.se.d glasses.
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Lo3 e aja.i.nst VT for SLasse.s
. and crasl:a.U..i.sed 3La.sse.s
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Leg @ a.aai.nst YT for glasses

30 .sed gqlasses.
and crystallised g ses SMIZCID

SIMID
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LOS e aﬂainsl: Vay for 3Lasses
_ and crasl:a.LLi.secl glasses.
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Log @ auaa.i.nst VT for glasses
and crystallised glasses.
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2@ agaunst YA for glasses
crﬂsl:a.LLbse.d sLa.sses
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Fig. 3.5.1..
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Fig. 3.5.5
LoG D.C. AND TOTAL RESISTIVITY

AGAINST V4 FOR SF4C

A(H31)
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Fig 3.5.9
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LOG A.C.Rgsm'rwmr AGAINST LOG FREQUENCY
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LoG AC RESISTINITY AGAINST LOG
FREQUENCTYT
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LOG A.C.RESISTIVITY AGAINST LOG FREQUENCY
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LoG A.C. RESISTIVITY AGAINST LOG FREQUENCY
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REALAND IMAGINARY COMPONENTS OF THE DIELECTRIC CONSTANT

AGALINST LOG FREQUENCY
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REAL AND | MAG N ARY COMPONENTS OF THE DIELECTRIC CONSTANT
AGAINST LOoG FREQUENCY
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REAL AND IMAGINARY COMPONENTS OF THE DIELECTRIC CONSTANT

AGHAINST LoG FREQUENCY
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REAL AHDIMAG INARY COMPOMNENTS OF THE DIELECTRIAC CONSTANT
AGKINST LOG FREQUEMNCGCY
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REALAND IMAGINARY CoMPONENTS oF THE DIELECTRIC CONSTANT
AGAINST LoG FRE QUENCY
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PLATE 3.1.1 SM7C

Section taken from the edge of the specimen showing dendritic growth
of anorthite from the surface and transverse section through dendrites
in bottom left hand corner. Small dark crystals between the dendrites

thought to be MnSiOj. x145 Observed with crossed polarizers.

PLATE 3.2.1 SM10C

Boundary between dense nucleation and residual glass with sparse nuc-
leation in the sample used for conductivity measurement. This arose

from inhomogeneity in the glass. x145 Plane polarized light.



PLATE 3.2.2 M10C

Isolated dendrite clearly showing the two phase structure. A pyroxene
phase has grown on the dendritic skeleton of a brown manganese-rich
phase (probably braunite).

x575 Plane polarized light.

PLATE 3.2.3 SM10C

Another dendrite with a similar structure to that in Plate 3.2.2

observed with partially crossed polarizers.

x575
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PLATE 3.2.4 M10C

Same dendrite as for Plate 3.2.3 but now observed with polarizers

fully crossed.

x575

PLATE 3.2.5 SM10C

Close-up of the structure of the dendrite arms.

x1450 Plane polarized light.
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PLATE 3.3.1 SM18C Short growth time.

Large tabular crystals of gehlenite growing in a glassy matrix.

The blue coloration is probably due to interference colours.

x145 Plane polarized light.

PLATE 3.3.2 SM18C Short growth time

Another crystal in the same sample as Plate 3.3.1. The actual size

was over | mm across. Note spherulitic morphology developing to the

right of the picture.

x145 Plane polarized light.
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PLATE 3.3.3 SM18C Longer growth time.

The spherulites had a diameter of over 2 mm and were made up of a
number of 'segments' distinguished by different interference colours.
The micrograph shows a typical segment and boundary region.

x145 Plane polarized light

PLATE 3.3.4 SM18C Longer growth time.

As in Plate 3.3.3. Note the increase in density of colour near the
-+

edge of the spherulite as a result of rejection of Mn3 into the

residual glass.

x145 Plane polarized light.
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PLATE 3.4.1 SM12C

Spherulite of gehlenite in a glassy matrix; the intersection between
three spherulites is shown. Interference colours are present and

also a brown rim in the residual glass around the spherulite from

build-up of rejected Mn3+

x145 Plane polarized light.



PLATE 3.5.1 SM13C 0.5 hr growth time.

This micrograph, obtained at high magnification, shows the early
~

stages of growth of Mn3+ rich dendrites in a glassy matrix.

x1450 Plane polarized light.

PLATE 3.5.2 SM13C 1.0 hr growth time.

The start of the crystallization of gehlenite from the residual glass

. +
observed between crossed polarizers. The extent of growth of the Mn3
dendrites is also apparent.

x575



PLATE 3.5.3 SM13C 1.0 hr growth time.

A more highly developed spherulite of gehlenite in the same sample
as that shown in Plate 3.5.2. The brown coloration may indicate
either that Mn3+ is incorporated into the gehlenite or a residual
glassy phase enriched in Mn3+ is present within the spherulite.

x575 Plane polarized light.

PLATE 3.5.4 SM13C 1.5 hr growth time.

The dendrites are now seen to have six arms which are mutually per-
pendicular. The glass in the immediate area of each dendrite is dep-

leted in Mn3+ and appears a lighter brown, x900 Plane polarized light.
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PLATE 3.5.5 SM13C 1.5 hr growth time.

A general low power view of both the manganese rich dendrites and

the bulk growth.

x145 Plane polarized light.

PLATE 3.5.6 SM13C 19 hr growth time.

The sample now appears completely crystalline. Three phases may be
distinguished: brown dendrites, a white phase surrounding the dend-~
rites which is probably gehlenite and a second brown phase in the bulk
crowth., The morphology of the third phase was impossible to determine.

%275 Plane polarized light.
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PLATE 3.6.1 SMI14C Crystal growth at 910°C.

The yellow areas are probably incompletely formed spherulites of

gehlenite in an unresolvable crystalline phase.

x145 Plane polarized light.

PLATE 3.6.2 SM14C Crystal growth at 910°C

Close up of an incompletely formed spherulite. The initial 'wheat-
sheaf ' shaped bundle of fibres is clearly seen. The phase surrounding
the sheaf may be of a different composition to the matrix because of

the difference in colour. x1440 Plane polarized light.
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PLATE 3.6.3 SM14C Crystal growth at 930°C

The increased crystal growth temperature has resulted in the growth
of more perfect spherulites which under crossed polarizers show the
characteristic "™altese Cross' effect. The matrix was still not

resolvable even at the highest magnification.

x145
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PLATE 3.7.1 SF6C Short crystal growth heat treatment.

Individual dendrites of a pyroxene phase growing in a glassy matrix

observed with partially crossed polarizers.

x145

PLATE 3.7.2 SF6C Long crystal growth heat treatment.

This sample is fully crystalline. The bulk crystallization appears
green and is the same pyroxene phase as in Plate 3.7.1. The orange
phase is surface growth possibly of gehlenite. The change in density

on crystallization has produced some micro-porosity.
x145 Plane polarized light.
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PLATE 3.8.1 SMF2C Short heat treatment.

Isolated dendrites growing in a glassy matrix. The growth on the

left is from the surface. Observation with partially crossed polarizers.
With longer growth times the crystallization was complete and the
microstructure resembled that of SF6 (Plate 3.7.2). The bulk phase

was brown and the surface growth orange in plane polarized light.

In isolated areas a third phase could be seen which exhibited green-

pink pleochroism.

x145
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PLATE 3.9.1 SMF 2AC

High magnification micrograph of the bulk internal growth of a

completely crystallized specimen.

x1440 Plane polarized light.

PLATE 3.9.2 SMF 2 BC

Medium magnification micrograph of the internally nucleated growth

in a completely crystallized specimen.

x575 Plane polarized light.
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A) SMI13C X 1,000 B) SM13C x 5,000

€y SM13C x 10,000 D) SM13C x 10,000

£y SsrH10C x 1,000 F) SM14C x 2,000



PLATE 3.11

A) SF4C x 1,000 B) SF4C x 5,000

C) SF4C x 2,000 D) SF4C x 5,000

E) SF4C x 2,000 F)SF4C x 10,000



PLATE 3.12

A) SM12C
Diffraction nattern of B)
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A) SM13C x 1,600 B) SM13C x 6,300

C) SM13C x 25,000 D) SM13C
Diffraction pattern of C

l'_

E) SM13C x 6,300 F) SM13C x 6,300
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A) SM13C x 10,000 B) SM13C
Diffraction pattern of A)

C) SM13C x 100,000 D) SM13C x 40,000

[ 5
——

E) SM13C x 40,000 F) SM13C x 40,000
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PLATE 3.15A SM10C

Backscattered electron image obtained by electron probe microanalysis

of a large dendrite in a glassy matrix. x 800 approx.

PLATE 3.15B sMI0C

EPMA micrograph of another dendrite as above. x 600 approx.
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PLATE 3.16

x 4,000 B) SM1O0a

A)SM10a
Diffraction pattern of A)

C) SM10b x 10,000 D) SMION x 4,000
E) Diffraction pattern of D) F) SMION x 25,000
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A) SMI1ON x 63,000 B) Diffraction pattern of A

C) SMI1ON x 40,000 D) Diffraction pattern of C

E) SMION x 25,000 F) Diffraction pattern of E
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x 25,000

B) SM1Oc

A) SM1Oc

Diffraction pattern of glass

x 40,000

D) SM1Oc

C) SM10c

Diffraction pattern of B

E) SM1O0c

F) SM10c

x 25,000

Diffraction pattern of E
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PLATE 3.19
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A) SF4 x 25,000 B) SF4 x 40,000

C) SF4 x 40,000 D) SF4 x 40,000

")) SF4
Diffraction pattern of D
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CHAPTER 4

DISCUSSION

4.1 Redox Ratios in the Glasses

4.1.1 Manganese

The attempts to produce glasses with a high proportion of Mn3+
have been described in Chapter 2, where it was concluded that the
presence of manganese with an oxidation state of greater than +2 in
the batch material had a negligible effect on the redox ratio
attained in the glass, even after very short melting times.
Evidently higher manganese oxides such as Mn02, Mn203 and compounds
thereof will rapidly dissociate or react at glass melting tempera-
tures, losing oxygen and leaving only about 107 of the total
manganese as Mn3+, the balance being Mn2+. This behaviour of the
manganese oxides is in accordance with the manganese-oxygen phase

(143)

diagram which predicts the following sequence of changes to

occur in alr with increasing temperature:

MnO, 35°¢ 1080°¢C

Mn20 + Mn30

3 + Mn0Q

Mn0 4

Therefore at 1400°C in air a mixture of Mn30a (z Mn203 + MnO)
and Mn0 1s expected, but because of the rapid rate of the reaction

it was not possible to follow the approach to equilibrium.

The oxidation of manganese in glasses initially containing
Mn2+ was much slower, as would be expected, since diffusion of
oxygen into the melt is probably the rate determining step. The
change of redox ratio could therefore be followed with time and the

results for several glasses are shown in Figure 4.1 (a).

Although the starting material did not affect the manganese
redox ratio, this was affected by the glass composition and melting

temperature as follows:

(a) In both silicate glass series SML and SMH, an increase
in the total amount of manganese in the glass gave rise to a
higher proportion of Mn3+.

(b) Comparison between glasses in the SML and SMH series

with nominally equivalent manganese concentrations reveals that the
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higher the basicity of the glass, as measured by the amount of
. . +
alkaline earth oxide, the higher the proportion of Mn3 , and,
+ .
(c) Mn3 was favoured by low melting temperatures as shown

by the pairs BM5/BM8 and BM6/BM9.

The equilibrium between the ions and the furnace atmosphere
may be expressed by the equation:
am® + 0, T 4>+ 207 @.1)

and the equilibrium constant for the reaction is given by:

a; 3+ 32 2
L 0 %.2)

aMn2+ p02

where a, represents the activity of species x and PO, is the partial

pressure (or fugacity) of oxygen in the furnace atmosphere.

For small proportions of TM ions in a glass it is reasonable
to assume that activity is proportional to concentration. Also
the oxygen ilon activity may be assumed constant for a given temp-
erature and glass composition. Therefore a plot of log p02
against log Mn3+/Mn2+ should have a slope of 4 1if equation 4.1 is
valid. The work of Johnston(l37) shows that such an equation
applies for manganese (and iron) in soda-silicate glasses. Johnston
(137) also investigated the temperature dependence of the equilib-
rium constants for the same glasses, finding that an increase in
melting temperature favoured the reduced state, as observed above,
and log K decreased linearly with 1/T. It is difficult, however,
to interpret this temperature dependence in thermodynamic terms
since the temperature dependence of the oxygen ion activity is not

known.

A problem arises when trying to explain finding (b) above in
the light of equation 4.], since an increase in the amount of basic
oxide, such as Ca0, would be expected to increase the oxygen ion
activity and hence decrease the proportion of Mn3+, at constant
temperature and p02’ by favouring the reverse reaction. This is
opposite to what was found experimentally. This has been observed
quite generally and has generated considerable debate in the
literature, from which there appears two possible explanations,

The first suggests that the equilibrium constant changes with

composition, which 1s not unexpected since concentration has been
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used instead of activity, which is only permitted from a thermo-
dynamic viewpoint for substances showing ideal behaviour, Activity
and concentration are linked by an activity coefficient (aMn2+ =
Y{Mn2+}) and it is possible that this changes with the basicity of
the glass. The second explanation is perhaps more understandable
in terms of a physical model and recognizes that the higher valence
state is the stronger Lewis acid and therefore has a greater
affinity for electrons from available Lewis bases, which in this
case are the oxygen anions. This effectively allows for the forma-
tion of TM ion—oxide ionic complexes and so the transfer of a sol-
vent oxide ion from the melt to the coordination shell of the oxi-

dised ion is included in the redox reaction:

w® 4+ jo, + - 1077 2 (a3 3 X" 4.3)

The equilibrium constant for this reaction now requires that
the Mn3+/Mn2+ ratio must increase as the basicity is increased at
constant temperature and oxygen fugacity, as found experimentally.
This situation is analagous to the oxide transfers incorporated in
the Mn2+/Mn7+ redox process in aqueous solutions i.e, the pro-

duction of the permanganate ion MnOA . Further discussion and

references can be found in reference 50.

Finally, it will be noted from Figure 4.1 (a) that the redox
ratios were almost constant after 3 - 4 hours melting, therefore
the typical melting time of 5 - 6 hours was sufficient to produce

an equilibrium redox ratio in the glass.

4.1.2 Iron

; . 3+
For the iron glasses, the process of reduction of Fe™ or

oxidation of Fe2+ when added to the melt was slow enough to allow
the approach to equilibrium to be studied. Results obtained for
the two glasses SFl and SF3 used to show the change of redox ratio

with time at constant temperature are presented in Figure 4.1 (b).

In contrast to the identical base glass containing a similar
proportion of manganese (SMI1), iron was present at equilibrium
largely in the oxidised state Fe3+. Glasses containing ferric ion
were slowly reduced and reached equilibrium within 24 hours. The
rest of the iron series were melted for about 5 hours and it can
be seen that although the glasses may not quite be at equilibrium,

they are within | - 27. Homogeneity of redex ratio throughout the
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melt was ensured by occasional stirring. Glasses could be pre-
pared with an appreciable proportion of fe2+ by adding iron to the
batch as ferrous oxalate. Furthermore, melting times were long
enough to enable a homogeneous glass to be produced, consistent
with high Fe2+ content. Uniformity of redox ratio was again en-—
sured by stirring. The results depicted in Figure 4.1 (b) are

similar to those found by other workers on similar glass systems(]35?

From the analysis of the redox ratios of the other iron glasses

(Table 3.2.4) it is seen that:

{(a} An increase in the melting temperature favoured the
reduced state as discussed in the previous section, and,

(b} The redox ratio (Fe2+/Fe ) decreased as the total

total

concentration of iron increased to 3.5% Fe203 but was then

approximately constant with further increases (Figure 4.2(a)).
Once again the equilibrium between the ions may be expressed

as either:

e+ 0, ¥ vt + 2077 .4)
or in the preferred form including the possible transfer of

oxygen solvent ions:

2+

Fe?* + 0, + G - )07 7 {Fe’o 3 BT “.5)

2

There is some evidence for the existence of FeOE, as in
aqueous solutions but which of either F83+ ar FeOE is favoured
will depend on the basicity of the glass. It was observed by
Budd(]44) that replacing Na20 by Cal in a sodé—lime—silicate glass
i.e. decreasing the basicity, caused an increase in the ferric:
ferrous ratio as predicted by equation 4.4, whereas the ratio in-
creased with an increase in basicity in alkali silicate glasses.
The situation for iron (and manganese) is not as clear as, for
example, Cr6+ which is nearly always present as the negative com-

plex chromate ion (CrOih) in glasses.

The variation of redox ratioc with temperature was exactly
equivalent to that for the manganese glasses discussed above, but
the effect of increasing the total TM oxide concentration was
different for the two elements. This is difficult to explain and
in the literature generally the effect of the redox oxide concen-

tration has not received such wide attention as that of melting
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atmosphere, temperature and the compositional dependence.

Weyl(l45)

has reported the work of Densem and Turner and also
Fuwa for iron in soda-lime-silicate glasses and these results are
reproduced in Figure 4.2(a). The agreement of the present study

is excellent in spite of the widely different base glasses. In
contrast, the results for the manganese glasses in series SMH when
plotted in the same way in figure 4.2(b), show no signs of levelling
off to a plateau, at least below 207 MnO. Other authors(146) have
observed a similar effect at lower concentrations of Fe203 (<0.5%)
but the reason for this behaviour is not known. The explanation
may be linked with a change in the basicity of the glass as more

™ oxide is added.

4.1.3 Mixed Manganese-Iron Glasses

The redox ratios discussed above were determined by chemical
analysis but as yet no technique has been developed to chemically

3+ and Mn2+/Mh3+ ratios in glasses

analyse the individual Fe2+/Fe
containing iron and manganese together. Physical methods must
therefore be used to estimate at least one of the redox states
(Mn3+ or Fe2+) which, along with a chemical estimation of the
remaining Mn3+ or Fe2+ when the glass has been dissolved and know—
ledge of the total TM oxide concentrations, will allow an
estimation of both redox ratios. The technique used in this study
was optical absorption spectroscopy, the results of which will be
discussed in greater detail in Section 4.2.3, however, the con-

2+ and Mn3+ have not

clusion of that work is relevant here; that Fe
been observed simultaneously in any glass. Glasses containing
equal proportions of iron and manganese contained small con-
centrations of Mn3+ but no evidence of Fe2+ could be detected.
Conversely, those glasses melted with an excess of iron over man-
gaﬁese retained Fe2+, but no Mn3+ was formed. As the stable
states of iron and manganese in these glasses are Fe3+ and Mn2+ it
is logical to assume that these constitute the balance. Therefore
only three of the possible four valence states are observed.

A number of authors have attempted to describe the interaction

(145) used the results of

between two redox couples in glass. Weyl
qualitative experiments to tabulate some of the commonly used redox
oxides in order of their increasing 'inner oxygen pressure'., Any

oxide will be oxidised by one placed above it in the table.
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(147) has plotted the Ellingham diagram for the pure oxides

Tress
and obtained results similar to those of Weyl. Both are shown in
Figure 4.3. These approaches are rather primitive and changes in
glass composition, TM oxide concentration or melting temperature
can result in the interchange of two couples. Both, however, would

predict the following result for iron and manganese:

Moot o+ Felt = Fedt + Mt

and it would appear from the present results that the ions react

stoichiometrically in the glasses as they would in water, There-
+ + . . g

fore Mn3 and Fe2 do not appear to coexist in these silicate

glasses.

This conclusion has been recognized for a long time, since

MnO2 has been used to decoleorize green ferrous glasses. Only

in the work of Ershov and Shul'ts(lls)

Mn2+, Mn3+, Fe2+ and Fe3+ could be present simultaneously in a

has it been reported that

glass. However, little justification was given for this state-

ment and their analysis technique could not determine absolute
3+ 3+ . , .

Mn and Fe concentrations, therefore their claim would appear

to be doubtful.

4.2 Optical Absorption Spectroscopy

4.2.1 Manganese Glasses

The main feature of the absorption spectra of manganese in
both borafe and silicate glasses was the single broad absorption
band centred between 2! 500 =~ 22 000 cm-1 (465 - 455 nm). There
was no evidence of the asymmetric absorption noted by Paul(zg) in
glasses with low alkali content. The wavenumber at maximum absorp-
tion depended upon both the base glass composition and more
particularly, the manganese ion concentration. The movement of the
peak to higher energy with increasing manganese concentration was
most clearly noted for series SML (Figure 3.1.2). This absorption

band is produced by the only spin-allowed transition of Mn3+ in

octahedral coordination: 5Eg - 5T .

2g
] The position of the band gives an apparent Aoct of n22 000
cm , which is high for an octahedral complex as a result of the
strong Jahn-Teller distortion. It is sligﬁtly higher than that of
the {Mn(H20)6}3+ ion (21 000 cm_l). Octahedral coordination is
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expected since the octahedral site preference energy is'high for a

d4 ion and so tetrahedral Mn3+ has not been observed in glasses,

For each series of glasses the absorptivity increased as the
propertion of manganese increased. The calculated molar absorp-
tivities were constant within each series of silicate glasses for
manganese concentrations of greater than 6% giving values of
274 + 3 1 mol™ cm! and 260 + 31 mol”! ™! for low (SML) and
high (SMH) lime glasses respectively. For concentrations of less
than 67, the molar absorptivities were outside these ranges but
this was probably due to inaccuracies in the redox ratio analysis.
In contrast, calculation of molar absorptivity in the borate
glasses did not produce a unique value. For glasses containing 57
manganese oxide the value was about 270 1 l:uol-l cm_] but fer
higher concentrations the molar absorptivity decreased to about
i50 1 mol'-1 cm_l. However, all these values are 30 - 50 times
higher than the molar absorptivity of the {Mn(H20)6}3+ ion in

crystalline CsMn(S0,)..12H,0%%),
472128,

No conclusive explanation for this can be offered although
(145)

have also found that the molar absorptivity
(29)

other authors
changes with concentration and base glass composition. Paul
explained the increase in intensity of Mn3+ with increasing
alkali content in terms of increasing covalency of the metal-
oxygen bonds and also invoked the idea of five-~fold coordinated
species, though it is not clear if such ideas can be applied

here. Certainly it is not obvious why a 57 increase in Mn0Q in

the borate glasses should bring about such a large change in molar
absorptivity whilst the same change in silicate glasses had no

such effect.

No other bands were observed, which is not surprising since

the Mn3+ absorption will completely obscure the spin-forbidden
bands of Mn2+, the strongest of which should be at ~23 000 cm_].

Therefore it is not possible to speculate on the coordination

of the Mn2+ ions from the optical absorption data.

4.2.2 Iron Glasses

- The principal features of the spectra of the iron glasses
were most clearly shown by those with small iron concentrations:

SF2, SF8 and SF7. These features were:
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(a) A broad absorption in the near infrared between

10 500 em ' and 11 000 em™' (950 - 910 nm).

(b) An ultraviolet absorption edge below 25 000 cm—] for

SF7 (400 nm), where the absorptivity increased rapidly with
wavenumber,

{c) A relatively broad band (shoulder) at the edge of the
cut-off at about 22 000 cm_l (455 nm) becoming more pronounced

as the iron concentration increased.

All were essentially unchanged as the concentrationm of iron
increased although the wavelength at which they each appeared
varied slightly. Most notable was the absorption cut—-off which
moved to longer wavelengths i,e. into the visible region,
reaching about 21 000 cm—] {476 nm) for glass 5F4. In this case
the absorption at 11 000 cm“i (910 nm} appeared almost as a
shoulder to the cut—off edge, making estimates of molar absorp-
tivity very difficult, The broad absorption shoulder previously
noted at 22 000 cm-] {455 nm) was completely obscured. Glass SFS5,
with the highest iron concentration was too intensely coloured
for any meaningful measurements to be made. Each of these three

features will now be discussed in turm.

. . . 2+ .
The broad infrared absorption can be assigned tg Fe” 1ions in

. . 6 . .
octahedral cocordination. The ground state of the d configuration

(SD) is split by the ligand field into 5T2 and 5E states and only

one spin-allowed transition can occur. The absorption is there-
5 5 . . .. .

fore due to the ng to Eg transition of the high spin ion 1n an

octahedral field. The position is similar to that of the

{Fe (H,0) }2+ ion, found at about 10 400 c:m-l (962 nm) in crystals

2776
and solution(27). The broadness of the absorption has been
attributed to dynamic Jahn~Teller splitting of the tg e3 con-

(32),

figuration by MeClure 3 indeed, as was reported in section

1.2.6.2, two maxima may be observed,

The centre of the absorption moved to higher wavenumbers as
the concentration of iron increased. The wavelengths of the

absorption were less than usually found for Fe2+ in glasses. For

+ . . ea s
example, Bates(ZT) quoted the band for Fe2 in a soda-lime-silicate
glass at 9100 cm-1 (1100 nm) and more recently Danielson and

(148)

Schreurs found values of 1080 - 1120 nm (8930 - 9260 cm_]}

2+ . . cq s -
for Fe  in a range of alkaline earth aluminosilicates. They

found that the shorter wavelength was favoured by high ratios of
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CaO/A1203.

any studied by Danielson and Schreurs

In the present study this ratio was much higher than
(148) and the silica content
was also much lower, thus the greater basicity of these glasses
could be the reason for the lower absorption wavelengths. The
change in the absorption peak with increasing Fe203 can also be

explained by an increase in the basicity.

Unlike some investigations of F32+ in glasses, a second
absorption band between 5000 - 10 000 ~::m—l was not observed in the
present study. The presence of the second band has been attributed
to either Jahn-Teller splitting or Fe2+ in tetrahedral coordination
depending on the magnitude of the splicting (2000 cm—] for the
former and ~5000 cm_l for the latter). It is now generally agreed,
however, that Fe2+ in octahedral symmetry may give rise to a second
band particularly if distortion is present. The actual wavelength
of this extra band will depend upon the size of site, increasing
as the site becomes larger. 1t is clear, however, that tetra-

+ . .
hedral Fe2 was not present in the glasses studied.

The absorptivity of the peak increased as the ferrous content
of the glasses increased but it was impossible to obtain a single
value for the molar absorptivity of ferrous ion. For glasses SF2

and SF7 the calculated value was 29.1 * 0.5 1 mol—l cm—l, which is

(35)

in good agreement with the work of Steele and Douglas who re-

ported a value of 28.9 1 tncrl_l c:m—I for a 30Na20-—705i02 glass
containing 0.57 Fe203. However, the molar absorptivity of Fe2+ in
silicate glasses is much greater than that of the {Fe(H20)6}2+ ion
(env1.81 mol_I em_]) and also Fe2+ in sodium borate glasses

(35) 1 -1

studied by Steele and Douglas for which ¢ v 3 1 mol  em

For the more concentrated iron glasses, the present study has
shown that the ferrous molar absorptivity rises to as high as
60 1 mol_] cm-] and the value is dependent on the ferric content
of the glass. For example, the molar absorptivities of glasses
SF1.1 and SFl.4 were between 51 - 53 1 mol—] cm-] but for glass
SF3.1, with approximately the same total iron concentration but
with a lower ferric comtent, the value was about 39 1 mc»]._l cm_l.
This phenomenon, which is found in certain glasses, resulting in a
high ferrous molar absorptivity which increases as the ferric con-
tent increases, may be the result of an interaction between Fez+

(27,

and Fe3+ as suggested by Weyl and Bates 145), but there is

little independent evidence for this. An alternative explanation
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is that the increase is due to the breakdown of the Laporte
selection rule arising from structural changes which cause static

' . . 14
distortion of the octahedral environment. Dunn et al( 9

explained
the change in e(Fe2+) in sodium borosilicate glasses as resulting
from distortion arising from the conversion of boron from three- to
four-fdld coordination. Although a chemical interaction or struc-—
tural change may be occurring as the concentration of iron is in-
creased, the increase in molar absorptivity could be due solely to
the additional intensity of the absorption contributed by the

charge transfer edge as it moves to longer wavelengths. Certainly
for SF6 and SF4 it was difficult to separate the two contributions

and so define the ferrous absorptivity exactly.

The second feature, the UV absorption edge, arises mainly
from the ferric charge transfer band centred at about 210 nm

(~.48 000 cm_l). The transition is Laporte allowed and thus the

intensity is very high (g ~ 3x103 1 mol_l cm_l). This band could
not be observed directly with the experimental equipment used, but
as the ferric concentration increased, the cut—-off edge moved
further into the visible spectrum because of the increase in the
absorption at 210 nm. A plot of the wavenumber at a given absorp-
tivity against ZFe3+ is shown in Figure 4.4, from which it can be
seen that the relationship is approximately linear indicating that

the absorption edge is mainly determined by the F33+ content.

The third feature was the shoulder in the ferric charge
transfer band at about 22 000 u::r:n"I (455 nm). As the only spin-
allowed transitions for either Fe2+ or F33+ have already been
accounted for, this must be due either to a spin-forbidden tran-
sition with high intensity or possibly an interionic charge
transfer transition.

The former explanation must be favoured at this stage and the
absorption is therefore assigned to ferric ion. As Fe3+ is a d5
ion, only spin—forbidden bands are predicted. These are likely to
be transitions to the quartet terms since those to the doublet
terms are doubly spin-forbidden and therefore probably not obser-
vable. As there is no LFSE for a d5 ion, neither octahedral or
tetrahedral coordination is preferred. Therefore, following Bates

27)

and assuming a value of Ao equal to 12 300 cm-I, which is

ct
127 smaller than that observed experimentally for {Fe(H20)6}3+,

and a Racah parameter B equal to 720 cm_l, gives the following
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transitions for octahedral coordination and alsc for tetrahedral

coordination assuming A = 4/94A :
tion 8o, /9 oc

t
Octahedral Tetrahedral
%, - ‘1, 13 600 cu | (735 am) 20 000 cm™ (500 nm)
6 4

A, > “T,(G) 17 600 em L (568 nm) 22 400 cm ) (4646 nm)

A, -+ “E %A 23 400 cn ' (427 nm) 23 400 cm ! (427 nm)

6Al -+ 4TZ(_D) 26 300 cm‘l(380 nm) 26 300 cm-l(380 mm )
These values have also been quoted by Steele and Douglas(Bs)
1)

and are similar to those calculated by Kurkjian and Sigety
(see section 1.2,6.2), whose work was, in turn, confirmed by

Edwards et a1(39).

Examination of the optical spectra found in this study shows
that for all glasses with iron contents up to 5% Fe203, a more or
less pronounced absorption band was observed at ~22 000 cm-l. For
the other iron glasses, including also SFl.4, any band at this
frequency was obscured by the UV cut-off., This absorption can
tentatively be assigned to the 6Al - 4TZ(G) transition of Fe3+ in a
tetrahedral site. However, this is difficult to confirm since in
most cases the other bands expected were not observed., In each
case it was not possible to observe any absorption bands at
23 400 or 26 300 cm

absorption at these frequencies can result from either tetrahedral

, though this is not so important since an

or octahedral ferric ion and therefore cannot be used as evidence
for one or the other. Also in most cases, no absorption band at
or below 20 000 c1:r.|—1 could be distinguished, with the exception of
SF3.1 and perhaps SFl.1, for which there was another band at

vi8 000 cm-l. This can be assigned to the 6A1 - 4T1 transition of
tetrahedral Fe3+, but could also be the 6A1 -r 4TZ(G) transition of

octahedral Fe3+. No band could be observed at 13 600 cm‘-l which
would be further indication of octahedral ferric ion though this
is near enough to the Fe2+ absorption to be masked if the absorp-

tivity is small,

Consideration of this evidence leads to the conclusion that

, 3+ . .
some, i1f not all, of the Fe  arein tetrahedral sites. The spectra

(41)

found were very similar to those found by Kurkjian and Sigety
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in a soda-silicate glass containing Fe203, where the absorption
band at ~22 000 cm_l was the only prominent one, particularly at
Fe203 qoncentrations of ~5%Z. In that work also, tetrahedral Fe3+
was suggested. Similarly the results may also be compared with the
reflection spectra of soda~lead-silicate glasses containing iron
measured by Edwards et a1(39), where below 25 000 cm_l two bands
were found, one at 18 500 mn—] and the other at 22 000 cm_l. Again

it was concluded that ferric ion was tetrahedrally coordinated,

It was not possible to calculate the absorptivity of the
ferric ligand field bands since the contribution of the UV edge was

(35)

not known. Steele and Douglas found that the two contributions
could be separated, at least for the 380 nm band, by using Urbach's
rule, which they noted was obeyed over the range 370 - 300 nm.
However, in the present study, measurements of absorption could not
be made accurately below ~380 nm, thus this procedure cannot be
used, It is obvioué though, even without quantitative calculations,
that the absorptivity of these spin-forbidden bands is high.
Certainly,tetrahedral coordination will increase the absorptivity
for the reason discussed previously, but an increase could also be
due to a phenomenon known as 'intensity stealing'. This allows

the intensity of a spin-forbidden ligand field tramsiticn to
increase when it ocecurs close to a charge transfer band because of
mixing of the electronic wavefunctions of the forbidden excited
term with the allowed level, resulting in transitions to the

excited term becoming more allowed.

The presence of octahedral ferric ion cannct be ruled out
completely since its transitions may not be observable for three
main reasons. Firstly, octahedral spin-forbidden transitions are
less intense than tetrahedral because, being centrosymmetric comp-—
lexes, relaxation of Laporte's rule is less likely to occur,
Secéndly, the positions of the octahedral absorption bands (568
and 735 nm) are further away from the charge transfer band, there-
fore 'intensity stealing’,if operating, would be much less and
thirdly, the band at 735 nm could be masked by the high absorptivity
of Fe2* in these glasses, Evidence of octahedral Fe* from other

sources will be briefly considered below.

The final effect that must be considered for the 22 000 cm_]
band is that an interionic charge transfer process is operating.

This initially would seem attractive for glasses with high iron
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contents for if hv = 22 000 cm“l for the Fe2++ Fe3+.photon
agsisted transfer, then WH is calculated to be 0,68 eV, This is
approximately the value of the total activation energy for these
glasses. However, this is probably fortuitous since the absorption
remains invarient with widely differing iron concentrations for
which the activation energy varies markedly. Also it has not been
possible to prepare the most concentrated iron glasses thin enough
for the band to be observed to see if its position changes at

high iron concentrations.

4.2.3 Mixed Manganese-Iron Glasses

4.2.3.1 Glasses With Equal Proportions of Iron and Manganese

These glasses were melted for a sufficient period of time to
be at or near equilibrium. By comparison with the spectra obtained
for glasses containing iron or manganese separately, one of the
obvious features of these glasses was the absence of any absorption
band between 5000 - 11 0QO0 cm-]. The high value of E(Fe2+)'in the
iron glasses discussed above would result in appreciable absorption
if any Fe2+ were present, therefore it must be concluded that Fe2+

is absent from these glasses,

SMF1 and SMF4 showed evidence of a single band at about
22 000 cmnl,below the ultraviolet edge, for which several explana-
tions can be advanced: a ligand field band of Fe3+ or Mn3+ or
some kind of interionic absorption. The presence of any absorption

due to Mn2+ will, of course, be completely masked.

8MF4 is, in effect, a combination of SMI5 and SF2. The absorp-
tivity at 22 000.<:tu-'1 is less than the sum of those for SMI15 and
SF2, therefore the sum of the oxidised species contributing to this
absorption, namely Fe3+ and Mn3+, must be less in the mixed glass.
It has already been stated that Fe2+ is absent, therefore, the
amount of Fe3+ is greater than in SF2 which should result in a
larger absorption if the peak is solely due to F33+. Therefore to
explain the curve for SMF4 it must be concluded that this glass
contains less Mn3+ than SM15. The glass was reddish-brown in
colour which confirms that this band is mainly due to the single
spin-allowed transition of Mn3+; Interionic charge transfer,
although a possibility, is very unlikely. A similar argument can

be applied to SMF5 which is in effect a combination of SM16 and SF8,
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although in this case the absorptivity of the sample could not be
measured below 19 000 ::m_1 because of the sample thickness,

However, the absorptivity of SMBP5 at 19 000 cm-l was less than the
sum of that due to SM16 and SF8 independently, which means that it
must contain less Mn3+ than @16. The presence of Mn3+ was again
confirmed by the characteristic colour. Finally, SMF2 (=SFIl + SMII)
also did not show a distinct band though it was measured to much
higher absorptivities, because of the cut-off. This absorption

cut—off will now be examined.

As it is proposed that all of the iron is present in the
ferric state, the absorption edge, which is mainly the result of
the ferric charge transfer band, should move to lower energies i.e.
into the visible region, compared with the iron only glasses. an+
and Mn3+ also have charge transfer bands in the UV but by examining
the manganese only spectra it can be seen that the effect of these

is small below 25 000 cmul, even for the most concentrated glasses.

Meaningful measurements could only be made for SMF4 and SMF2
since the absorption edge was included in these spectra. TFor
SMF4 the absorptivicy at 25 000 cm” ! was 8 cm_l and the sum of
that due to SMI5 and SF2 at the same wavenumber was "9 cm_I.
However, at that wavelength the Mn3+ absorption was appreciable
and as there was less Mn3+ in MF4 than in SM15, the manganese
component should be lower, whilst that of Fe3+ should be higher.
It is probably best to conclude from optical spectroscopy that the
behaviour of SMF4 is entirely due to the addition of the Mn3+ and

3+ . . . . .
Fe” absorptions and that no interaetion is occurring. EPR results

which support the opposite view will be discussed below.

The situation for SMF2 was a little clearer, the absorptivity
reached 150 cm_l at ~22 500 cmml. Now this glass contained iron
only as Fe3+, therefore it should contain more Fe3+ than SFIl.I,
which had ~97 Fe2+ and a nominally equivalent FeZO3 content., SFI.l
reached an absorptivity of 150 cm-] at ~v21 500/cm. Now whilst
this may not seem a great difference it must be remembered that
SMF2 contained some Mn3+, which has a high molar absorptivity.
Therefore it is concluded that the absorption edge for SMF2, once
the Mn3+ contribution has been subtracted, has moved to higher
energy, even though the proportion of Fe3+ has increased. This
is possibly indicative of some kind of interaction taking place

3+

. 2+ .
to form associates of the type Mn™ = 0 - Fe Further evidence
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for this will be considered subsequently.

It had been hoped that the optical absorption spectra would
give a quantitative estimate of the proportion of Mn3+, however,
this does not now seem to be possible for the following reasons,
Firstly, it is difficult to separate the relative contributions
of the Mn3+ and Fe3+ ligand field transitions and the Fe3+ charge
transfer band at 22 000 cm-I to determine the absorption due to -
manganese alone. Secondly, even if this could be achieved, it is
difficult to caleculate a reliable value for the Mn3+ molar

absorptivity from the single TM ion glasses as discussed above.

4,2.3.2 Glasses with an Excess of Iron Over Manganese

These glasses were melted for a short time to retain an

appreciable quantity of ferrous ion,

The presence of ferrous ion is clearly indicated in Figure
3;1.6 with the characteristic absorption around 11 000 cm_]. This
again can be attributed to Fe2+ in octahedral coordination. The
high proportion of iron in these glasses has brought the cut—off
edge to ~22 000 cm-l therefore it was not possible to see any
band due to Mn3+ or Fe3+. The colour of the glasses, however, was
typical of ferrous glasses and no reddish tint due to Mn3+ could
be discerned, therefore it is proposed that Mn3+ is absent, having

been completely reduced by Fe2+.

The actual proportion of Fe2+ can be estimated from the spec-
tra, Since Mn3+ is not thought to be present and an+ has weak
bands, the absorption at 11 000 cm_l must be due to F22+ with some
contribution from the cut-off edge as for the iron glasses SF6 and
SF4., The molar absorptivity of Fe2+ in SF6 was calculated as 57
1 mol-l cmml and using this value the redox ratio for SMF2A and
SMF2B is calculated as 18.57 and 20.97 respectively. Of course
these are only estimates as the value of E(Fe2+) is not exact, but
it is hoped that by using a value typical of the same iron concen-

tration as in the mixed glass, this error will be minimised,

The absence of Mn3+ allows the position of the absorption
edge to be correlated with the proportion of ferric ion, using the
plot in Figure 4.4. The percentage of Fe3+ has been calculated
from the analysed total iron content and the redox ratio determined
above and this has been plotted on the graph against the wave-

length at an absorptivity of 150 cm-l. It is seen that both glasses
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have a cut-off at a higher energy than would be expected from the pro-
portion of Fe3+ alone, indicating again the possibility of interaction
and associate formation. However, the scatter in the plot is appre-

ciable, as are the errors in the ZFe3+ estimation, therefore this can-

not be used as conclusive proof for associate formation.

4.3 Electron Paramagnetic Resonance Spectroscopy

4,3.1 Manganese Glasses

The EPR spectrum of the dilute manganese silicate glass SMI5

showed each of the three characteristic features usually associated

with Mn2+ in glass. The principal absorption was centred at g "~ 2.0
with six inflexions corresponding to the six hyperfine lines of 55Mn.

A second absorption appeared at g v 4.3 and finally a 'shoulder' to

the g ~ 2.0 line at g v 3.0. This final absorption was shifted from

its usual position in manganese glasses at g ~ 3.3. The hyperfine lines
were also less well resolved than in the work of other authors, using

a similar doping concentration, as a result of the greater inhomo-

geneous broadening by magnetic dipole-dipole interactions.
The spectrum may be described by a spin Hamiltonian of the form:

H - gBHS + D{Si —-;— S(S+1)} + E(Si - sé) + ASI (4.6)

but the EPR parameters have not been calculated., It is not possible

. . .. +
therefore, to estimate the ionicity of the an - oxygen bond from the
hyperfine coupling constant (A). However, even this information

. .. . 2+ . .
would be insufficient to infer the Mn coordination number.

With a much greater concentration of manganese, as found in SMI18,
the only feature which remained was a symmetric intense absorption at
g~ 2.0, though in this case the hyperfine lines were completely
washed out, The peak-peak bandwidth was, however, slightly less than
that for SMI5 at ~450 G. This information is not complete enough for

. . + . .
a description of the an site in these glasses to be advanced.

4.3.2 Iron Glasses

The spectrum of the dilute iron glass SF2 showed each of the
resonances expected for a glass containing a small proportion of Fe3+;
weak signals at g v 6.0 and 2.0, with the main signal at g ~ 4.3.

This indicates that the Fe3+ ions are isolated in the glass. The g ~

. . + . . .
4.3 resonance may be assigned to isolated Fe3 ions in a rhombically
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distorted octahedral or tetrahedral oxygen enviromment ( D large and
E/D ~ 1/3). However, the presence of a g ~ 6.0 resonance indicates
that some of the Fe3+ is present in axially distorted sites ( D large
and E~ 0). The g v 2.0 resonance is probably related to that at g ~
6.0, since they are the perpendicular and parallel g values of the
Kramers doublets where E/D = 0. As discussed above, it is not possible
to use the g v 4.3 and 2.0 resonances as a measure of the tetrahedral/

octahedral ferric ratio.

It was not possible, unfortunately, to measure the whole series
of iron glasses to follow the changes in the spectra with increasing
iron concentration. However, glass SF6 was measured after heat treat-
ment and this yielded the main resonance at g v 2,0 with only a small
signal at g ~ 4.3. The resonance at g ~ 6.0 had disappeared com-
pletely. There are two effects here; firstly the increase in ferric

ion concentration and secondly, the effect of crystallization.

Examination of the literature reveals that as the ferric ion
concentration 1s increased, the g = 6.0 resonance usually disappears
for glasses containing over 27 Fe203 and the g = 2.0 resonance inten-
sity increases at the expense of that at g = 4,3. The appearance of
the g = 2.0 resonance is no longer connected with weak crystal field
terms but may be attributed to clusters of paramagnetic ions contain-’
ing two or more ions coupled by exchange interactions. However, the
resonance centred on g = 2.0 is usually very broad; Kurkjian and

(41)

Sigety found a peak to peak linewidth of ~1.5 kG at g = 2.0 for a

5% Fe3+ glass and an even greater value was found by Loveridge and
Parke(sl) for a 107 Fe,0
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therefore typical of spin-spin interactions as the F33 interionic

glass. A broad resonance at g~ 2,0 is

separation decreases,

Examination of the EPR spectrum for SF6C reveals the the g ~ 2.0
absorption is narrow with a peak-peak linewidth of only 250 G. This
narrow resonance with a high intensity shows that sﬁin—spin inter-
action forming exchange coupled Fe3+ or Fe3+ - Fe2+ pairs or clusters
has not occurred. It is, however, indicative of the formation of
a crystalline phase. A similar sharp resonance (AH__ ~ 200 G) was
found by Friebele et a1(65) for iron phosphate glaszzs following heat
treatment. Phases rich in Fe3+, including magnetite, were identified
by X-ray diffraction analysis. OQther authors have identified similar

phases which are often ferrimagnetic. X-ray diffraction analysis of

SF6C suggested that fassaite, an iron containing pyroxene, was the
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" major crystalline phase and is therefore reponsible for the EPR
signal. The g ~ 2.0 resonance shows strong exchange narrowing and

is similar to the spectra of systems which show superparamagnetic
behaviour. Superparamagnetism cccurs when clusters of magnetic ions
become very strongly coupled through exchange forces to give a large
magnetic moment, whose energy is independent of orientation in space.
More extensive work would need to be performed to establish the

physical effects responsible for this rescnance.

The presence of a pronounced resonance at g ~ 4.3 in the spectrum
of SF&C suggests that some of the Fe3+ ions are not incorporated into
the crystalline phase and are still isolated, possibly in a residual
glassy phase. EPR can therefore be used to give evidence that F33+
-1s contained in the crystalline phase, since any build up in the res-
idual glassy phase should result in a breoad signal at g ~ 2.0 with
reduced intensity because of exchange interactions. A high intensity
(1 = 2 orders of magnitude} is certainly indicative of the presence

of crystalline phases.

4.3.3 Mixed Iron-Manganese Glasses

The signals from the three dilute mixed glasses SMFl, SMF4 and
SMF5 suffered severe attenuation. The receiver gain was so high that
the signals were very noisy and affected by the background resonance
of the quartz tube in the cavity, making the signal even harder to
recognize. Therefore these signals have not been reproduced and will

only be described.

For SMFl there was only a very small resconance at g ~ 4.3 but this
increased in intensity for SMF4 and again for SMF5. No resonance at
g v 2,0 was obvious for SMF! but it appeared for the other two glasses
and was greatest for SMF5. It was quite impossible to identify the
'fingerprint' hyperfine lines of Mn2+_because of the noise in the
signal, therefore it is not clear if the g ~ 2.0 signal is due to
Fe3+ or Mn2+. If it is the result of Fe3+ then the continued increase
in intensity of the g v 4.3 signal is surprising in the light of

previocus work on irom only glasses.

The reason for the attenuation of the signal compared to the
pronounced signals of the single iron and manganese dilute glasses is
uncertain but several possibilities can be advanced. It cannot be the

. . . . 2+ 3+ 3+ 2+ .
result of chemical interaction i.e. Fe” + Mn™ = Fe” + Mn~ , since
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although this has undoubtably occurred, both Mn2+ and Fe3+ exhibit
paramagnetic resonance and therefore the total signal of the mixed
glasses should increase, Cross relaxation processes between Fe3+ and
an+ also cammot be expected since both have long spin-lattice relaxa-
tion times; Fe2+ has a short Spin—latticé relaxation time but of
course is not present in this series of glasses. This leaves spin
diffusion within the an+ system or nuclear relaxation as two poss—
ible mechanisms. The third alternative, and one which must be fav-

. . . . 3+ 2+
oured at this stage, 1s that interaction between Fe and Mn has

occurred possibly to form associates. Since the proportion of Fe3+ is
considered to be greater than Mn2+ in this series, then some Fe3+ may
remain unaffected by Mn2+ and the g ~ 4.3 resonance probably results
from these free (unpaired) isolated Fe3+ ions. The resonance at g ~
2.0 therefore corresponds to the paired Mn2+ - Fe3+ agsociates. This
is also supported by the fact that the g value had changed slightly
in the mixed glass, by falling to 1.94 compared to 2 for the single
iron glass. Similar changes in g were explained by Bogomolovés3’64)

in terms of exchange interactions and associate formatiom.

The series of mixed glasses comprising SMF2, SMF2A and SMF2B was
also investigated. SMF2 had nominally equal irom and manganese con-—
centrations and showed a broad resonance at g ~ 2.0 with a linewidth
of 1000 G. There was only a very slight inflexion in the signal at
g ~ 4,3, The intensity of the g ~ 2.0 signal was high, though less
than the signal of &M18 which had a greater manganese concentration.
However, the linewidth was greater than that of SM18 indicating that

the resonance could not be due solely to Mn2+ but either Fe3+ - Fe3+

+ . . .
or Fe3 - an+ interactions, or possibly all three.

As manganese was replaced by iron through the series SMF2, SMF2A
and SMF2B, the intensity of the g ~ 2.0 resonance decreased but the
peak-peak linewidth increased. The g ~ 4.3 signal also increased in
intensity. These changes can only be explained once the species in
SMF2 has been identified. The g ~ 2.0 resonance cannot be associated
entirely with isolated Mn2+ ions because of the broad linewidth, there-
fore there must be a contribution from Mn2+ - Fe3+ or Fe3+ - Fe3+
pairs, If mixed pairs are responsible then there arises an anomaly
in that mixed Mn2+ - Fe3+ pairs were proposed to be the cause of the
decrease in intensity of the dilute glasses, whereas for SMF2 they
produce a considerable increase. It could be that the g~ 2.0 signal

. . . 24, 3+ 3+ .
is a mixture of isclated Mn ions and Fe™ -~ Fe clusters which are
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non~interacting, or if some mixed associates are present they cannot

be detected by EPR because of the low intensity of their signal. As
manganese is replaced by iron the intensity would then decrease because
of a reduction in the number of Mn2+ ions. This is reasonable since
an+ would appear to give 2 more intense signal than Fe3+. Accom-
panying this is an increase in Fe3+ clusters which although not affec-
ting the signal intensity, increases the linewidth by exchange coupling
(spin-spin interactions). Unfortunately it is not easy to explain

why the g ~ 4.3 resonance also increases except by assuming that the

. . 3+ . .
proportion of isolated Fe® 1ions increases.

The absence of any manganese hyperfine lines in these glasses
may result from spin diffusion, nuclear relaxation or associate form-
ation. However, it should be remembered that the hyperfine lines are
normally washed out at high concentrations by dipcle-dipole interac—
tions (e.g. SMI18). The absence cannot, therefore, be used as direct
evidence for associate formation. Unfortunately the actual g values
arourd 2 could not be measured with sufficient accuracy to observe any

variation which would support associate formation.

. ) 3+ 2+

In conclusion, therefore, although the idea of Fe - Mn~ asso-
ciates would appear attractive for the dilute glasses, there is little
positive evidence to suggest their presence in the more concentrated

glasses. More work would be needed to clarify this situation.

4.3.4 Conclusions Regarding Ionic Coordinations

Results from optical spectroscopy have indicated conclusively
3+ . cqs .
that Mn in these silicate and borate glasses 1s in octahedral co-
ordination. However, no information has been gained on the coordin-

. 2+ . . .
ation of Mn elther from optical or EPR spectroscopy. Previous work

(150,151)

by other authors using fluorescence spectroscopy has sug-

gested that Mn2+ is six-fold coordinated in borate glasses and four-

fold coordinated in silicate glasses. However, more recent work on

_ o (152)
Mn0 A1203 S:.O2 glasses

enviroMment 18 possible in certain silicate compositions. More work

has indicated that Mn2+ in an octahedral

. , + \ . . .
is therefore needed to clarify the an coordination since it canmnot

be stated with any certainty.

The situation is similar for ironm glasses, for whilst it can be
. s ; . 2+ .
definitely stated from optical absorption spectroscopy that Fe” 1is
. . . . . 3+,
in octahedral coordination, the situation for Fe is unclear. It can

be concluded that tetrahedral Fe3+ is present, as usually observed in
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silicate systems(AI), but it is difficult to confirm if octahedral
+ ;
Fe3 is present as well. The evidence of some other recent work

“2) observed

suggests that it may indeed be present. Fenstermacher
both six~-fold and four-fold cocrdinated Fe3+ in soda-lime-silicate
glasses though the identification of octahedral Fe3+ was difficult
for the reasons discussed above. Octahedral Fe3+ was also observed
in alkaline earth aluminosilicate glasses by Danielson and Schreurs
(148) when the ratio of alkaline earth/alumina was less than one,
since there were not enough alkaline earth ions remaining, after being
used by A13+ ions, to provide the necessary charge compensation for
tetrahedral ferric ion. 1In both of these studies, however, the

proportion of iron was small (<0.5% Fe203).

More pertinent results have been provided by M&ssbauer analysis
of Fe3+ in soda-lime=-silicate glasses containing 35 wtZ Fe203(]53).
it was found that a large fraction of ferric cations were octahed-
rally coordinated even when the ratio of Fe203 to modifying oxides

'(FeO, Na,0, Ca0) was less than unity and there were sufficient oxygen

2 H
anions to form tetrahedra around the ferric cations. In the analagous
case of Al,0,, this situation would not be found and all of the Al3+

273
would be- four-fold coordinated.
Further work, possibly using Missbauer spectroscopy, would need
to be undertaken to confirm the presence of octahedrally coordinated
ferric ion in glasses in series SF, however, its presence cannot be

completely ruled out at this stage.
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4.4 Effect of Composition on the Distance Between TM Ions

and the Polaron Radius

Values of the mean TM interionic spacing (R) and polaron radius
(rp) have been plotted against 7 TM oxide for each series of glasses
in Figures 4.5.1 - 4.5.4.

The behaviour of each series was similar. As the concentration
of ™ oxide increased from 0.57, the mean TM spacing initially de-
creased rapidly, but then the rate of decrease was reduced. In the
range of measurement for series SMH and SF the change in R was

approximately a factor of three,

The small polaron radius behaved in an identical manner, which is

not surprising considering that it is related to R by Bogomolov's

equation:

rp = ) (n/6). R (1.4.12)

By comparing the values of R (and rp) for different glass series,
it is found that the values for the two silicate series containing
manganese are very close, reflecting only the small change in density
between the two base glasses. This similarity 1s also seen for iron

and manganese glasses with equivalent compositions (SMH amd SF).

It should be noted at this point that the calculation of R assumes
a random distribution of ilons throughout the volume of the glass. The
absence of long range order and variations in short range order in-
herent in the glassy structure indicate that a value of R calculated
using such an assumption represents, at best, a mean of the actual
distribution of interionic spacings. A further possibility that should
be considered is that the TM ions are grouped in clusters, as suggested

by MacCrone and coworkers(94’109)

, in certain glass systems. The re-
sults from the present study have been examined with this possibility
in view but no evidence from spectroscopic or electrical measurements
for such clusters has been found. Finally, no signs of phase separat-—
ion have been detected in any of the glasses; therefore all glasses

are assumed to have a random distribution of TM iomns.

4.5 D.C. Resistivity Measurements of Glasses

Before considering the details of the dec resistivity results it
is necessary to mention scme of the problems encountered in pexr-

forming the resistance measurements.
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Generally it was impossible to obtain time independent resistivity
values for glasses or glass—ceramics with a resistance of greater than
about 10]3 . Measurements of the current flowing soon after the vol-
tage was applied were much higher than after a few minutes had passed.
The reason for this is thought to be the 'anomalous current' effect
arising from a slow dielectric relaxation within the glass. The ano-
malous current which flowed initially was | — 2 orders of magnitude
higher than the final dc value and decreased almost exponentially with
time. The time needed to establish the steady state de value depended
upon the resistivity and hence the temperature. It is likely that lo-

cal movement of the current carriers, which charges the specimen, is

responsible for this effect.

For the highly resistive glasses at lower temperatures (20 - 20006)
the o-nomalous current could take many minutes or even hours to decay,
therefore time dependent readings in this region have been ignored.
Failure to do this would result in a misleading change in the gradient
of the log p/T against I/T line, depending upon how soon the current

was measured after the voltage had been applied.

For some glasses the current changed with time at higher tempera-

tures at constant voltage. This may result from one of two mechanisms:

{a) Electrode Polarization; the current decreases with time.
This can only occur for ionically conducting glasses. It is the result
of ions becoming depleted at one electrode and piling up at the other,
which leads to the formation of blocking layers. Generally this elec-
trolytic effeet is difficult to observe for glasses having resistivities
of greater than IO7 f em because an excessive time is required to pass

sufficient charge to observe the decrease in the current,

(b) Joule heating; the current increases with time. When an
appreciable current flows through the specimen, the heat generated by
resistance heating can cause a temperature inecrease if not dissipated
away quickly. The condition can become self-propagating as the resis-—
tance decreases and the current consequently increases, until the

available current of the power supply is exceeded or the specimen melts.

4.5.1 Series SMH

The log p/T verses 1/T relationship for glasses containing between
1.0 = 12,47 Mn0Q has been shown to be linear with correlation coefficients

of greater than 0.9999. However, for glasses containing less than 1Z MnO
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or greater than 12.4% MnO, the-points obtained on the plot were best

described by two intersecting straight lines with different slopes.

The glass with the smallest concentration of Mn0 (SMI5 0.5%) had
a very high resistivity and all measurements of resistance increased
with time, even at the highest temperatures of measurement. The best
fit line was drawn through the two measurements made at the highest
temperatures as inclusion of data obtained at lower temperatures pro-—
duced a large decrease in gradient. This is a result of the anomalous
current discussed above. However, because of this, the errors invol-
ved in calculating the activation energy are large. The actual value
obtained of 2.04 eV is therefore subject to a larger error than is

normally associated with these measurements.

The data for glasses containing MnO concentrations of greater than
12.47 {(i.e. SMI13, 16.47 and SMl4, 20.87) were better described by two
intersecting straight lines, each fitted with a correlation coefficient
of 0.99998. The temperature of the intersection was 262°C for SMI3
and 235°C for SM14. The situation was marginal for SMI12, so a single

line has been fitted by ignoring the points at the highest temperature

of measurement.
The series can be conveniently divided into two groups:

(a) Glasses containing up to 7% Mn0, which exhibited a decrease
in activation energy and an increase in intercept on the log /T axis
as the concentration of Mn0 increased.

(b) Glasses containing more than 7% Mn0O, which were characterized
by an almost constant activation energy at temperatures higher than
the intersection temperature, if present. The values were 1.17 eV
for SM18 and 1.11 eV for SM12, SMI3 and SMl4. Ignoring any change in
gradient at low temperatures for the moment, the change in resistivity
in this group was entirely due te the change of the intercept, which

decreased steadily with increasing MnO.

This behaviour is clearly shown by the graph in Figure 4.6. It
should be noted that the figure of 77 MnO has been arbitrarily chosen
at present, since the change in intercept behaviour could lie any-

where between 3 - 8% Mn0O with the experimental data available.

This change in the behaviour of the intercept does not seem to have
a pronounced effect on the resistivity as calculated at three different
temperatures (Figure 4.7). Smooth curves could be drawn through the

points if an experimental error in the SMIIl data is assumed. Alterna-
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tively a discontinuity may be present between 6 and 9% Mn0, thus

recognizing the two groups above.

The effect of this difference in behaviour between the two
groups is more clearly observed by plotting both log p at various
temperatures and the activation energy against the mean separation of
manganese ions. This is shown in Figure 4,8, Considering the resis-
tivity, the data can be described by two straight lines which intersect
at R spacings of between 8 ~ 9 8. These values correspond tao concen-
trations of 7% and 57 Mn0 respectively i.e. within the range separating

the two groups.

The electron wavefunction decay constant { o ) was calculated by
interpreting the intercept of the log p/T - 1/T plot using the Mott
equation. This too shows interesting effects {(Table 3.4.1), For
glasses SM15 and SM16 containing 0.5Z7 and 1.07 MnO, u-l values were
large and negative. As such values are meaningless, o was set equal

to zero and values of the phonon frequency were calculated from:

- k 1
Intercept = log ( {ﬁgzﬁzETT:ET} © 3 ) (4.7)
ph
. ‘ 15 13 -1
This gave values of 4 x 107 and 2 x 10 8 for SMI5 and SM16

respectively. The former is greater than the value of 1 x ]013 s—!

usually accepted for this parameter but with the errors in fitting a
straight line to the data this is not surprising. The latter value is
in good agreement with the expected value suggesting that the tunnelling
term {exp -2aqR) in the Mott equation should be neglected. Therefore a
model of small polaron hopping may not be appropriate for these

glasses.,

For the remainder of series SMH, values of u-] were of the expec-
ted magnitude and sign. However, if small polaron formalism applies,
a_] is expected to decrease to a value which is less than the polaron
radius at a particular composition to satisfy the a_l < rp< R crite-
rion and then remain less than r_ at higher TM concentrations. For
series SMH, a_l was less than rppfor SM18 (9.4% Mn0) but then increased
to above rp with increasing MnO concentration. However, if values were
calculated for SMI3 and SM14 using the data from regression analysis
of the low slope line (i.e. T < TI), then the agreement with the above

criterion was more satisfactory (Figure 4.5.1).

It is concluded, therefore, that a number of different conduction
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mechanisms may be operating for glasses in series $MH depending on the
composition and measuring temperature. Their precise nature will be

discussed in greater detail in section 4.7,

4,5.2 Series SML

In most respects this series exhibited similar behaviour to that
of SMH but with the important difference that even for the glasses with
the highest Mn0 concentrations (equivalent to SMI3 and SM14), there was
no evidence of two slope behaviour of the log p/T = 1/T plot (Figure
3.2.2). For each composition a single line could be fitted to the data
using linear regression analysis, again with correlation coefficients

of greater than 0.9999.

The activation energy for each glass has been plotted against the
MnQ concentration in Figure 4.9. As for glasses in series SMH, the
three most concentrated glasses had an almost constant activation
energy: 1.17 eV (SM8), 1.16 eV (SM9) and 1.15 eV (SM10). These values
may be compared with 1.11 eV for SMI2Z, SMI3 and SMl4. However, the
activation energy for SM7 was substantially higher than its counterpart
in the SMH series (SM11). Figure 4.10 shows that the resistivity at

500 K decreased steadily with increasing manganese concentration.

Plots of W and log P500 against the mean separation of manganese
ions, shown in Figure 4.11, are not as informative as those for series
SMH because there are fewer data points. Although the activation ener-
gy starts to rise rapidly as R increases above 7 R, the effect of this

on log Psoo is not so apparent.

Calculation of a_l from the intercepts shows that the a—l < rp< R
criterion is never satisfied (Figure 4.5.2). The value of a—] de-
creased initially but then increased as the intercept became more
negative while the gradient remained constant. If o was set equal to
zero then the calculated phonon frequencies were | ~ 2 orders of mag-
nitude below 1 x 10]3 s-l (Table 3.4.2), therefore the tunnelling term
cannot be neglected completely and small polaron hopping with abnorm-~

ally high values of u-] may be operating.

4,5.3 Series BM

Correlaticn coefficients for the log p/T - t/T plots fitted by
linear regression analysis were 0.9998 or better. Two glasses (BM6 and
BM7) showed evidence of a change in slope for temperatures above 4500C,

possibly because of Joule heating, so this has been ignored in
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subsequent cdalculations and regression analysis was only applied to

the lower temperature part of the line.

Figure 4.9 shows that the decrease of activation energy with in-
creasing amounts of MnO for borate glasses melted between 1050°-1100°¢
was identical to series SML up to about 127 Mn0. Thereafter, however,
the values for the borate glasses did not become constant but decreased
to 1.05 eV for BMIl, The resistivity at 500 K also changed in a similar
way to the SML series but the resistivity of the borate glasses was
always less than that of glasses in series SML with equivalent mangan—
ese concentrations. This implies that the carrier mobility is higher

in the borate glasses (Figure 4.10)

The effect of the change in the mean separation of manganese ions
is shown in Figure 4.11. Both W and log P5gg 2Fe linear below 7.7 &
( ~9,57 Mn0), but appear toc show a change of slope at higher concen-

trations, although more data would be needed to clarify this.

Additional points have been entered on these plots representing
the two glasses (BM8 and BM9) melted at lower temperatures, both of
which contained higher fractions of Mn3+. In both cases the activation
energy was different from the glass melted at a higher temperature
and the difference was too large to be accounted for by density differ-
ences, leading to a change in R. Since all the other parameters for
these pairs should be constant, the activation energy would appear to
depend on the redox ratio, which is not accounted for by the Mott

equation. This aspect will be discussed in greater detail below.

Finally, calculation of q-l for the 57 Mn0 glasses again gave un-—
realistic values, but vph was calculated as 2 x 10]3 s—l when o was
set equal to zero. This again suggests that the tunnelling term is not
applicable to these glasses. Higher concentrations of Mn0 gave
reasonable values of a_l {Table 3.4.3) but in most cases u-l was grea-
ter than r_ (Figure 4.5.3). A small polaron conduction mechanism may

not therefore be applicable in the dilute glasses (BM5 and BM3).

4.5.4 Series SF

Dilute glasses SF2 and SF8, containing 0.5 and 1.07 Fe203, showed
a linear log p/T - 1/T plot (Figure 3.3.4). An interesting feature of
these two glasses is that SFZ had a lower resistivity than SF8 at all
temperatures, which implies that iron ions may not play a significant

role in the conduction process at this doping level.
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The most pronounced change in gradient of the 'two slope' glasses
was that shown by SF7 (2% FeZOB). At temperatures below the transition
temperature (TI = 3680C) the gradient, and hence the activation energy,
was slightly less than that of SF2 and S$F8. For lower temperatures,
the activation energy fell by 0.43 eV to a value which was typical

of glasses with higher iron concentrations,

Each of the remaining glasses, with one exception, showed two
slope behaviour. The transition temperatures were in the range 12649 -
156°C (much less than for SF7), but did not vary systematically with
iron concentration. The change in activation energy was 0.11 - 0.13 &V,
The exceptions were the glasses in series SF1 and SF3 (3.57 Fe203) but
it is believed that readings were not continued to low enough temper-

atures to observe the transition because of the high resistivity.

As for the manganese glasses, the data have been presented in two
ways, by plotting activation energy and log Psa0 against both the iron
concentration and the mean separation of iron ions. Figures 4.9 and
4,12 show the changes in activation energy, which decreased rapidly
with iron concentrations up to 3.5% F3203, which corresponds to a
mean iron separation of 8 R, and then decreased linearly with both
iron concentration and R. Considering the low temperature activation
energy of the two slope lines, Figure 4.12 shows that this also varied
linearly with R up to at least 12.3 R for SF7. This is surprising
since the intersection temperature was quite different between SF7 and
the other glasses, indicating that the mechanism responsible for the
change in slope could be different. Alsoc no change in slope could be
detected for SF1.2, whereas it,could for the lower iron containing

glass.

The log resistivity at 500 K also decreased steadily with in-
creasing amounts of Fe203 above 1 - 2Z. Figure 4.13 shows this
behaviour compared to the manganese glass series SMH. The resis-
tivities of the iron glasses were always less than the manganese
glasses by up to three orders of magnitude. This must mean that the
mobility of the carriers is greater in iron glasses as the difference
in the number of carriers, because of the redox ratio, cannot account

for such a large change. The log resistivity at 400 and 600 K appears
to decrease linearly with R below 9 - 10 2 (Figure 4,14).

The electron wavefunction decay constant o showed similar be-

haviour in the iron glasses to that in series SMH., For SF2 and SF8,
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calculations of a_l gave unreasonable values and when the tunnelling
term was neglected, the calculated values for the optical phonon
frequency were | x IO13 and 6 x 10]3 s_l respectively (Table 3.4.4).
For glasses containing above 2% Fe203, calculated a—l values were of
the same order as the small polarom radii; however, for the o < rp
condition to apply, values had to be calculated from the lower temper-
ature slope for SF7, SF4 and SF5 though not for S5F!.2 or SF6., For SF4
and SF5 the decrease in intercept at approximately the same activation
energy for the lower temperature slope gave rise to an increase in a .
These changes are shown in Figure 4.5.4. A small polaron conduction

mechanism would appear to be operating for glasses with >3.57% F2203.

4.5.5 Variation of Resistivity with Redox Ratio in Series SF

Figure 4,15 shows the variation of resistivity at 500 K and 600 K
with the fraction of total iron present as Fe2+. The individual
points are the experimental data for glasses SFl and SF3, but the lines
are not the best fit lines to describe these data. Instead these lines
have been calculated from the theoretical relationship of log p and

redox ratio as predicted by the Mott equation.

For a series of glasses with identical compositions but varying

redox ratio, the resistivity at a given temperature may be written as:

N S
P = Sl o (4.8)
where Py = ;——E%—Ezﬁz-exp ( 2aR} exp (- gf = constant 4.9)
' ph .

provided that the activation energy does not vary with the redox ratio,
If an arbitrary value of LN is assumed then it can be shown that the
log p against c plot gives a flat minimum between ¢ = 0.3 and 0.7.
Therefore glass SF3.2 with ¢ = 0.44 was chosen to calculate a value

of Py characteristic of glasses SFl and SF3; since Py will be less
sensitive to errors in log p and c for 0.3 < ¢ < 0.7 because of the
shape of the curve. SF3.] also had a ¢ value of 0.44 but was not chosen
because of the inhomogeneity already noted. Using this value of Py

the expected log p — ¢ relationship has been calculated and is showm
plotted in Figure 4.15. The individual points have an error band
corresponding to 0.1 of the log p value which is probably a reasonable
estimate of the reproducibility of these measurements between different

glasses. It is seen that there is reasonable agreement with the
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theoretical curve for all glasses except SFl,1, This indicatés that
the broad minimum predicted by the Mott equation is valid for these
glasses. Other workers have also found a minimum at ¢ = 0.5 for iron

glasses(gg).

Unfortunately only one data point exists for ¢ < 0.1, that of SF
1.1. It was not possible, therefore, to check on the increase of
resistivity below ¢ = 0.1 which may be steeper than predicted. Finally,
it is noted that SF1.2 - SF1.5 all have a lower resistivity than is
expected from the analysis. This is probably a result of the slight
increase in the iron concentration of the SF! series compared to SF3

which has not been included in the calculation.

Figure 4,16 shows that there is a dependence of the activation
energy on the redox ratio and the minimum in resistivity observed in
Figure 4.15 is also seen for the activation energy. Discussion of this

finding will be reserved for sectiomn 4.7.

Calculated values of a-l are given in Tables 3.4.6 and 3.4.7,
Considering the scatter in the resistivity and activation energy for
these glasses a-l values are surprisingly constant at 2.2 £ 0.1 R.
In all cases o< L which is good evidence for a small polaron

conduction mechanism.

4.5.6 Series SMF

The data for each glass in this series could be described by a
single line using linear regression analysis. No evidence of any two
slope behaviour was found and correlation coefficients were better than
0.9999., Figure 3.3.5 shows that the glasses in this series can be

divided into three groups according to their behaviour:

(a) SMFl: This glass stands apart from the other glasses in this
series because of its high resistivity and activation energy. The
values were typical of those of the dilute manganese and iron glasses
SMI15 and SF2. Figure 3.3.5 shows that the resistivity of SMFl was
only slightly less than that of the undoped base glass BG2, therefore
the contributien of TM ions to the conduction process is small. Op-
tical spectroscopy revealed that Mn3+, Mn2+ and Fe3+ were the likely
oxidation states of the ions, but the manganese redox ratio has not
been established. The small polaron hopping parameters have been cal-

culated, assuming a range of likely c values, but anl was always

negative. Calculations of phonon frequency assuming o = 0 gave values



- 287 -

in the range 2 x IO13 -1 x 10]4 s_l depending on the value of ¢
assumed. Electrical properties of the other dilute mixed glasses SMF4
and SMF5 were not measured but are not expected to be different to the

other dilute single TM glasses.

(b) SMF2 and 3: These were the only other glasses investigated
containing nominally equivalent concentrations of manganese and iron
(5:5 ratio). Again Mn3+, Mn2+ and Fe.3+ were the likely TM oxidation
states. Any polaron formation therefore must be localised on the Mn2+
ion as this is the only ion in a reduced oxidation state. However,
once an electric field has been applied a polaron site is surrounded
by two kinds of acceptor site, Mn3+ and Fe3+, to which it can hop.

It should be possible to determine which of these is dominant in the

conduction process.

Supposing initially that only hops between manganese ions are
favourable; the mean separation between manganese ions expected for
glasses with these compositions is recerded in Table 3.4.5. By using
Figure 4.8 it is possible to interpolate the log resistivity at 400,
500 and 600 K and also the activation energy for manganese glasses
with these R spacings. It is assumed that the iron ions do not inter-
fere. These values are tabulated with the data for SMF2 and SMF3 in
Table 4.1, It is immediately obvious that the activation energy is
reduced by ~0.2 eV from that expected for manganese only conduction
and the resistivity values are also correspondingly reduced. Con-
duction by manganese ions alone does not seem sufficient to explain the
results, and the changes are certainly too great to be explained by
differences in redox ratio. Therefore it is likely that ferric ions

enter the conduction process in some way.

The mean spacing of TM ions (whether Fe or Mn) is also given in
Table 3.4.5. Using these wvalues for SMF2 and SMF3 with Figure 4.8
gives values of both resistivities and activation energies which
are very near to those found for the mixed glasses. This suggests that

the mean T™ ion spacing is the important parameter.

This is a simplistic approach, but the use of manganese conduction
data can be defended in that it is basically hops between manganese ions
that are of interest, since Fez+ is not an energetically stable oxi-
dation state in these glasses. The ferric ions may be thought of as
providing a'bridge' between manganese donor and acceptor sites, thereby

lowering the interionic spacing R. The activation energy barrier is
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also reduced by such a bridge.

(c) SMF2A and SMF2B: This is a similar case to (b) above but in
this case, bearing in mind the optical absorption spectroscopy results,
there are two donor sites but only one acceptor site. The same ar-
guments have been applied and the relevant data are listed in Table
4.1: compiled from Table 3.4.5 with Figures 4.12, 4.13 and 4,14, 1In
this case iron glass data have been used since iron conduction will be
dominant because Mn3+ is not an energetically stable oxidation state
in these glasses. The two glasses will be treated separately, remem-

bering that the total TM oxide concentraticn i1s mominally identical.

For SMF2A the resistivity and activation energy were lower than
for the equivalent irom containing glass; however, the differences were
less than in the manganese case above and the possibility of redox ratio
changes may be important. The likely iron redox ratio was estimated
from optical spectroscopy yielding a value of 18.5%Z for SMF2A (section
4.2.3.2). The corresponding value from which data have been taken for
the single iron glass is 11Z. With the information from the previous
section that the c(l=-c) relationship appears to be obeyed for the iron
glasses, the resistivities of the single iron glass have been recal-
culated to that appropriate for ¢ = 18.57 and these are shown in Table
4.1. The resistivity of the mixed glass is.still lower than the
equivalent glass containing iron alene, even having compensated for

the differing redox ratios.

. . 2+ 3+
Calculation of the expected conduction parameters for Fe - Fe

conduction with mean TM separations equivalent to that in the mixed
glass reveals that in practice the resistivity of the mixed glass is
higher than would be predicted, although the activation energy is lower.
This probably means that although Fe2+ - Fe3+ conduction is predominant
in this glass, there is some effect of Mn2+ on the conduction process,
mainly in lowering the activation energy rather than increasing

the number of carriers. Its role is therefore more indirect than

the effect of Fe3+ in the mixed glasses in (b),which is probably

. . 2+ . 3+
explained in that Mn~ is a donor and Fe an acceptor.

SMF2B had the smallest proportion of manganese in the mixed glasses
but again the resistivity and activation energy were lower than that
expected for iron only conduction after taking the changes in redox
ratio into account. However, in this case, these values were also

3+

: +
lower than those calculated for Fe2 - Fe conduction with a value of
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R typical of the T™M - IM interionic spacing. Therefore once again
2+ . . . .

Mn ions must be affecting the conduction process and lowering the

activation energy. Further discussion of the conduction process in

mixed glasses will be given in section 4.7.4.

In conclusion therefore, for each of the mixed glasses the con-
duction process is predominantly that of the TM ion present in two
oxidation states and the observed activation emnergies are typical of
that process (i.e. >l eV for Mn in two redox states and 0.7 eV for
Fe in two states)., However, in each case the resistivity and activation
energy are lower than that expected for conduction between the two
redox states in a single TM oxide glass, even when redox ratio changes
have been taken into account. The dominant parameter seems to be the
mean T™ spacing which means that the mobility of the carriers, rather
than their number, is most affected by the presence of a second donor
or acceptor site, hence the change in activation energy. A change in
the number of donors or acceptors alone would not be expected to have

such a great effect on the activation energy

Finally, values of a-l are presented in Table 3.4.5. The results
have been calculated in two ways; firstly just for the element present
in two oxidation states, assuming that the second element does not
interfere, and secondly for both elements together. The values of

c used for these calculations have been chosen as follows:

3+ .
Mﬁl‘n =~ 0.1 for SMF2 and SMF3
total
F 2+
= « 0.2 for SMF2A and SMF2B
Fe
total
TM2+ )
™ o 0.5 for all glasses except SMF2B and,
total
2+
-?MT—”L—-— = 0.4 for SMF2B
total

. . . -1 2+ .
In practice, the variation in « for TM™ /TM ratios between

total
0.3 and 0.5 was small. It may be concluded from Table 3.4.5 that the
a-] < rp condition is satisfied for the concentrated glasses, therefore
a small polaron hopping conduction mechanism is ilikely to be

operating.
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4.6 A.C. Conductivity of the Glasses

A.C. conductivity and dielectric properties have been measured for
manganese glass 13, iron glasses SF1.5, SF3.4 and SF5 and mixed glas-
ses MF2A and SMF3. Similar measurements have also been made on selec-—
ted crystallized glasses but these results will be discussed in section
4,10 below. The total resistivity (ac + de) at a range of frequencies
has been plotted as a function of 1/T in Figures 3.5.,1 - 3.5.9. The

behaviour of each of the glasses was similar.

For lower temperatures in the range of measurement, the de con-—
ductivity was always lower than the ac conductivity. The actual differ-
ence between the two values depended greatly on the measuring frequency
and temperature: the lower the temperature and the higher the frequency
then the greater the difference. Typically, at low temperatures, an
increase in frequency from 100 Hz to 40 kHz decreased the resistivity by
1 = 2 orders of magnitude. As the temperature increased, the de com-—
ponent became the greater part of the conductivity until at high enough
temperatures the total conductivity and dc plots tended to join. At
high temperatures the effect of an increase in frequency on the conduc—
tivity was reduced and eventually the total measured conductivity ac a
given frequency became equal to the d¢ value. It is seen from the
curves in Figures 3.5.1 - 3.5.9 that the slope of the log total resis-
tivity = 1/T curve was glightly less than the de plot and decreased at
any particular temperature as the frequency increased. Similarly at

any fixed frequency, the slope decreased as the temperature decreased.

Room temperature resistivity measurements were limited and sub-
ambient measurements impossible because of the high resistivity of these
glasses., It is apparent, however, that the ac conductivity at suffic-
iently low temperatures is tending to become temperature independent.
This is most evident for the iron glasses measured down to room tem-—
perature (SF3.4 and SF5: Figures 3.5.4 and 3.5.6); however, it is
expected that the manganese and mixed glasses would show the same
behaviour, but the higher resistivity prevented measurements at low
encugh temperatures. For each of the glasses the slope of the log Peot
- 1/T curve inereased steadily with increasing temperature unlike some

of the crystallized glasses to be discussed below.

Values of the real and imaginary parts of the dielectric constant
(¢' and €") have been calculated and both have been plotted against
log frequency in Figures 3.7.1 - 3.7.9., Measurements were not made

below 100 Hz but it is seen for most glasses, at the lowest measuring
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temperatures, that £' is almost independent of frequency and does not
tend to increase rapidly in the low frequency range. It is found that

' does increase rapidly with decreasing frequency in ionically con-

€
ducting glasses. Values of ' and €" were lowest for SFI1.5 and SF3.4,
but increased with iron content up to SF5. Values for SMF2A, in which
mainly Fe2+ - Fe3+ pairs are responsible for conduction, were similar
to SF5 whilst the other mixed glass SMF3, with mainly an+ - Mn3+ con-
duction, had lower values of ¢', in the same temperature range, which

were similar to those of SM13.

The results for SF5 (Figure 3;7.6) showed the most interesting
behaviour amongst these glasses. At 23° and 98°C the dielectric loss
increased smoothly as the frequency decreased but for higher tempera-
tures a loss peak was observed which shifted to a higher frequency
as the temperature increased. Below the frequency corresponding to
the loss peak, the real part of the dielectric constant was constant
and can be taken as the static dielectric constant (as). This result
is simjlar to the dielectric dispersion noted by Hansen and Splann(loo)

in iron phosphate glasses.

The nature of the relaxation giving rise to this absorption has
been discussed above (section 1.4.5.1)}. Two possibilities have been
suggested: electron hopping between Fe2+ - Fe3+ pairs or Maxwell-
Wagner—Sillars polarization because of heterogeneity within the glass,
usually arising from micro-crystallization during annealing. No secon-
dary phase could be detected in SF5 by either X-~ray diffraction
analysis or optical microscopy, therefore unless it is proposed that
any secondary phase is below the detection limits of these techniques,
the absorption peaks must be assigned to Fe2+ - Fe3+ electron (or
polaron) hopping. The peaks therefore arise from a Debye-type dielec-
tric dispersioﬁ characterized by a particular relaxation frequency
and occur at a temperature at which the measuring frequency equals the

relaxation frequency.

No loss peaks were observed for the other glasses studied, though
in each case the magnitude of the dielectric loss increased with
increasing temperature. This probably indicates that a loss peak was
present at a lower frequency than measurements were made at and the
frequency of the peak increased with temperature, thereby increasing
the loss at measured frequencies. Similar dielectrie relaxations were
noted by Tsuchiya and‘Moriya(Ily’]ls) for phosphate glasses containing
Mn0 and Fezo3 but at much higher concentration levels (407 TM oxide).
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The loss peaks observed between 20 - 100°C were at lower frequencies
for the manganese glass (log fmax:-B.S to -1.5) than for the iron glass
(log fmax:l to 3) with the mixed glass lying inbetween (-1.5 to +0.5).
The behaviour of the glasses in the present study 1s in general agree-
ment with this, but the much lower concentrations prevented the actual
peaks being cbserved., It is uéually found that the smaller the dc con-
ductivity of the glass then the lower the relaxation frequency, if the

same hopping process determines both the ac and dc conductivities.

Apart from this apparent low frequency relaxation peak, the ac
data for TM oxide glasses at higher frequencies is often described by
the equation:

o(w) = Aw® G.10)

where n is usually a constant with values between 0.5 - 1.0. Plots of
log Pac against log frequency are shown in Figures 3.6.1 - 3.6.9 to

examine this relationship.

For SMI3 (Figure 3.6.1), the relationship was only obeyed over a
small frequency range. Calculated values of n from linear regression
analysis over the linear portions of the plots were in the range from
0.56 decreasing to 0.40 as the temperature increased. The decrease with
temperature is usually observed but values of less than 0.5 have not
been reported by other workers. The agreement for iron glasses SF1.5
and SF3.4 (Figures 3.6.3 and 3.6.4) was more satisfactory with n values
between 0.82 - 0.38, over nearly two decades of frequency, in the tem—
perature range 82° - 360°C. For SF5 the relationship was obeyed at
23° and 98°C with n ~ 0.7 but not at higher temperatures at which the
loss peaks were observed. Finally, agreement was good for the mixed
glass SMF2A but with n constant between 91° - 22IOC, though not so
good for SMF3, which was only linear over a small frequency range with

n values which were extremely temperature dependent.

The key to whether a linear relationship was found appeared to be
the behaviocur of the dielectric loss with frequency. For temperatures
at which the loss was almost independent of frequency, log P Was
proportional to log f with n values between 0.6 — 0.8. The more stron—
gly dependent the loss on frequency then a linear log Puc ~ log f plot
was not observed over the whole frequency range and n values were

outside the range above.

The ac response of these glasses may therefore be subdivided, as
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(69)

proposed by Owen , into a low frequency loss peak having a similar
activation energy to the dc conductivity, seen fully only for SF5,
and secondly a power law ac conductivity at higher frequencies as a
frequency independent loss is approached. The temperature dependence
of the loss peaks for SF5 could only be estimated because the precise
frequencies of the peaks were not known and only two data points were
available. However, the activation energy calculated by applying the

equation:

£lax © exp (= 8H  /KT) BCREY

was similar in magnitude to the de activation energy.

The ac conductivity in an alternating field of frequency w arising

from the hopping of carriers between pairs of isolated centres is

given by:

olw) = 55{—5—5%%293F (4.12)
and the dielectric loss by:

e = {Es T eg)ur 4.12a)

where €g and ¢_ are the static and high frequency dielectric constants
and T the relaxation time characterizing the delayed response. These
equations are examples of the Debye equations and seem to apply equally
well to both electronic and ionic conduction in glasses, with different
equations governing T depending if the carrier moves by phonon-assisted
quantum mechanical tunnelling between sites or is thermaily activated

over the barrier. ’

In practice, both TM oxide glasses and élasses displaying ionic
conduction show a broader peak in " than predicted by the Debye equa-
tion. This is because sites in a glass are expected to be distributed
with regard to spacing and energy, therefore the system must be cha-
racterized by a distribution of relaxation times rather than the single

time applied above.

The nature of this distribution of relaxation times has received

(100}

suggested a Gaussian distri-
(154,155)

great attention. Hansen and Splann
bution for iron phosphate glasses and Mansingh et al have alsoc
used a symmetric distribution. The latter authors have analysed the ac
conductivity results of several TM phosphate glass compositions in

terms of two components:
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o(w)total = Ul(w) + Uz(m)

where U](m) is dominant at low temperatures and is described in terms
of a Debye type process involving a distribution of relaxation times
and Uzﬁu), dominant at higher temperatures, is of the form o ~ w®

and can be described in terms of hopping conduction in a disordered
matrix. The physical interpretation of these mechanisms is that dlﬁu)
at low temperatures results from electron hopping near the Fermi level,
whilst oz(m) is due to carriers hopping near the mobility edge and
hence is temperature dependent.

(69)

Other authors (see Owen for detailed references) have put

forward different ideas to explain the broad loss peaks observed for
glasses, which do not inwvolve a distribution of relaxation times because
of the problem of physically interpreting such large distributions

cften spanning many decades of frequency.

(67)-

Mott and Davis (156)

and other authors, especially Pollak have
interpreted the power law ac conductivity in terms of hopping between
pairs of isolated sites situated close to the Fermi level, with a ran-
dom distribution of separation distances R, They show that for

phonon-assisted quantum mechanical tunnelling:

olw) = cEZ{N(EF)}Z kT ¢ w (In uph/w)l+ (4.13)

where C is a constant = /3 (Mott and Davis) or m3/96 (Pollak)

0.8 . .
It can be shown that 0 = w with this model, but n values >0.8
or that decrease with increasing temperature cannot be explained. Some

(87,157)

authors have used this equation to estimate the density of

states at the Fermi level for TM oxide glasses whilst Mansingh(lza)

has used the same equation to calculate the total density of states

active in ac conductivity,

This equation has been evaluated for iron glasses SF3.4 and SF5
together with mixed glass SMF2A, using values of ac conductivity

calculated at 1 x 104 Hz, u-l values from the dc conductivity cal-
13 -1

culations and assuming v, o= 1007 s . The values were:
19 -3 -1
3.1 x 107 cm ~ eV ° for SF3.4 at 355 K
2.0 x 102% e ev™! for sF5 at 371 K and,

6.7 x 1007 em ™3 ev”! for SMF2A at 364K

It is possible to use this information to estimate the carrier
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concentration:

Neff = N(E) . kT

At 300 K calculated values were as follows. In each case the
carrier density calculated from cN (i.e. the number of Fe2+ ions deter-
mined by chemical analysis) is included in parenthesis for comparison:

SF3.4 8.0x 107 em > & x 1029 en™)

SF5 5.0x 108 en™> (6 x 1029 ca™y

SF2A  2.0x 108 ca 2 (7 x 1020 em ™)

In each case it is clearly seen that the above equation yields an
effective carrier concentration which is 2 — 3 orders of magnitude
too small., Calculated carrier concentrations such as these could
indicate that only a small proportion of sites are involved in the ac
conduction process but it is more likely that the above equation is
not applicable to polarcnic semiconductors in this temperature range
(300 - 400 K). In terms of the two component behaviour of the vanadates

(154) it could be said that in the present study only

noted by Mansingh
the high temperature component is measured corresponding to conduction
at the band edge. The temperature dependent loss peaks may also result

from this process.

Finally, the similarity between the ac response of ionic and

(69)

polaronic oxide glasses has suggested to some workers that some
kind of common fine-scale heterogeneity in structure is responsible
for this "universal response’' especially the low frequency dielectric
loss peak. An alternative suggestion is that the glass network

rather than the mobile carriers may give part of the response.

4.7 Possible Conduction Mechanisms

4.7.1 Glasses Containing Small Concentrations of TM Tons

The conductivity of the glasses containing less than 2% TM oxide
(sM15, sSMl16, SM17, SF2, SF8, SF7 and SMF!) was small and appeared to be
insensitive to both the type of TM element and the amount present. It
was therefore decided to compare the resistivity of these glasses with
that of the base glass of this series (B52) which had the following
molar composition: 41.2% Ca0-9.17 A1203-49.7Z Si02.
The resistance measurements of BG2 did not show any obvicus in-

crease with time which would be indicative of an ionic conducticon
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mechanism. However, the high resistivity of this glass probably makes
polarization, due to electrolysis, unobservable because of the long
periods required to pass sufficient current. The log p/T - 1/T plot
has been included on Figure 3.3.4 to compare with the iron containing
glasses. It is seen that the base glass has only a marginally higher
resistivity than the dilute iron glasses and also that SF8 had a

higher resistivity than SF2 even though it had a higher iron content.

A plot of the data for BGZ on the manganese SMH plot would show that
the resistivity values lie between those of the 0.53% and 1.07 glasses.
By this it must be inferred that conduction in these glasses, except
SF7 at low temperatures, 13 not due to electron or polaron hopping
between TM ions but arises from the same mechanism responsible for con-
duction in the caleium aluminosilicate base glass. The similarity of
the activation energy of the dilute TM glasses (1.4 - 1.6 eV) with that
of the base glass (1.66 eV) alsc leads to this conclusion. Figure

3.3.5 shows that the mixed glass SMFl is also behaving in a similar

manner.

A theory of this sort was also suggested by the attempt to apply
the Mott equation to these results. The non-adiabatic polaron equa-
tion was inappropriate and reasonable values of the optical phonon
frequency were calculated by ignoring the tunnelling term. Clearly
any notion of adiabatic hopping at these concentration levels is non-—
sensical and the data are best described by the classical Arrhenius
relationship usually applied to ionic conduction in glasses. In fact
the equation due to Stevels given above (1.4.2) is similar mathemati-

cally to the adiabatic hopping equation and would appear to apply to

these glasses.

The nature of the conduction process operating in alkali free
caleium aluminosilicate glasses has still not been properly elucidated.

The obvious possibility is that Ca2+ ions are responsible; Schwartz

(158)

and MacKenzie observed an activatiom energy of 1.45 eV in a 40Cal-

605102 glass and suggested that Ca2+ ions were the current carriers.

(159)

Terai and Ohkawa , however, measured the self-diffusion coeffi-

cients of C32+ in a calcium alumincsilicate glass with a similar com-

position to that in the present study and found a diffusion activation

energy of 2.6 eV, which seems to suggest that Ca2+ is not responsible.

Owen(l60) has concluded that oxygen anions are the carriers in calcium

aluminoborate (CABAL) glasses though this has been disputed by Hagel
(161)

and MacKenzie even though their wvalues for dc activation energy
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and oxygen diffusivity activation energy were very similar, indicating
a common mechanism. The latter authors also included a slag glass with
composition 45Ca0-13A1203~425102 in their study which had a similar
activation energy for electrical conduction (1.59 eV) to the CABAL
glasses. The oxygen diffusivity, however, had an activation energy
which was much higher (2.6 eV) indicating that oxygen diffusion was

not responsible for electrical conduction. This has also been confir-

(159) mentioned previously, who

med by the work of Terai and Ohkawa
found that the self-diffusion coefficients of both caleium and oxygen
anions were similar in the solid slag glass; therefore it was inferred
that oxygen ion conduction was as unlikely as that due to caleium ions.
Owen(l62) has also suggested that a mechanism other than oXygen ion
conduction must be operating in calcium alumincsilicate glasses.

Considering the remaining ions in these glasses it seems quite

impossible for either Al3+ or Si4+

ions to migrate and therefore con-
duction must result from impurity ions introduced unintentionally into
the'glass. Mobile alkali ions from the batch materials are a possibil-
ity even though care was taken to use pure materials. Alternatively,
hydroxyl ions or protonic conduction produced by the dissociation of
water may be responsible. There is no evidence from the present study

to indicate which, if any, is most likely.

The important conclusion drawn from the behaviour of these dilute
TM glasses is that the TM ions have very little influence on the
conduction mechanism at such low concentrations. This is not surpris-
ing since mean TM interionic distances are greater than than 12 ® in
these glasses which probably makes polaron or electron hopping
impossible. Some kind of impurity is probably responsible for the

conductivicy.

The dramatic change in slope of SF7 (1% Fe203) at low temperatures
may suggest, however, that electronic processes cannot be ruled out
completely, particularly at temperatures for which insufficient thermal
energy is available for ionic movement. The activation energy deter-
mined for this glass (0.94 eV) is certainly within the range observed
for polaronic conduction in TM oxide glasses, though it is high for an
iron glass. The surprising fact that the activation energy of the low
slope portion of the plot varies linearly with interionic separation
up to 12 % has already been noted, though the satisfaction of the a_]
< rp < R eriterion is perhaps fortuitous. This probably arises because

the intercept on the log p/T = 1/T is high because of the high
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resistivity. The data, however, would seem to clearly indicate that
a classical model of polaron hopping is operating at low temperatures

until it becomes masked by ionic effects at higher temperatures.

Few other authors have investigated conduction in iron glasses
with such low concentrations and the present data are at variance with
most of that published. Hansen(gg) found an activation energy of 1.6
eV over an equivalent temperature range for a 57 Fe0 glass which was
the same as his base glass. Similarly, Ardelean(los) reported a value
of 1.21 eV for a 2F6203-98(33203.Pb0) glass with no two slope behaviour.
Anderson and MacCrone (109) noted that electronic conduction was obser-
ved in 1lead silicate glasses containing greacer than 1.5% FeZO3, but
as a result of conduction along chains of iron ions rather than random
hopping. The only work to which this study is comparable is that of
Bandyopadhyay et al(98) who measured an activation energy of 0.97 eV

for a 5Fe203—BaO—B203 glass. No two slope behaviour was noted however.

The behaviour of the equivalent manganese glass SM17 was similar
in some ways since although the resistivity was comparable to that of
SM16, the activation energy was reduced by 0.23 eV. However, an
activation energy of 1.4 eV is probably much too high for electronic
conduction. Therefore although the conduction mechanism may be diff-
erent to SM15 and SMI6 it is unlikely to be the result of electronic

conduction and a basically ionic mechanism is proposed.

4.7.2 Manganese glasses

4.7.2.1 Series SMH

The discussion in section 4.5.]1 divided the manganese glasses in
this series into two groups depending on the manganese concentration.
The difference between them is most clearly seen by plotting log p and
W against R (Figure 4.8). It is obvious that SMI1 is intermediate in
behaviour between the dilute glasses discussed in the previous section
and those with higher Mn0 concentrations. The latter group was charac-
terized by log p decreasing steeply and linearly with decreasing R.
This variation with R is strong evidence for an electronic or polaronic
conduction mechanism, since the decrease of three orders of magnitude
in p cannot be explained by only a five-fold increase in the number
of manganese ions. Hence it is the increase in the mobility of the
carriers, rather than their number, which is responsible for the in--

crease in conductivity. It would appear that R has a dominant effect

on the mobilicy.
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The behaviour of SM1] may be intermediate with regard to its resis-
tivity but the decrease in activation energy compared with the dilute
glasses indicates that another conduction mechanism 1s operating, poss-—
ibly electronic. Electronic or polarcnic hopping would therefore seem
to dominate below mean manganese ion spacings of A8 R with log p = R.
Such a cut—off is not significant from any structural viewpoint because
the density changes smoothly with increasing Mn0Q, hence there is no
evidence for a change in structure at this concentration which might
heighten the mobility. The value of 8 g probably reflects the distance
at which electron hops between manganese ions become unfavourable. Any
clustering of Mn ifons in the glass will reduce the effective value of R
within the cluster and would be expected to permit electronic conduc-
tivity in glasses with apparent mean R spacings of >8 2. Sucha
gsituation may be occurring in SMI1, Alternatively, when the ions are
toc far apart for direct hopping, then indirect hopping via an excited

(75)

state (e.g. the 45 conduction band) may take place , which will have

a higher activation energy.

Values of afl seem to support a polaron hopping mechanism for SM18,
SM12 and 13 (low slope) since the condition a_l < r < R was satis-
fied. Calculated values of a_] were in the range 2 - 3 R which is only
slightly higher than the range of 1 - 2 )1 expected from small polarom
theory. The agreement is therefore good, considering the relatively
low concentration of MnD in these glasses. The fact that this condit-
ion was not satisfied for SM!4 (low or high slope) does not necessarily
mean that the small polaron model is not applicable, since it is due
to a high value of ot as a result of the high activation energy
leading to a high (negative) intercept. It is not expected that a-l
should increase with the manganese concentration as was observed
(Figure 4.5.1). For SMIl, however, a—] > rp gives a good indication

that the small polaron mechanism may not be operating.

Bandyopadhyay et 31(87) have argued that high values of a_l obser-
ved for bharium borate glasses containing < 207 VZOS might be explained
by a2 non-random distribution of vanadium ions, The effective R is
therefore altered and as a-l is sensitive to the value of R assumed,
high values of a—l calculated using the mean R might not contradict
the thecry of polaron conduction. Such an explanation would seem
reasonable to explain their results for which a-1> r for glasses

containing up to 20% V,0. (corresponding to R > 5.5 ﬁ). In the present

275
-1

case, however, high a~" wvalues were only found for R > 8 % where the
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ions were probably far enough apart so that polaron hopping would be
expected to become difficult. The only exception was SMI4 which is a

result of the high activation energy.
The activation energies of these glasses showed three main features:

(a) The most concentrated glasses in series SMH (8M13 and SM14),
though not in series SML or BM, exhibited two slope behaviour,

{(b) Values of W derived from the high slope portion of the line
for SM13 and SM]A; along with that for SMI2, were almost constant.
Consequently the change in resistivity between these glasses was almost
entirely due to changes in the pre-exponential factor. Usually both
have an effect in TM oxide glasses.

(c) The values of W for all the manganese glasses were greater
than the range usually found for electromic conduction in TM oxide
glasses containing Ti, Fe and V ions.

Isard(163) has discussed the variation of W with N (and hence R)

and shown that WH should rise with increasing R to an asymptotic value
at R = @, For vanadium glasses with only one other oxide, the variation
of WH_with R was as predicted. However, for glasses containing a net-
work modifier, the increase in W was much steeper. Iron glasses con-—

versely, did not show this pronounced effect of network modifier.

For the manganese glasses a description of the relationship between
W and R is affected by the two slope behaviour. Such behaviour at high
temperatures has only previously been noted for certain iron glasses as
discussed in section 1.4.5.1, although most glasses show the continuous
decrease of activation energy expected at low temperatures as multi-—
phonon processes are frozen out. Of the possibilities advanced to ex-
plain this effect in iron glasses, that involving a difference in co-
ordination of the ions involved in the conduction process in different
temperature ranges would seem the most attractive; only ions in
identical coordinations can transfer electrons at lower temperatures,
whilst at higher temperatures, when more thermal energy is available,
electron transfer between ions in different coordinations is possible.

This introduces an additional term 4U into the activation energy.

(108)

Ardelean used this concept to explain a difference of 0.4 eV be-

tween high and low slope portions of his iron glasses. However, Isard
163 . . . .
(163) has argued that because of the high activation energy of the high

slope line, together with the fact that satisfactory values of a_l

could only be calculated from the low slope line, polaron hopping may
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not be operating at high temperatures.

In the present study, the similarity of the high slope activation
energy of SMI3 and SM14 with the activation energy of SM12 for which
polaron conduction is thought responsible, probably indicates that the
same mechanism is operating. This is in spite of the fact that a-l > rp
because of the value of the intercept with high W, The difference in
activation energy between the two slopes (vw0.1 eV} is much smaller than

(108)

that noted by Ardelean which also gives support to the idea that

the conduction process is basically the same in both ranges.

(108)

Ardelean also found that the high slope portion was best des-
cribed by the equation for adiabatic hopping. The high values of a_l
mean that exp (-2cR) tends to unity and calculations for SMI3 and SM14
with o = 0 yield values for Vph of 3 x 101| and 1 x 10'2 s_1 respec—
tively in the high slope portion. It is tempting to interpret this in
terms of adiabatic hopping in these glasses at high temperatures with
non—adiabatic hopping at lower temperatures, however, adiabatic hopping
is not expected for R > 5 8. Also there seems no theoretical evidence

for mixed adiabatic/non-adiabatic mechanisms.

The reason for the two slope behaviour cannot be stated conclus—
ively with the available data. Conduction in different phases above
and below TI does not seem likely since no evidence of any second phase
could be detected, unless the scale of separation was too fine to be
observed with the techniques used. A more attractive hypothesis
involves coordination differences. Conduction has been assumed to
result from polaron hopping between tetrahedral an+ ions and octa-
hedral Mn3+ ions and therefore incorporates a change in coordination,
which could explain the high activation energy. Other coordinations
of Mn3+ are very unlikely because of the large octahedral site pre-
ference energy for a d4 ion. Also the absorptivities at the Mn3+ peak
were consistent with all of the Mn3+ in 5MI13 and SMl4 present in octa-—
hedral coordination. However, octahedral coordination of Mn2+ is more
likely as there is no LFSE for a d5 ion. Therefore some octahedral an+
may be present in these glasses which would allow polaron hopping
between ions which are beth in similar environments. This would ceccur
at lower temperatures with a reduction in activation energy. The
coordination of the an+ could not be established by the techniques
used in the present study, therefore a more detailed spectroscopic

analysis would be needed to substantiate this hypothesis. The
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possibility of different structural arrangements around different
manganese ions with different hopping probabilities will also affect

the calculation of a"] and might explain the high values of u-] for
SMi3 and SM14 high slope lines.

It is interesting to note that glasses in series SML did not show
two slope behaviour even at the highest Mn0 concentration and activation
energies were a little higher (by 0.04 - 0.06 eV) than equivalent glass-—
es in series SMH (high slope portion). Therefore any change in coordin-
ation does not seem to occur in these glasses possibly because of the
different base glass composition or redox ratio. The difference in
activation energy between the two series may be explained by redox
ratio effeccts since the concentratcion of Mn3+ in series SML was

always less than in SMH.

Returning to the variation of W with ¥ and R, the almost constant
activation energy at high Mn0O concentrations is contrary to theoreti-—
cal predictions. Using equation 1.4.15 and following Isard's(163)
argument by ignoring the contribution of the electrostatic disorder

energy WD then:

It has been customary to derive e ard €g from electrical measure-~
ments but this usually gives Wﬁ values which are too small. Therefore
Isard(163) has suggested that it is more appropriate to regard ¢_ and
e, as limicing v?éueilat frequencies above and below the optical phonon
10 5

frequency of ;e is therefore taken as the square of the

optical refractive index and €g from high frequency electrical measure-
ments. Assuming the field strengths of the TM ions are similar to the

other cations in the glass, then ¢_ and Eg should be independent of ¥

and ¢ and equation 4.14 becomes:

W

A (-‘r-—%{-) G .15)

where A

2
e /(lﬁnaoep)

which is a constant for a parcicular system

In principle, the value of ¥ could be equated with the polaron

radius derived from Bogomolov's equation(ao), therefore:
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Wwo= &8¢ 2 - G.16)

R (n/6)1/3

but this requires that W is inversely proporticnal to R which is not

(163) has therefore suggested that r should

found in practice. Isard
be taken as a constant and hence the W against R curve as described
above was derived. A constant value of r does seem physically real-
istic since r defines the volume surrounding a T™M ion within which
“electronic polarization occurs, which should be constant for a given

glass system.
Equation 4.15 may therefore be written:

W = (const - %) G.17)

where the constant = |/r ahd assuming e_ = 2.5, €y = 8. The value

of Wis in eV and R and r in &.

Such an equation does not describe the behaviour of series SMH
but provides an excellent fit for SM8, SM9 and SMIO in the SML series,
yielding r = 0.753 8. series mt may be described with r = 0.78 2 but
the fit is not as good as for L. These values of r seem rather
small but it should be remembered that the analysis is relatively
unsophisticated; the total activation energy has been used instead
of WH,though WD and AU could be appreciable for manganese glasses
which would increase the value of r, Also, typical values have been
used for € ands% which will be slightly different for these particulaﬁ

compositions.

The anomalous behaviour of series SMH may simply be the result of
experimental error which masks the slow decrease of W with R, The
alternative explanation is that r increases slowly with R according

to the expression:
= ' ! -1
r = (A'+ 7 ) (4.18)

where A' = W/A 1s a constant for glasses with constant W.

In practice the increase in r would be small if this equation
applies; r changes from 0.84 to (.88 % as R increases from 5.4 & to
7.1 & with A' = 1. Such a change alsc seems physically acceptable,
although the difference between SMH and SML would be a problem if

this explanation were accepted. -

The high activation energy found for these glasses is in common
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with other studies of phosphate and silicate glasses containing man-
gaﬁese, even with manganese present in high proportions. All values
quoted are above | eV, This seems to be a general feature of TM oxide
glasses in which the lower oxidation state ion, usually TM2+, is pre-
dominant. Other examples include cobalt and nickel glasses which also
have high activation energies (>1.2 eV) and very low room temperature
conductivities (<10_16 Q-] cm_]). In these cases the conduction is
controlled by vacant pelaron sites and the conduction process can be
thought of as the movement of positive polaron holes based oun the

oxidised TM ions.

No satisfactory explanation of these high activation energies has
yet been put forward. Murawski(QS) suggested that it is the result
of an absence of higher valence states, however, this cannot be the
case in the present study since proportions of up to 25% of the
oxidised ion were observed. It may be true for Co and Ni glasses
though since Co3+ and N13+ are very rarely found in glass systems.
Therefore the reason for the high activation energy of manganese

glasses may be different.

One assumption often made when attempting to explain such large
values of W is that a structural differences term AU forms a significant
part of the activation energy. An estimate of AU requires a knowledge
of both WH and Wb. In principle Wb can be calculated from the Miller-
Abrahams equation (1.4.16), in the absence of low temperature con-
ductivity data, taking E, as the limiting low frequency dielectric
constant from ac electrical measurements. For SM13, g' at the lowest
frequency of measurement was 17 hence a value of 0.04 eV is calculated
for WD. .Such a value is reasonable for a TM oxide glass but probably
represents an upper value since € estimated from readings at ~500 Hz
is probably low. The disorder energy is therefore a minor part of the
total dc activation energy. The hopping energy is usually estimated
from the most concentrated glass of a series with TM oxide levels of
over 20%, since the magnitude of WD‘Or;ﬂgtifmﬁﬁpeCted to be small for
such a glass. This approach;na:)nit be.[\ for these manganese glasses
since W did not fall below ! eV which seems too high for WH. This
means therefore that either the most concentrated glass has an appre-
ciable AU component or WH is uncommonly high for manganese glasses.
This latter explanation is favoured if the assignment of the change in

activation energy between the two slopes in SM13 and SM14 to a AU term

is correct. This gives AU ~ 0.1 eV and hence WH v 0.9 for the most
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concentrated glasses.

Finally, it is sugpgested that such a high value of WH may be
realistic. From the analysis of Wﬁ outlined above it is clear that as
r increases, the value of Wﬁ decreases. Therefore the smaller the .
'volume' that the polaron is spread over, the higher the activation
energy for conduction., The value of r calculated above was 0.8 - 1.0 g
which is smaller than values calculated for Fe, V and Ti oxide glasses.
In the latter glasses r is in the range 1 - 2 8 and hence the polarcn
is less 'localized'. This is a feature of the lower hopping energy in
thegse glasses., It is difficult to speculate why Mn and Fe, though
neighbours in the periodic table, should behave so differently but the
answer may lie not with the preponderance of the reduced state in man-—
ganese glasses but rather the electronic configuration of the redox
states, For V, Ti, W and Mo, all of which have activation energies of
typically less than 0.8 eV in glass when present in appreciable concen-
trations, the oxidised state has a d0 electronic configuration whilst
the reduced state 1is dl. Similarly for iron the oxidised state is d5
and the reduced state d6. Generally speaking, the d0 or d5 configura-
tions would be expected to be more stable since the 5 d orbitals are
either empty or half full. The polaron therefore resides on a dl or
d6 ion on which the extra electron is not so strongly bonded and would
be expected to move more easily in an electric field. Contrast this
with manganese glasses for which the polaron resides on the 'stable'
d5 state. It would therefore be expected that the 'extra' electron
which forms part-of the d° configuration would be more strongly held
than for a d1 or d6 state and hence the loss of an electron through
polaron motion to form a less stable d4 would be more difficult. This
may explain the higher polaron binding energy and hence hopping energy
of manganese glasseas. If such a theory is correct then the discrepancy
between rp calculated from Bogomolov's equation and r calculated from
the activation energy must be explained., A similar discrepancy was

h(92) who sugges-—

also found for manganese glasses by Sayer and Mansing
ted that Bogomolov's equation might not be applicable because of a
large dispersion in the phonon spectrum. Also it is difficult to see
how low enough values of a_l could be calculated to satisfy the q-l <
r_criterion bearing in mind the high value of the gradient of the
log p/T = 1/T line which leads to a low value of log Py Polaron
theory requires values of a_I typically in the range | — 2 % but it
could be that higher values are acceptable when the activation energy

is high.
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4.7.2.2 Series SML

Much of the behaviour of glasses in series SML has already been
discussed as it is similar to series SMH (high slope). The high, al-
most constant, activation energy led to a sharply decreasing intercept
at 1/T = 0 from which calculated ol values increased with increasing
MnO. The ol < rp condition was never satisfied although d_lz rp for
M8 (Figure 4.5.2). 1In view of the similarity of the behaviour of SM8,
M9 and SMI10 with their counterparts in series SMH, it is believed that
the conduction mechanism is basically by polaron hopping although with
abnormally high values of U_]. However, the high activation energy
and resistivity of SM7 probably indicate that polaron conduction is not
operating because of the large separation of Mn ions. The suggestion,
as for glasses in series SMH, that high apl values are indicative of
adiabatic hopping may be ruled out on the grounds that R in these

glasses is too high to observe this.

The variation of p and W with R (Figure 4.11) is as expected. Log
P decreases almost linearly with R for manganese spacings below 7 o
and the activation energy changes slowly with R as predicted by the
analysis outlined above. The increase in W for R > 7 £ is a result

of a change in the conduction process and eventually ionic processes

will dominate.

4.7.2.3 Series BM

The three glasses containing 57 MnO (BM5, BM7 and BM8) behaved
like the dilute manganese silicate glasses SM15 and SM16 discussed
above. Activation energies were very high (1.62 ~ 1.69 eV) and a
simple Arrhenius relationship was more appropriate to describe the
data than the non-adiabatic polaron hopping equation. An ionic con-
duction mechanism was therefore suspected. The resistivity of the

(164)

base glass of this series was not measured but Gough et al have
investigated a similar glass with composition 37Ba0—3A1203-60B203.

The activation energy of a log p — 1/T plot for that glass was 1.69 eV
compared to 1.62 eV for a similar plot of BM5, suggesting that the con-
duction mechanism is the same for both. Gough et al(164) suggested con-
duction by oxygen ion migration, since the activation energy decreased
as the proportion of non-bridging oxygen ions inereased for a range

of alkaline earth alumincborate glasses and was not dependent on the

type of cation. Residual hydroxyl ions were also thought to affect

the conductivitcy.
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For the remainder of the borate glasses a polaronic conduction
mechanism is expected even though the a_l < rp condition was not
obeyed, with the single exception of EM9. Values of a-l did not rise
as high as those for series SML because the activation energy decreased
as the resistivity decreased, hence the intercept behaved differently
to ML; a—l values were only a little greater than rp calculated using

Bogemolov's equation (Figure 4.5.3).

One unexpected result in this series was the dependence of the
activation energy on the redox ratio. The analysis of the relationship
between W and R may be extended to include the effect of ¢ as follows.
For ¢ > 4, R will be determined by half the mean separation of the

16
oxidised TM ions, which, if they are uniformly distributed, leads to:( 3

R = —4 R /(2(1-¢)1/3) 4.19)
3V{I-c)N e

where R is the mean TM ion spacing. The activation energy may

therefore be written:

—c)1/3
w, = (L_2U=e) 77, (4.20)

H T R
o

Values for BM6 and BM9 substituted into this equation did not
yield consistent values for r, hence the change in WH is too great to
be explained simply by changes in c and R. This is difficult to
understand remembering the close similarity of these glasses and may
reflect experimental errors in the data rather than any difference in

structure.

4,7.2.4 Effect of Base Glass Composition

Comparison of these three glass series can be used to gain
information on the effect of base glass composition on the conductivity
of a given TM ion. A comparison of Figure 4.7 with 4.10 reveals that
the conductivity was highest for a given concentration of MnO in series
SMH and lowest in series SML, with borate glasses showing intermediate
behaviour. The difference between SMH and SML glasses was over an
order of magnitude for Mn(0 concentrations less than 157 which is too
high to be the result solely of differences in redox ratio. Therefore
it is the different mobility of the carriers in these silicate glasses
rather than the small difference in carrier concentration that is
responsible for the change in conductivity. Equation 1.4.26 shows
that R and W are mainly responsible for altering the mobility, whilst

changes in the optical phonon frequency and u_l will have only a minor
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effect for glasses with similar compositions. A comparison of Figures
4.8 and 4.11 shows that the difference in mobility between SML and SMH
is mainly due to changes in activation energy since the R spacings

are similar because the densities are nearly equal. Conversely, R has
a major effect in determining differences between series SMH and BM,
since when the resistivity is plotted against R, series BM lies below
SMH because of the difference in density. Finally, the effect of base
glass on the activation energy is shown in Figure 4.9. The common
curve for SML and BM for Mn0 concentrations of less than 12% is sur-
prising considering the different structures of these glasses but Figure
4.11 shows that for a given R spacing borate glasses have a lower
activation energy than glasses in series SML. SMH glasses always had

a lower activation energy than those in SML which cannot be explained
simply in terms of R and ¢, and the difference in behaviour of the

borate glasses is clearly seen.

The effect of base glass composition on TM oxide glasses has not
received a great amount of attention. Munakata(llo) investigated the
effect of the network modifier ion on the conductivity of V205 glasses
and explained differences in terms of the ionic field strength of the
modifier ion. Kennedy and MacKenzie(lll) studied the effect of the
network former also on V205 glasses and concluded that it too had a
real effect. They found that changes arose from differences in carrier

mobility rather than concentration but could not explain their findings

in detail.

The present study has shown that the base glass will affect the
conductivity by varying a number of parameters in the equations
describing small polaron hopping conduction., For different glasses
with constant TM oxide concentration the conductivity is first affected
by changes in redox ratio since this alters the number of carriers.
Changes in carrier mobility are brought about through the density,
which affects R, and also the activation energy. The activation energy
itself comprises several components (WH, W

D
depend on R and ¢ as described above whilst any changes in the structure

and possibly AU); W will

of the glass would be expected to alter Wb and AU. WH will also be
affected by changes in €_ and, to a lesser extent €g» both of which
depend on the polarizability of the oxygen ions and of the oxygen-—
cation bonds. A complete deseription of the effect of the base glass
is therefore very complicated and requires detailed knowledge of the
glass structure, TM ionic environment and bonding, as well as macro-

scopic properties.
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4.7.3 Iron Glasses

The iron glasses could be divided into two groups in a similar
way to the manganese glasses; those with low iron concentrations
discussed above and those with higher concentrations for which the
decrease in log o with R was linear. TFor the latter group, with Fe203
concentrations of greater than 3.5%, a non-adiabatic small pelaron
hopping conduction model is thought appropriate since the data were
described by the Mott equation, although some modification is necessary

to account for the two slope behaviour.

Polaronic conduction seems to occur at higher temperatures for R
spacings of less than 9 R, whilst at lower temperatures it seems to
operate up to R spacings of 12 & (for SF7). The former value may be
compared to 8 8 found for manganese glasses. Once again this probably
signifies the distance above which direct polaron hops become unfavour-
able., At lower temperatures the longer hops may be accomplished in-
directly, possibly via the band edge, although further evidence, such

as thermopower measurements, would be needed to verify this.

Support for a classical form of small polaron hopping is given by
the behaviocur of the resistivity with the redox ratio. This showed a
broad minimum apparently centred on ¢ = 0.5 as predicted by the Mott

(99). Unfortunately

equation and found by other workers on iron glasses
it was not possible to melt glasses in air to produce ¢ > 0.5 or < 0.09

therefore only a portion of the curve could be studied.

Further support for small polaron conduction was given by the mag-
nitude and behaviour of a_l. Values derived from the low slope lines
for all the glasses showing pelaronic conduction were in the range
| = 3% and in each case were less than rp calculated using

Bogomolov's equation.

As for the manganese glasses the major feature of the dc resis-
tivity results requiring explanation was the two slope behaviour. The
difference in activation energy of (.12 eV between the slopes was less
(108) although about the same as that

(108) noted that both Fe2+ and Fe3+ were

than that observed by Ardelean
found by Hansen(gg). Ardelean
in octahedral and tetrahedral sites in his glasses and explained the

change in slope in terms of these different coordinations. For T > TI

the data were better described by an adiabatic hopping equation.

Once again it is argued for the present glasses that the similarity
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of the high slope activation energy with those of SFI and SF3 glasses,
for which small polaron conduction has been shown to be operating,
means that the mechanism is the same. This is in spite of the fact
that a_l values for this portion were "4 % and hence greater than r .
The activation energy was, however, < 0.8 eV which is reasonable for
electronic conduction. There is no evidence of an adiabatic mechanism
for T > TI’ since calculations of vph with o = 0 gave values of 5 x
IO1I s_l which is lower than that usually accepted. Also R was always
greater than 5 £ and adiabatie hopping is only expected at smaller

distances.

The difference in activation energy, therefore, may be equal to a
M term required to equalise centres with different coordinations

before hopping can occur at T » T_, whilst for T < T_ for the most

I I

concentrated glasses, conduction takes place between ions in similar
environments. Optical absorptiom spectroscopy of the irom glasses
revealed that Fe2+ was present only in octahedral coordination. Fe3+
was thought to be in mainly tetrahedral coordination though in this
case octahedral coordination 1is possible and could not he ruled out.
It is therefore suggested that Fe3+ is present in octahedral sites for
higher concentrations of Fe203 thus hopping between identical or
different coordinations is possible depending on the temperature
range. The different structural arrangements might lead to difficul-
ties in calculating u_l using the Mott equation which could explain

the high values for the high slope lines.

It is possible to separate the total activation energy of SF1.5,
SF3.4 and SF5 into the separate contributions since dielectric con-
stants are available from the ac conductivity measurements. The
disorder energy may be estimated from the Miller-Abrahams equation
(1.4.16) taking a value of 19 for the static dielectric constant
measured at 200 Hz for SF5. This gives W_ " 0.04 eV which seems

D
reasonable since W, is expected to be small for irom glasses.

Assuming that therz igs no AU contribution to the lower temperature
slope then WH (=W-%WD) = 0.587 eV. This compares with values deter-
mined by other workers for a similar R spacing on widely differing
glass systems.

(

Austin 75).has argued that only a small part of the activation
energy of this magnitude can be due to hopping since optical data on
ferrites indicated that WH for Fe2+ - Fe3+ transport was < 0.2 eV,

The difference between this and the activation enmergy of an iron
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phosphate glass was suggested to be accounted for by a AU term of
the order of 0.5 &V, which is much higher than the value quoted above.
It is therefore pertinent to enquire if a value of 0.6 eV for the

hopping energy is realistic.

Using equation 4.15 and putting €% £y = n2 with the optical
refractive index n = 1.53, gave a value of 1.8 R for r which is smaller
than that calculated from Bogomolov's equation (2.3 3). Alternatively,
using this latter value to estimate WH from the same equation gave .
W~ 0.4 eV which is nearer Austin's estimate. A value of 1.8 & for r,
although subject to some error because the value of e is uncertain
and g has been ignored, is similar to that found by Sayer and Mansingh
(gz)foran iron phosphate glass with an identical activation energy.
Their glass, however, was richer in Fe203 and no discrepancy with rp
calculated using Bogomolov's equation was found. It must be concluded
that either Bogomolov's equation overestimates the true value of rp
because of some dispersion in the phonon spectrum or, more unlikely,
an additional AU term of 0.2 eV is required to equalise the centres

before hopping can take place.

The variation of WH with R can now be examined. Wb may be assu-
med constant for the iron glasses since values for SF1.5 and SF3.4
were 0.05 and 0.04 eV respectively, which indicate with the result
for SF5 that the spread of site energies is not great in this com-
position range. Using r = 1.8 3, values of WH have been calculated
using equation 4.15 and added to the other relevant components to
compare with the total activation energy measured experimentally.

All values are given in eV:

Glass Wy WH + QWb Wyt iWD + AU Weth

{(low slope)

SF7 0.729 0.749 0.879 G.940
SF1.2 0.663 0.683 0.813 0.830
SF6 0.636 0.656 - 0.674
SF4 0.6l4 0.634 - 0.660
SF5 0.586 0.606 - 0.607

Fair agreement 1is therefore obtained for all glasses except SF7.
Therefore Wy varies with R as predicted by equation 4.15 with constant
r, which is further proof of a small polaron conduction mechanism.

Finally, the apparent variation of the activation energy with
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redox ratio shown in Figure 4.16 requires explamation. The redox
ratio was not included in the analysis above since it was almost

constant for all of the glasses,

For ¢ < 0.5, R will be determined by half of the mean separation

of the reduced TM ions. Therefore, if they are uniformly distributed
(163)
then:

R = —i = R /2!/3 G.21)
23/ N
2 1/3
_ e 1 2c
and Wy = Teree (TR (4.22)
o'p 0

The total measured activation energy for glasses in series SFl and

SF3 should be egual to WH + %Wb + AU and these are compared below

with the experimental value in parenthesis:

SF1.1 0.831 eV (0.856 eV) SF3.1 0.728 eV (0.815 eV)
SF1.2 0.823 eV  {0.841 eV) SF3.2 0.728 eV (0.784 eV)
SF1.3 0.807 eV (0,819 eV) SF3.3 0.766 eV (0.822 eV)
SF1.4 0.802 eV (0.838 eV) SF3.4 0.785 eV  (0.807 eV)
SF1.5 0.798 eV (0.818 eV) SF3.5 0.812 eV (0.836 eV)

Agreement for series SFl, with the exception of SFl.4, seems
reasonable especially if the trend, rather than the absclute values,
is considered. It is not so good for SF3, even ignoring the results
for 8F3.1 and 3.3 which seem much too high. It would appear thac the
decrease in W observed for c wvalues between 0.2 and 0.5 is less than
is predicted using the equation above. This is unusual since the
reverse is usually found with a deeper minimum than predicted, hence
a decrease in AU as well as W_ is postulated. 1In the present case

H
it can only be suggested that either the decrease in WH with ¢ is
less than predicted or AU values increase with c, which seems most
unlikely. More glasses with c v 0.5 would need to be melted to study

the relationship more closely to explain this discrepancy.

4.7 .4 Mixed Glasses

The analysis of the results of the mixed glasses in section 4.5.6 has
given clear evidence that although the conductivity is typical in
magnitude and has a similar activation energy to that expected for
the element present in two oxidation states, the second element,
present in only one oxidation state, does exert a real effect. The

important parameter in determining the resistivity appeared to be the
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mean TM ionic spacing, assuming a random distribution of the two
elements. The actual mechanism whereby this is achieved depends on
whether the ion of the second element is a donor or acceptor. In the
latter case the ion acts as a bridge between the donor and acceptor
sites of the element present in two states hence effectively reducing
the distance R. This explanation is applicable to SMF2 and SMF3 in
which manganese was present in two states, hence the transfer process
is:

an+ + Fe3+ + Mn3+ = Mn3+ + Fe2+ + Mn3+ -+ Mn3+ + Fe3+ + Mn?'+

. . . . 2+ 3+
along with some contribution from direct Mn™ = Mn transfers.

Since Fe2+ is not a stable oxidation state in these glasses, the
extra electron cannot reside on the ferric 'bridging' ions for any more
than a few atomic vibrations before transfer to a Mn3+ ion. It is
possible that these three ions are grouped by exchange interactions
which may also include oxygen ligands. The groups may be formed
during cooling of the melt by rapid hopping between the ions, hence
the environment of each individual ion is similar. This explanation

(165) for copper glasses. 1f

may be compared to that advanced by Drake
this is so then it is possible that not all of the TM ions may be
involved in conduction, therefore a change in the c(l—-¢) term may
result. The presence of some kind of interaction is supported by
the optical absorption spectroscopy results discussed above, although

the precise nature of the group or associate is not clear.

In the former case when the second element ion acts as a donor,
as found for SMF2A and SMF2B, there may be some direct an+ - Fe3+
hops although these are not very likely because of the high polaron
binding energy on the Mn2+ site. It should also be remembered that
as Mn3+ is not a stable oxidation state in these glasses then the
Mn3+ state formed by any direct hopping would have to accept an
electron immediately. Therefore the main conduction process is still
Fe2+ - Fe3+ and it is possible that an+ only acts in an indirect way.

From the previous analysis of conduction mechanisms in mixed ™
ion glasses, two distinet types of explanation seem to emerge; either
the second TM element participates directly in the conduction process
or only exerts an indirect effect on the structure of the glass.

Perhaps one of the best examples of the direct mechanism is the

(98)

study of Bandyopadhyay whose results differ from those found in

this study since both TM elements were present in substantial
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proportions of both the oxidised and reduced states. Polaron hopping
between ions of different TM elements paired as assoclates was proposed
to explain the lower resistivities and activation energies of the mixed
glasses. It was also suggested subsequently that the reduction in acti-
vation energy of the mixed glass could be due chiefly to changes in AU
since only those compositions with an appreciable AU component showed a

(120)

large decrease. OQOther authors such as Bogomolova have also

suggested hopping through mixed T™ ion associates.

1(124)

Mansingh et a , however, have proposed that the effect of Mo

ions on conduction in V205 glasses is indirect since Mo ions do not act
as pclaron donor or acceptor sites. Instead, the changes in conductiv-
ity could be attributed primarily to a modification of e_ through a
change in the local bonding. This will, of course, affect the hopping
energy. Structural considerations were also thought to be important by

Sayer and Lynch(]21’122).

In the present study it is therefore possible that both effects
might be operating. The direct role of F33+ in decreasing the value of
R by acting as an acceptor site in SMF2 and SMF3 has already been dis-
cussed. The decrease in W for these glasses was, however, greater than
that predicted solely by the change in R which might be explained by
an indirect effect on WH via e . For SMF2A the resistivity predicted
assuming ferrous—ferric conduction with the mean TM ionic spacing was
lower than the experimental value, hence the contribucion of Mn2+ ions
as donors was small and Fez+ - Fe3+ hops were energetically more favour-
able. The decrease in W, however, could again be effected by a change
in ¢_. Similarly for SMF2B, although the fraction of Mn2+ ions was
quite small and its direct role as a domor probably negligible, it

could still exert an influence to produce the decrease in W observed.

It has not been possible to investigate any changes in e€_ via the
optical refractive index since measurements as a function of composition
could not be made with any accuracy using a refractometer because the
glasses were too highly absorbing. It must be noted, however, that the
changes in local bonding which will affect the polarizability and hence
€, of a glass might also change other properties. For example, changes
in site energy might introduce or affect a AU term. This may be suffi-
cient to exclude carrier transitions between adjacent sites, hence al-
tering the c(l-c) term and introducing percolation effects. It could
be that a full description of the effect of mixing TM ions is more

complicated than the explanations put forward to date.
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4.8 Crystallization Behaviour of the Glasses

The compositions of the two calcium aluminosilicate base glasses
(SMH and SML) are indicated on the CaO-A1203-Si02 phase diagram shown
in Figure 2.!. From this the primary phase fields can be seen to be

gehlenite (Ca2A123107) for SMH and anorthite (CaAIZSiZOS) for SML.

Only the crystallization behaviour of base glass 2 (SMH) was stu-
died. The X-ray diffraction pattern showed a large number of reflec—
tions, not all of which could be accounted for. However, gehlenite
and wollastonite (CaSiO3) were present with possibly a trace of
rankinite (Ca381207), as would be predicted from the crystallization
path on the phase diagram. The nucleation rate was very low and only a
few internal crystals were observed; these had probably nucleated ex-
clusively on heterogeneities within the glass. Much of the crystal-
lization had been nucleated at the surface. The erystals which had

nucleated internally were very large and feathery in appearance.

Unfortunately the phase diagrams of the iron and manganese
containing glasses have not been widely studied since in an atmosphere
of air they are five component systems. Therefore it has not been
possible to predict the equilibrium phases expected on crystallization

from any phase diagrams of these systems,

4.8.1 Manganese Glasses
4.8.1.1 Series SMH

For glasses containing less than 6.27 Mn0, gehlenite was the only
phase crystallized after short heat treatments. Crystal growth was
mainly from the surface though a few random internal crystals were
also observed. These internal crystals changed morphology slightly
as the manganese concentration increased, from being feathery dendrites
for BG2, to relatively coarser dendrites. For SMI8 (9.5Z MnO),
gehlenite was observed again though this time in the form of large
tabular crystals. For longer growth times at the same temperature,
the crystal growth became spherulitic and crystals grew to 2 - 3 mm
diameter in a glassy matrix (Plates 3.3.1 - 3.3.4). This change in
morphology as Mn0Q was increased is probably associated with decreasing
undercooling as the liquidus temperature decreased. SMI2 also produced
relatively few crystals of gehlenite but as the growth temperature

was lower, the morphology was spherulitic (Plate 3.4.1).

For each of the glasses with less than 12.47 MnQ since the
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nucleation rate was so low, even though the nucleation temperature

. 0 . s .
was varied between 650 - 800 °C, it is postulated that manganese ions
do not contribute to the nucleation process. Therefore the crystals

must nucleate on heterogeneities as for the base glass.

When larger proportions of manganese oxlde were present a manganese
rich phase was the first to nucleate and grow. In the case of SMI3C
the large number of nuclei per unit volume indicated that either an+
or Mn~ was acting as a nucleating agent. Williamson et al(]6) showed
that a spinel was the nucleating phase in glasses containing iron with
a similar composition to the present study. By analogy, these mangan-
ese glasses may be nucleated by Mn304 (= MnMn204). However, a differ-
ence exists in that for this manganese glass (SMI3C) the manganese
oxide phase continued to grow to form the six-arm dendrites observed
by optical microscopy (Plate 3.5.1) and SEM, rather than just acting
as a nucleus for the major silicate phase. After about an hour at the
growth temperature, a second phase started to erystallize. This was
again gehlenite which showed spherulitic growth (Plate 3.5.2) but the
nucleation may once more have been heterogeneous since no growth from
the Mn304 dendrites was observed. Eventually the spherulitgs grew and
consumed the glass matrix leaving very little, if any, residual glass.
A second brown coloured phase was also formed, which again was also

Mn304 {Plate 3.5.6).

SM14 contained the highest proportion of Mn0O (and Mn3+) of all
the manganese glasses, As was mentioned above it has not been possible
to identify the brown matrix phase (Plate 3.6.1) by X-ray diffraction
analysis. It would be expected that an+ would behave in a similar

2+ + . . . . . . 2+
manner to Fe” and Fe3 in allowing ionic substitutions of Ca”™ and

A13+. Little information, however, is available concerning manganese
analogues of calcium aluminosilicate phases, especially with sub-
stitution of Mn3+ for A13+ since the majority of geological systems

do not contain appreciable quantities of manganese. Therefore it is
thought that the Mn3+ rich phase which crystallized from SMI4 is
proBably rare or even unknown in geological or synthetic systems.
Again for this glass a relatively small number of gehlenite spherulites
were produced, the diameter of which increased with increasing growth
temperature, There is evidence at the lower growth temperature that
crystallizatioﬂ of gehlenite and the matrix phése were competing since
"sheaf-like' incomplete spherulites were observed (Plate 3.6.2). A

third phase, again unidentified, surrounding the gehlenite spherulites
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was shown only by the difference in colour.

To summarise, it is postulated that quantities of Mn3+ of greater
than 2.37 lead to internal homogeneous nucleation by the formation of
Mn304 spinel, This e;:her continues to grow dendritically (SMI3C) or
nucleates a second Mn™ rich phase (8M14C). The only silicate phase
to grow in this series was gehlenite which was nucleated heterogeneous-—

ly, though probably not by the Mn3+ rich phases,
4.8.1.2 Series SML

These glasses contained smaller proportions of Mn3+ than the
equivalent high lime glasses. Once again the major crystalline phase
for all glasses, except SMIO with the highest manganese content, was
that predicted by the phase diagram for the base glass, in this case
anorthite. Thus the effect of adding Mn0 was to keep the composition
in the anorthite primary phase field. For SM7, SM8 and SM9 only sur-
face nucleation was observed which at high crystal growth temperatures
(980 -~ IOOOOC) completely consumed the glass. For slightly lower
temperatures the surface growth was more limited. The absence of in-
ternal nucleation in these glasses gives further evidence that Mn3+
rather than an+ is essential for bulk internal nucleation. Crystal-
lization of anorthite enriche@ the residual glass in both manganese

and silica and after long heat treatment times manganese silicate

crystallized between the primary dendrites as the second phase (Plate 3.1.1).

The situation for SM10 was similar to that of the high Mn glasses
in series SMH in that an Mn3+ rich phase nucleated and grew dendriti-
cally. However, X-ray diffraction analysis showed that the phase in
SM10 was different to that in SMI3C or SM14C and possibly the higher
proportion of silica allowed the formation of braunite (3Mn203.MnSi03)
as the first phase to crystallize, although this identification was

not definite.

The second phase to crystallize was not anorthite as might have
been expected but rather a pyroxene. The closest standard X-ray
pattern to that obtained experimentally was that of an augite. However,
the simplest formula for an augite is Ca(Fe,Mg)(SiOB)2 i.e. no
manganese, therefore the phase in SMIOC cannot strictly be called an
augite. However, a wide variety of ionic substitutions can occur in
pyroxenes and there is complete replacement between some of the group
components. Augites are related to vompositions between diopside

(CaMg (Si0

3)2) and hedenbergite (CaFe(Si03)2) both of which .-have similar
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X~-ray powder patterns, and form a continuous solid solution series
. . .. . 2+

along with ferroaugite. The greater iconic size of Fe compared to

+ . . . + . +

Mg2 leads to an 1ncrease in d-spaclngs as Mg2 is replaced by Fe2

along the series.

The manganese equivalent of Hiopside and hedenbergite is
johannsenite (CaMn2+(Si03)2) but as Mn2+ is larger than either Mg2+ or
Fe2+ the d-spacings are even greater. In practice johannsenite pro-
vided the worst fit of these pyroxenes to the experimental patterns
for SMI0C. A continuous solid solution series between hedenbergite

and johannsenite is also found.

For iron containing materials it has been suggested(lsﬁ) that
because there is a continuocus chemical variation between dicpside,
hedenbergite and augite, the single name augite should be used with
prefixes to describe the whole series. In view of the likely replace-
ment of Ca2+, Ee2+ and Mg2+ by Mn2+, and A13+ by Mn3+ it 1s proposed
that the pyroxene in SMI0C is a manganoan-—augite with composition of
the form ((Ca,Mn2+,Mn3+,Al)2{(Si,Al)ZOG}) probably not found in
nature, This formula is considerably more complex than the simple
augite formula given above since it has been derived from the generic

formula for augites ((Ca,Mg,Fe2+,Fe3+,Ti,Al)z{(Si,Al)ZOG}).

A composition of this type has been justified by the analysis of

Bevan et al(|67). They proposed that the most similar material

AL (51,A1),0.1).

Therefore for the phase in SMIOC,Mg2+ is replaced by Mn2+ and Fe3+ by
3+

Mn™ .

occurring in nature was fassaite ((Ca(Mg,Fe

After longer crystallization at higher temperatures for SM10C,
glaucochroite ((Ca,Mn)ZSiOA), a rare member of the olivine family,
was the major phase. The only indication from X-ray analysis of a
manganese rich phase was bustamite ((Mn2+,Ca)Si03), although optical

examination revealed that braunite and the manganocan—~augite were still

present.

In conclusion, therefore, Mn2+ may act as an effective nucleating
agent when present in quantities greater than about 2.37% for either
base glass composition. For low lime glasses with lower concentraticns,
anorthite nucleated at the surface and grew rapidly. For SMIOC with
Mn3+ > 2.37, braunite dendrites grew initially which then acted as
the nuclei for the augite phase giving the characteristic two phase

dendrites (Plates 3.2.1 - 3.2.53). However, from TEM studies Mn304
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probably acted as the nucleus for the braunite @endrites just as it
nucleated and grew in the SMH series. The inhomogeneity in the sample
of 110 resulted in the non~uniform nucleation behaviour. The areas
of high nucleation density corresponded to areas of the glass which
were browner than the rest i.e. had higher Mn3+ contents, which

; 3+ s
confirms the effect of Mn as a nucleating agent.

4.8.2 Iron Glasses

Only glasses containing above 5% Fe203 showed any tendency to

nucleate and crystallize internally, a fact also noted by Rogers

and Williamson(ls). Glasses containing less than this concentration
produced only surface crystallization even after a wide range of
nucleation heat treatments. For SF6 after a short crystal growth

time only a small number of dendrites formed (Plate 3.7.1), but these
subsequently grew to consume nearly all of the glass. These dendrites
were again a pyroxene type material, probably related to augite, and
the interdendrite matrix was largely gehlenite, although residual
glass could not be ruled out completely. The exact identification of
the pyroxene dendrites was again difficult with similar problems to

those described above, because of the similarity of the powder X-ray

diffraction patterns between hedenbergite, augite and fassaite.

In addition, the presence of a third phase such as magnetite was
difficult to identify since the principal reflections from magnetite
overlapped those from the pyroxene. For SF6C, after accounting for
the lines resulting from gehlenite, the X-ray pattern was best des-
cribed by an augite phase and since the dendrites had a characteristic
'ferrous green' coloration, the best description of the phase would be

a ferroaugite with the generic formula (Ca,Fe2+,Fe3+,A1)2{(Si,A1)206}.

Glass-ceramics derived from SF4 and SF5 exhibited very different
dc conductivity behaviour to each other after similar heat treatments
but their X-ray powder diffraction patterns were almost identical,

The major phase was therefore the same in both: again an augite with

a similar composition to that in SF6C, though in this case gehlenite
was not detected in either. It was impossible to detect any magnetite
from the X-ray diffraction analysis although optical microscopy did
suggest that SF4C had a fine dispersion of crystals which were not
seen for SF5C. It could be that magnetite crystals are present in
SF4C but not in SF5C and this will be further considered when

discussing the conductivity results below.
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In conclusion, conecentrations of 5%Fe203 Or greater premote
extremely fine grained glass—ceramics with a pyroxene as the major
phase. Gehlenite was only detected optically and by X-ray diffraction
analysis for SF6C, though it may have been present in very small
amounts for SF4C as suggested by the SEM examination. The possible
appearance of magnetite for only one glass is not understood but could
have resulted from the crystallization of residual glass. No other
phase, such as a spinel, which could have nucleated the pyroxene phase
was detected although it is possible from the TEM studies of SF4 that

phase separation could have preceded crystallization.

4.8.3 Mixed Iron-Manganese Glasses

The three dilute mixed glasses (SMF1, SMF4 and SMF5) melted
primarily for spectroscopic studies were not heat treated and neither

was the most concentrated glass SMF3.

Only one phaée (gehlenite} could be identified by X-ray diffrac-
tion analysis for SMF2C although there were unaccounted lines for
which magnetite provided the best fit. Optical microscopy indicated
at least three phases. It is surpriding that magnetite should be
present in a glass of this composition since it had the smallest iron
content of the series SMF2, SMF2A and SMF2B. It is possible therefore
that this assignment is incorrect. The major phase seen optically
appeared brown in transmitted light. This could be the result of
substitution of Mn3+ for Al3+ in the gehlenite structure to give a
phase of the form Caz(Mn3+,Al)28i07, however, manganese analogues of

the melilite series have not been reported,

The X-ray powder diffraction patterns obtained for SMF24 and SMF2B .
were almost identical and could be described by a mixture of gehlenite
and wollastonite. In both cases crystallization had produced extremely
fine grained products. Optical examination indicated that TM ions
were probably incorporated into the crystals to give the observed

coloration (Plates 3.9.1 & 3.9.2).

Gehlenite is one end member of the melilite solid solution series
and forms a continuous range of solid solutions with akermanite
(Caz(MgSiZO7). The X-ray powder patterns for both are very similar
with only small intensity differences distinguishing end members,

therefore identification of an exact composition was diffiecult.

The melilite series can contain appreciable amounts of iron and
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both iron-gehlenite (Caz{Fe3+AISi07}) and iron-zkermanite
(CaZ{F32+Si 0.}) can be synthesised: both occur in blast furnace slags

277
for example. Nurse and Midgley(lss)

have reported X-ray data for these
compositions but the patterns for these phases do not match those deter-
mined experimentially for SMF2A and SMF2B. Therefore to explain the
coloration of the dendrites it is sugpested that their composition is
probably intermediate between gehlenite and iron-gehlenite with
possibly some substitution by Fe2+. Iron-akermanite might seem more
plausible since it does contain Fe2+ but it is not expected in these
glasses since it 1s not stable above 775°C, but decomposes as follows:

2+ . . 2+ .
CazFe 51207 +> CaS:LO3 + CaFe S:.O4

wollastonite kirscheinite
Kirscheinite has not been detected in either iron or mixed glasses.

The second crystallization product appeared to be wollastonite
however this could alsc form solid solutions with iron to give
ferrcan-wollastonite which could also explain the green coloration

of the phases in SMF2A and SMF2B.

Finally, it was noted that as the iron concentration increased
in this series, the nucleation rate also increased. The rate of
crystal growth was very much higher in SMF2A and SMF2B presumably
because of the presence of Fe2+ which leads to an increase in the

growth rate by the mechanism proposed by Williamson(la).

4.9 D.C. Resistivity of the Crystallized Glasses
4,9.1 Series SML

In this series only SMIOC nucleated crystals internally which
was the major interest of this study. BHowever, condidering that the
surface growth of SM7C, SM8C and SM®C was so extensive, such that
crystallization of the sample was nearly complete, it was decided to

study the electrical properties of one of them and SM7C was chosen.

The major crystalline phase, anorthite, appeared from the optical
analysis not to incorporate manganese ions, therefore all the manganese
must have been rejected to the phase, glassy or crystalline, between
the anorthite crystals. The conduction path is therefore between the
crystals, since anorthite is not electrically conductive. This effec-
tive concentration of manganese ions will decrease the mean interionic

spacing, which should result in a decrease in the resistivity.
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Experimentally (Figure 3.4.1) it was found that both the resis-
tivity and activation energy decreased., Using Figure 4.10, the dec-
rease in activation energy from 1.43 to 1.25 eV could be explained by
a reduction in the mean TM interionic spacing from 8.4 2 to about 7.2 X.
From the same figure the resistivity at 500 K corresponding to such an
activation energy should be log p = 13.2, which is in excellent agree-
ment with the experimentally determined value of 13.16, Therefore it
is suggested that identical conduction mechanisms are operating in both
the glass and crystallized glass and the overall increase in conduc—
tivity is the result of enrichment of manganese in a continuous glassy
phase. It was remarked above that manganese silicate was detected in
this glass but this does not seem to have a great effect on the con-

ductivity behaviour, although it will slightly alter the carrier con-

centration.

In section 4.7.2.2 it was concluded that conduction in SM7 may
not be the result of polaron hopping because of the high activation
energy and value of a_l. Alternatively, indirect hopping could be
oceurring. Although the value of a_l for SM7C was nearer that of r_,
it is unlikely that this is a true value since no account of the exact
conduction path has been taken. The value of W of SM7C is, however,
only slightly higher than would be predicted by extrapolating W for the
series SM8, SM9 and SM10 to the value of R for SM7C, which tends to
give additional support to the mechanism of polaron hepping. This in
turn supports polaron hopping for SM7 since the mechanisms in the glass

and glass—ceramic are very similar.

The behaviour of SMIOC was fundamentally different to SM7C since
the activation energy decreased by 0.33 &V to a value of 0.82 eV which
was one of the lowest observed for any manganese composition. The
resistivity was also reduced. This corresponds to an enrichment of
the residual glass such that R would need to be of the order of 2 2:
however, from the X-ray diffraction and optical examination it is known
that manganese rich phases were crystallized. If these dendrites were
separated from each other by a residual layer of glass then depletion
of the manganese from this glass rim should increase the resistivity of
this composite. Therefore it is postulated that in the dense region
of dendritic growth the manganese rich spines of the dendrites are in
loose contact and close enough for electrons to pass from one to an-
other by either hopping or tummelling. Conduction is therefore mainly

along a continuous path formed by the mixed valency crystals of braunite.
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Outside of the dense continuous growth the glass becomes the continuous
phase and some conduction will occur through it. This contributes very
little to the overall conductivity because the conductivity of the

crystalline phase is so much higher.

As far as is known the electrical properties of braunite have not
been measured therefore a comparison of the activation energy of SMI10C
with that of braunite is not possible. However, the decrease in W com—
pared to the glass probably refllects the crystallographically ordered
environment of the ions, which will reduce the Wb term, as well as the
reduction in R in the crystal. Once again an exact calculation of a_]

does not seem possible because of the complexity of the conduction path.

4.9.2 Series SMH

D.C. resistivity was measured for glass-ceramics containing

> 9.,5% MnO.

SM18C produced only a few large discrete tabular/spherulitic
crystals of gehlenite on crystallization. The situation is therefore
gimilar to that of SM7C in that manganese 1s rejected from the crystals
although because of the small extent of the crystal growth, very little
enrichment of manganese in the residual glass is expected. The elec-
trical properties of the crystallized glass follow such an explanation
since, at high temperatures, the resistivity was only a little lower
than that of the parent glass, representing a decrease in R from 7.1 2
to 6.8 &, This of course neglects any differences due to inter-sample

reproducibility.

This decrease in R is averaged out over the whole sample which is
not physically realistic since crystals will be surrounded by a rim of
glass with higher Mn concentration, whilst outside this rim R will be
almost unchanged. The decrease in resistivity was not mirrored by a
decrease in activation energy as would be expected if R had been re-
duced. Instead an increase of 0.05 eV was observed though it is poss-—
ible that this is the result of sample variability. The greater value
of W also meant that u_l increased compared to the glass and a-l became
greater than rp, although the calculation may be affected by the

presence of the crystalline phase.

The most unusual behaviour shown by S18C was that it exhibited
two slope behaviour in a manner quite unlike any of the other manganese

glasses since the decrease in W was 0.6 eV (Figure 3.4.3). The low
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slope activation energy was ~0.6 eV which was the lowest observed for
the manganese glasses. Similar behaviour was noted by Tsuchiya and

(118)

Moriya after crystallizing a manganese phosphate glass though the
resistivity of their glass was also greatly lowered. For this reason
their explanation (see section 1.4.6) does not seem applicable to SMI&C

since in this case no great change in resistivity was observed.

It does not seem possible to explain this dramatic change in slope
in terms of any macroscopic parameter, but the answer could lie in the
possibility of microscopic changes in the residual glass as a result of
heat treatment. The nature of these and why they only affect the low

temperature conductivity is however unknown.

The behaviour of SMI2C was similar to SMI8C, though it did not
exhibit two slope behaviour. ZEBoth the resistivity and activation
energy were slightly reduced and the change in resistivity could be
explained by a decrease in R from 6.5 2 to 6.3 8. The microstructure
was similar to SMIBC in that large discrete spherulites of gehlenite
crystallized, which again produced rims of manganese enriched residual
glass. It would seem that as these rims are well separated, the con-
duction path is relatively unaltered by them and polaron hopping
operates in the continuous glassy phase. The value of u_l was greater
than in SM12 and also greater than r_ which may be a result of the
presence of crystallites and the fact that parent glass parameters
have been used which may not be appropriate. The absence of any two

slope behaviour may be a result of crystallization at a lower temper-
ature than SMI18C,

In contrast to the two glass-ceramics in series SMH described
above, the behaviour of SM13C and SM14C was different in that the
resistivity increased after crystallization. Two conductivity samples
were prepared for SM13C, one crystallized for !} hours, which was
composed of discrete MnBO4 dendrites in a glassy matrix and the second
crystallized for 19 hours in which the matrix was crystalline. In fact
the two showed remarkably similar dc conductivity behaviour (Figure
3.4.5); both showed two slope behaviour as in the parent glass although
the intersection temperature was different in each case and higher than
for 213,

For the low slope line the resistivity rose by about half an order
of magnitude after 1} hrs but then dropped slightly after 19 hrs

crystallization. The activation energy derived from this line first
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increased (0.988 to 1.004 eV) put then fell in a similar way (to 0.956
eV). At the higher temperatures the increase in resistivity was about
the same after both times, although the activation energy showed an

increase (1.11 = 1.15 - 1.21 eV after 19 hours).

These changes may be interpreted as follows. Since the first
crystalline product is rich in manganese the matrix must be depleted in
manganese and as the conductivity is determined by the continuous phase,
the resistivity increases. Evidently conduction between the dispersed
Mn304 dendrites is impossible at these separations. This depletion is
equivalent to an increase in R from 5.9 to 6.1 2 or expressed in another
way, a decrease in the effective Mn0 concentration from 16.4 to 14.9%
which is equivalent to 10%Z of the total manganese crystallizing as
Mn304. This analysis ascribes the whole of the change in resistivity
to a change in R which is only partially true since the redox ratio of
the glass will alsc change. Two Mn3+ ions are required for every Mn

ion and hence the redox ratio (Mn2+/Mn ) will rise., The effect of

total
this on the resistivity should be small since the redox ratio is 0.78
in the glass. This increase in R should increase the activation

energy slightly which was also observed.

On continued crystallization after 14 hrs, two opposing effects
occur which are difficult to separate quantitatively. The dendrites
continue to grow, consuming manganese, to a limiting size until geh-
lenite crystallizes and consumes most of the remaining glass. In doing
so, manganese is rejected from the silicate phase and concentrates in
the residual glass. The effective intericnic spacing therefore first
increases but then a reversal takes place such that a net decrease
occurs. This is therefore a different case to SM7C above in which all

the manganese was concentrated by the growth of a silicate phase.

This sequence of events is similar to that observed by some authors

(130) particularly in iron glasses. A difference exists with the study

(130)

of Tricker , for example, since in the present system a continuous

path of crystals was never formed. The explanation is also different

(103)

to that of Dozier who ignored the decrease in R by the precipita-
tion of iron rich phases and assigned the changes in resistivity solely
to changes in redox ratio brought about by segregation of the two redox

states during crystallization.

One anomaly noted for these glass—ceramics was the increase in the
difference between the high and low temperature activation energies

derived from the two slopes. Whereas the low temperature activation



- 326 -

energy was the lowest after 19 hrs crystallization, the high tempera-
ture value was highest after that time. It could be the result of site
differences becoming accentuated in the residual glass thus increasing
the AU term to ~0.25 eV. This is difficult to prove without more data
on the residual glass e.g. ion spacing, redox ratic and coordination

of the Mn ions, which seems almost impossible to obtain.

Finally, the increase in resistivity of SMI4C was very marked and
contrasted strongly with the equivalent low lime glass SMIOC. The in-
crease in resistivity was 1} - 2 orders of magnitude and the activation
energy alsc showed a marked increase of 0.2 eV, Since detailed infor-
mation on the phases produced and their microstructure could not be
obtained, it is difficult to speculate on the reasons for this increase.
Evidently the crystalline phase incorporates some manganese since en-
richment of any residual glass does not occur, unless this glass does
not form a continuous phase. Also the crystals camnot be of mixed
valency or else conduction would probably take place along them since
point to point contact is almost certainly established., The reason
for the increase could be that Mn2+ and Mn>" have been almost com-
pletely segregated by crystal growth. A more complete microstructural

and mineralogical analysis would be needed to confirm this.

4,9,3 Series SF

Conductivity measurements were performed on the three crystallized

glasses with the highest iron concentrations: SF6C, SF4C and SF5C.

The behaviour shown by SF6C and SF5C was very different to that
of SF4C, However, one feature in common for all the glass-ceramics
was that the measured resistivity depended on the applied voltage and
had a wvalue that was lower at high voltages compared to low voltages.

This effect of the field became less as the temperature increased.

Field dependent i.e. non-chmic behaviour can occur in amorphous
materials for a number of reasons. It may be associated with the elec-
trodes, temperature rises in the sample (Joule heating) or may be a
true bulk effect. Electrode effects could be important for heterogen-—
ecus materials such as these glass—ceramics although non-ohmic behav-
iour was not noted for the crystallized manganese glasses except SMI3C.
Also the V-I relationship at lower voltages was ohmic with deviations
occurring only above 102 - ]03 Y (:m_I (Figure 4.17). It is possible

therefore that this field enhanced conductivity may be a true bulk
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effect.

Non-ohmic behaviour is often observed for TM and other glasses
at sufficiently high fields. There are two basic mechanisms: firstly
an increase in the free carrier density by field emission from traps
{(e.g. the Poole-Frenkel effect) or secondly, a field dependent mobility.
Usually the second mechanism is observed for TM oxide glasses and it
can be shown for' simple hopping between adjacent sites that the field
dependent conductivity is of the form:

sinh (eaF/2KkT) (4.23)

U(F) = U(O) (eaF/?.k.T)

where a is the jump distance and F is the field.

It would be expected from the sinh tem that non-chmic behaviour
should begin when eaF = kT which, at room temperature witha =R = 5 R,

requires a field of 5 x 105 v cm-l. Values of'a'between 15 - 40 &

are often calculated for T ‘glasses but clearly values of 'a' calculated
for these glass—ceramics, for which deviations from QOlms law were
found for fields of 150 V cm-] or greater, are very large (2 x 104 R)

and probably unrealistic.

The origin of this behaviour in these glass-ceramics must lie
within the microstructure and is possibly the result of a highly con—
ducting crystalline phase separated by glass through which limited
conduction is also possible. Some carriers may therefore be trapped
within the conducting crystalline phase until a high enough field
allows them to enter the conduction process by altering the height of
the energy barrier (Schottky barrier) at the crystal/glass interface,
where the band structure is not continuous. Such an explanation is more
akin to the first mechanism given above i.e. field emission from traps,
rather than a field dependent mobility, although the latter camnot be
ruled out completely. For glass—ceramics in which the major crystal-
line phases were insulating (SM7C, SM12C and SMI8C), this effect was

noct seen.

A detailed analysis of high field conduction in heterogeneous
multiphase materials like these would be complex. Since the non-ohmic
behaviour cannot be explained satisfactorily at present, the conduc-
tivity data to be discussed below will include only that obtained at

low voltages i.e. within the olmic range.

Returning to the effect of crystallization, the resistivity of

SF6C was reduced by 2} orders of magnitude after heat treatment with a



-~ 328 -

corresponding decrease of 0.25 eV in the activation energy to 0.56 eV,
compared to the high slope value, It is thought that the crystal phase
incorporated iron ions but the change in resistivity seemed too large

to be accounted for by a change in redox ratio of the residual glass
because of preferential segregation of a particular ion during crystal-
lization. The crystal phase was tentatively described as a ferro-augite

3+. Therefore there

and it was suggested that it may contain Fe2+ and Fe
could be two possible conduction mechanisms: firstly through the crysta-
lline phase and secondly through a residual glassy phase. It is be-
lieved that conduction is controlled by the residual glass since the
activation energy is rather high for a crystalline mixed valence semi-
conductor containing iron. Typical values for ferrites, for example,

are in the range 0.2 - 0.3 eV.

The residual glass probably forms a continuous path and contains
an appreciable proportion of iron ions even though some iron appears
to have been incorporated into the crystal phase. The intericnic spac-
ing to achieve the observed activation energy (from Figure 4.12) is
4.6 R, assuming the absence of a AU term, The resistivity of SF6C was
higher than would be predicted with this spacing (from Figure 4.14)
but, of course, the total number of carriers was reduced by crystal-

lization of a phase containing iron,

The idea of conduction through a residual glassy phase receives
additional support when the behaviour of SF4C is considered. Although
the major crystal phase appeared to be the same as in SF6C and SF5C,
the resistivity of SF4C increased after crystallizétion unlike the
other two. Therefore, provided the phases were the same, the conduc-—
tion cannot be solely through the crystals since similar behaviour

for all three should have been observed.

The behaviour of SF4C is undoubtably explained by the appearance
of FeBO4 crystals which, although semiconducting, were unconnected
hence conduction was still through the continuous glassy phase which
had been effectively denuded of iron ions and so the resistivity in-
creased, One interesting feature was that the plot of log po/T - I/T
no longer exhibited two slope behaviour and the gradient was typical
of the low slope portion of the parent glass throughout the tempera-
ture range. The same was also true of SF6C and SF5C. The reducticn
of conductivity on crystallization for SF4C was between i - 1 order

2

of magnitude depending on the temperature.
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Finally, the decrease in resistivity of SF5C was similar in mag-
nitude to SF6C. The activation energy was alsoc reduced by 0.26 eV
compared to the high temperature slope and 0.13 eV compared to the low
temperature slope. Once again conduction through a mixed valence
crystalline phase could be postulated but this is not as likely as a
conduction path through, or controlled by, a residual glassy phase
enriched in iron., Because of iron entering the crystals, the redox
ratio of the continuous phase will also change but this is expected to

have a small effect compared to the decrease in R.

4,9.4 Series SMF

Only two glass—ceramics were studied in this series: SMF2AC and

SMF2BC.

SMF2AC behaved in a similar manner to the iron containing glass—
ceramics SF6C and SF5C. A decrease in resistivity of 1} - 2 orders of
magnitude was observed accompanied by a decrease in activation energy
of 0,2 eV, A slight deviation from Ohm's law at higher fields was

apparent but not to the same extent as in the iron glass-ceramics.

SMF2BC however, showed a much more remarkable decrease in resisti-
vity of nearly four orders of magnitude at 400 K with a decrease in
activation enetrgy to just 0.17 eV. The resistivity and activation
energy of this glass—ceramic were the lowest observed in this study
since it had a room temperature resistivity of <IO6 L em, An activation
energy of this magnitude can only be explained by conduction through
the crystal phase since it is of the same order as that found in cryst-
alline FeO, Fe203 and FeBOA' Since the manganese concentra;ion of3+
this glass was small, conduction is likely to be between Fe~ - Fe
pairs in the crystal and the activation energy probably represents the

hopping energy only, since there should be no contribution from Wb or

AU.

The dramatic difference between these two glasses is surprising
considering that the microstructures appeared very similar and the
major crystalline phases were thought to be the same. The only differ-
ence is that SMFZAC contains slightly less iron and more manganese.

One explanation, which is difficult to prove, is that the crystals in
MF2AC do not actually touch but are separated by a rim of residual
glass which controls the conductivity. This is similar to the explana-

tion for the iron glass—ceramics to which SMF2AC does show similar
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behaviour, especially SF6C which has a nearly equivalent iren concen-—
tration. If this is the case then there must still be considerable en-
richment of the residual glass in SMF2AC to decrease the resistivity

to the extent seen. The crystals in SMF2BC are therefore assumed to

be touching and a complete conduction pach between the electrodes is
formed. One anomaly at low temperature was that non—olmic behaviour
was noted for very small fields. This effect was very much less above
140°C hence it could have been an electrode effect which was removed

by heating.

4.10 A.C. Resistivity of Crystallized Glasses

A.C. resistivity measurements were made on only three of the crys-
tallized glasses: SMI3C, SF4C and SMF2AC. Of these the behaviour of
SM13C and SMF2AC may be compared with the dielectric behaviour of the

parent glass on which measurements were also made,

Plots of the logarithm of the total resistivity against reciprocal
temperature for a range of frequencies for SM13C and SF4C (Figures 3.5.2
and 3.5.5) showed different behaviour to that of most of the glasses
since the resistivity at a given frequency did not always decrease
smoothly with increasing temperature. Particularly at higher measuring
frequencies an increase in resistivity with temperature was observed.

This is indicative of the occurrence of discrete dielectric relaxation

processes.

At lower temperatures the total resistivity at any given frequency
was significantly lower than the de value. Although the difference
became less at higher temperatures, Figure 3.5.5 seems to indicate that
unlike the glasses, the total and dc plots may not join and the total
resistivity always remains smaller than the dec value. 1In contrast, the
behaviour shown by SMF2AC was similar to that of the parent glass
with little evidence of any relaxation processes since the total resis-

tivity decreased smoothly with increasing temperature.

These differences between SMF2AC and the other glass—ceramics
measured are also shown by the behaviour of the real and imaginary
components of the dielectric constant. SM!3C behaved in a very differ-
ent way to SMI3 as comparison of Figures 3.7.1 and 3.7.2 clearly shows.

Both €' and e" were appreciably higher for the glass—ceramic and a peak

in e" against log f was apparent which moved to higher frequencies as

the temperature increased.

The behaviour of SF4C was similar to SM13C but the increases in e
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and " were much greater, up to a factor of ten. The dielectric loss
of this glass-ceramic also showed a peak when plotted against log f
which again shifted to higher frequencies as the temperature increased.
Although the appearance of the plots of ¢' and g" againét log £ for
SMF2AC were similar to the parent glass, once again the values were up
to ten times greater. No loss peaks were observed in the measuring

frequency range but may have occurred at lower frequencies.

An attempt was made to plot log Pac against log £ for each of the-
glass—ceramics but linear plots over a reasonable "frequency range
could not be obtained for most temperatures. In the few cases for
which a linear plot was appropriate the gradient was either lower (<0.5)

or higher (=1.2) than the value of 0.5 - 0.8 expected for such a plot.

The two major effects of crystallization on the dielectric pro-
perties oﬁ the glass-ceramics are therefore a large increase in both
the dielectric constant and loss, and the appearance of dielectric loss
peaks. These arise because the glass-ceramic is effectively a poly-
phase aggregate consisting of two or more materials, each with a dif-
ferent conductivity, arranged in a particular microstructure. This
gives rise to interfacial or space charge polarization. The dc con-
ductivity results were explained either in terms of conduction through
a layer of residual glass enriched in TM ions or in some cases by con-
duction through a contiguous erystal phase. In the first case motion
of the polarons is interrupted when a glass/crystal boundary is en-
countered thus causing a build-up of charge at the interface. This
corresponds to a large polarization and high dielectric constant.

Inhomogeneous dielectrics such as these have been studied by

Sillars(]69)

who showed that even a few needles of conducting material
in an insulating matrix would increase the dielectric loss, which is
known as the Maxwell-Wagner loss. The magnitude of the loss depends
critically on the conduetivity, shape, size and amount of the dispersed
phase but can only be analysed mathematically for relatively simple
shapes, where it is found that the Maxwell-Wagner loss will produce a
peak similar to the Debye relaxation peak. Such a loss was probably

responsible for the peaks observed for SMI3C and SF4C.

More detailed analysis of the dielectric properties of these
materials was hampered by the lack of knowledge of the microstructure,
therefore only qualitative conclusions could be drawn. For SM13C,

although the dc resistivity of the glass-ceramic was higher than the
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glass at any particular temperature, the ac resistivity was lower than
SM13 for a given frequency, particularly at low temperatures and high
frequencies. This could be the result of conduction within the small
manganese-rich dendrites at high frequencies which can make no contri-
bution teo .the .dc conductivity. The cause of the loss peaks, however,
is probably due both to the dendrite and the residual glass interfaces
with the major silicate phase. Unfortunately it was not possible to
calculate an activation energy corresponding to this relaxation pro-

cess to compare with the dc value because there were insufficient data.

SF4C also had two crystalline phases both of which were probably
semiconducting though only a single relaxation peak was found at higher
temperatures in the range of frequencies measured. Dozier et al(lOB)
found two relaxation peaks for a glass which produced two crystalline
phases after heat treatment but it is not known if this is to be

expected generally.

Finally, the behaviour of SMF2AC for which no loss peaks were
seen cannot be interpreted as the result of no crystallization within
the sample since, as has already been observed, the magnitude of ¢' and
e'" showed very marked increases. The loss peaks may be occurring at
lower frequencies. Comparison of SMF2AC with its parent glass (Figures
3.7.7 and 3.7.8) shows that for equivalent temperatures the apparent
position of the loss peak has increased in frequency on crystallization.

Other authors(IOI’IOB)

have also noted the absence of loss peaks in
some crystallized glasses which has been explained by the small number
and large size of the crystallites. Such an explanation is not approp-
riate in this case since Plate 3,9.! shows a substantial number of
small crystallites. The relaxation time, and hence the frequency of
the loss peak, is critically dependent upon the microstructure of the
compesite but a complex analysis would have to be taken to show the
mathematical relationship for SMF2AC and the other glass-ceramics,

The presence of these relaxation processes dominates the ac conductivity
to the extent that the linear relationship of log Pac © log £ expected
for simple hopping betweeq nearest neighbour sites is no longer

observed.

4,11 Conclusions Regarding the Conduction Processes in Crystallized

Glasses

The previous sections have given some indication of the complexity

of the conduction process in glass-ceramic systems, Four possible
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changes on heat treatment have been described each of which has a

different effect on the resultant dc conductivity. These are:

{a) Growth of an insulating crystalline phase. This rejects T™
ions into a residual glassy phase which causes an effective increase in
TM concentration and hence in mobility since R is decreased with N and
¢ unchanged. The change in conductivity observed depends upon the
volume fraction of the crystalline phase. This is the appropriate
mechanism for some of the manganese glass-ceramics (SM7C, SM12C and

SM18C).

(b) Segregation of one TM oxidation state to the crystalline
phase. The major effect of this is on the redox ratio although changes
in R will also result, depending uﬁon the degree of crystallization.

In the limit the two TM redox states could become completely isolated,
with one in a crystalline phase and the other in the residual glass or
second crystalline phase. This will greatly decrease the mobility and
hence the conductivity. Such a mechanism has been tentatively sugges-—

ted only for SMI4C.

{(c) Growth of discrete crystallites of a mixed valence crystal-
line phase. Different effects are possible depending upon the volume
fraction of the crystalline phase and the amount of TM ion that is in-
corporated. A small volume fraction will only have a small effect in
reducing the TM ion concentration in the residual glass., Larger
fractions can increase or decrease the conductivity of the residual
glass depending upon the enrichment of the crystal., It is the resi-
dual glass that is the continuous phase and hence controls the over-
all conductivity even though its volume fraction may be small. This
mechanism has been suggested for SMI3C, with a contribution also from
mechanism {a) since two crystalline phases were observed and also SF4C,

SF5C, SF6C and SMF2AC.

(d) Growth of a mixed valence crystalline phase with a contin-
uous path through the sample, as suggested for for SMIOC and SMF2EC.
In this case the mixed valence crystalline phase 1s continuous and
controls the conductivity of the composite, usually producing a marked

increase in conductivity.

This list is not exhaustive and other effects may also be possible.
In fact SMI0OC does not conform entirely to mechanism (d) because the
crystalline phase formed only a small part of the sample; conduction

was therefore also occurring through the continuous glassy phase in
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other parts of the specimen.

The effective conductivity of a multiphase medium is determined
by the conductivities and morphologies of the component phases., In the
simplest case, that of alternating layers of differing materials, the
effective conductivity is given by the rule of mixtures with similar
arguments applying also to the dielectric constant and loss. For
example, taking the case of layers of material lying normal to the
electrodes such that the same field is applied across each one, the

mean conductivity (cm) is given by:
O T V0, + V0, %+ ... = g v.9, (4.24)

where vy is the volume fraction of phase 1 with conductivity s

The conductivity of the composite in this case is dominated by the
better conductor. If the layers lie parallel to the electrodes then
the resistances of the different layers are effectively in series and

the mean conductivity is given by:

— = L. 2, - 7Y (4.25)
g g g ¢ Jd.
m 1 A 1 1

Conduction is therefore dominated by the poorer conductor.

Equations 4.24 and 4.25 are special cases of a general empirical

expression:

Tl
o = Evici (4.26)

where n 15 a constant with values between -1 and +1. For small n

the logarithmic mixture rule is obtained:

Ino = }i v; In o, 4.27)

Expressions of the form above may be developed for more complex
composites. One example which is more appropriate for some of the
glass—ceramics studied is that of a random mixture of a continucus
phase with a dispersed phase of spherical particles. By analogy to
the Maxwell equation for the permittivity of such a system the
conductivity is given by:

1 - ac/ad 3}

GC{] * 2v,( 5 Toq & 1

o =

- (4.28)

_ | - o./C
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where the subscript c¢ refers to the continucus phase and d to the

dispersed phase. Taking the two limiting cases gives:

. Oc (1 -vq)

(a) o, >> 9y o o Vd/2) {4,28a)
Looe (1 + 2v4)

(b) o, << gy o = e T Vd) (4.28b)

The latter equations are most applicable to SM12C and SMI8C which
had spherulites of an insulating phase growing in the glass, hence
equation 4.28a is appropriate. They may also be extended, possibly
with the introduction of shape factors, to SMI4C, SF6C, SF5C and SMFZAC.
More complex expressions would be needed for SMI3C and SF4C which had
two crystal phases in addition to residual glass. On the other hand
the more highly conducting materials SMI10C and SMF2BC with continuous
crystal paths can be described by expressions of the form of equations
4,26 and 4.27. As mentioned abdve, similar formulae may be used to
describe the dielectric behaviour of multiphase materials in terms of

e' and e".

The conduction processes outlined above will contribute to the ac
as well as the dc conductivity though there may also be contributions
to the ac conductivity through conduction in any dispersed conducting
crystalline phases. This causes an enhancement of the ac conduc-
tivity. The other important phenomena which have been discussed
already are interfacial effects between the different phases which

give rise to Maxwell-Wagner-Sillars inhomogeneous losses.

Finally, the nature of the charge carriers in these materials
has not been discussed except for the manganese glass—ceramics where
the volume fraction of crystalline phase was small, For those
systems in which conduction is postulated to be through the residual
glass it seems likely that polarons will be the carriers, Unfortunately
it is difficult to estimate the polaron parameters Gu-l, r ) as was
achieved for the glasses, because of the lack of quantitative knowledge
of the microstructure. Only for those glass—ceramics with the simp-
lest microstructures (e.g. SMI2C, SMI8C) can factors such as R, N and c,
calculated for the parent glass, be used to estimate a—] and rp for
the glass-ceramic. For more complex glass—ceramics still involving
conduction through a residual glass polaron conduction may be operating
while for conduction through a crystalline phase an electronic

mechanism is probably more appropriate.



TABLE 4.1

COMPARISON BETWEEN MIXED GLASSES AND EQUIVALENT SINGLE T GLASSES
Manganese Glass Manganese Glass Equivalent Iron Glass Equivalent Iron Glass
MF2 SMF3 SME2A [ e=11.0 | c=18.5 Tc=11.0 |lsMr2e [c=11.0 [<o=20.9 Jc=11.0
R=8.23% | R=6.48% R=7.19R8 | R=5.69% r=7.428) R=7.428 |R=6.598 R=6.81% | R=6.818 | R=6.56R
7 Fe,0, 3.33 - - 4. 80 - - "4.32 4.43 4.43 =6.45 |{5.64 | 5.71 5.71 Z6.45
% MnO 6.33 | 6.23 [=12.50 {[9.43 ]| 9.05 |=17.903.71 - - - 1.32 - - -
Hn = Mo 8.23 | 8.23 = e ] 7.9 - |lo.ss | - - - |h3.94 - - -
Distance (R)
re — Fe H
bistance &) | 810 7.15 7.42 | 7.42 7.42 6.81 | 6.81 6.81
™ - T™
Discance (&) | 6-48 6.48 |15.69 - 5.69 |16.59 - - 6.59 || 6.56 - - 6.56
2+
e @) | 0.00| o.00 0.00 (lo.o0] 0.00 0.00“18.5 11.0 18.5 1m.o || 20,9 11.0 20.9 11.0
total
gﬁ- 2) | 90.0 | 8s5.8 81.5 {{on.0] 8t.0 78.0(l00.0 | ©00.0 00.0 00.0 {| 0o.0| o00.0 00.0 00.0
total
L8 0 , 0ok 14.2 1 16.5 14.1 |f12.6 | 15.1 ‘2'9h1'0'3 11.0 10.8 9.90 || 9.39 10.9 9.87 9.96
Log b soox 11.6 13.4 1.4 {[10.3] 12.2 10.5 || 8.51 9.12 8.93 7.85 || 7.61] 8.30 8.07 7.85
Log p ¢oox 9.86 | 11.4 9.60 ||8.76| 10.3 8.80']7.38 7.70 7.51 6.70 || 6.44] 6.97 6.74 6.70
Activation 1.07 | 1.25 1.1 .96} 1.17 1.10]| .766 | .830 - .785 || .7431 .795 - .785
Energy (eV)

~ 9¢¢ -
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Fic.4.l. REDOX RATIO AGAINST TIME SHOWING
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Fig 4.2 EFFECT OF THE ToTaL TM IoN
CONCENTRATION ON THE REDoxX
RATIO
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F{34.8 ACTIVATION ENERGY AND LOG RESisSTIVITY
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CHAPTER 5

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

5.1 Conclusions

Two series of calcium aluminosilicate and one series of barium
borate glasses have been prepared containing up to 20Z MnO., In all of
these glasses the divalent redox state predominated and it was difficult

3 (>20%). It was found that production

to obtain high proportions of Mn
of Mn3+ was favoured by: high total manganese concentrations, high glass

basicity and lower melting temperatures.

Studies of dec conductivity in these .glasses revealed that the
log p/T = 1/T plots for concentrated glasses in one silicate series
(8MH) showed two slope behaviour, whereas the other glasses were charac-—
terised by a single gradient. The conductivity behaviour in the lower
temperature range for the 'two slope' glasses was well described by the
Mott equation and a small polaron hopping conduction mechanism in the
non-adiabatic regime was therefore appropriate. The condition for
small polaron formation (u—l < r_ < R) was generally obeyed for these
glasses in this temperature rangz. At higher temperatures the values of
a-l calculated from the intercept of the above plot at L/T = 0 were
7 generally greater than the polaron radius calculated by Bogomolov's
equation. This was also the case for the other glasses containing
greater than 77 Mn0 and which showed a single slope in the log p/T - 1/T
plot. However, in view of the similarity in behaviour of all these
glasses and the small difference between 'high' and 'low' temperature
activation energies, a small polaron conduction mechanism with abnormally
high values of a_l has been suggested. Such high values of a_l are a
direcf consequence of the high activation energy of these glasses. The
difference between the two slopes corresponded to a change in activation
energy of ~0,] eV and this behaviour has been explained by introducing
a structural differences term (AU) into the activation energy, to
account for coordination differences between donor and acceptor sites.
Conduction in all cases, except at low temperatures for glasses for
which 'two slope' behaviour was observed, was between tetrahedrally
coordinated an+ and octahedrally coordinated Mn3+‘ions. For concen-—
trated glasses in series MH it is proposed that some octahedrally co-
ordinated Mn2+ was also present which dominated the conduction process

: . . . 2+ 3+
at lower temperatures since the activation energy is lower for Mn™ - Mn
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transfers with both ions in octahedral sites. However, it has not been
possible to confirm the coordination of an+ with the spectroscopic

techniques used. The presence of different sites with different hopping
probabilities could also give rise to difficulties in the calculation of

afl which might therefore also explain the high values observed.

Comparison of results between these three different glass systems
has been used ‘to provide information on the effect of base glass com—
position and glass former. These effects are complicated and changes in
conductivity between different glass systems with identical proportions
of TM ioms are brought about by changes in both macroscopic and micro-
scoplc parameters. The macroscopic parameters identified included the
redoX ratio and density, since these affect the number of carriers and
interionic spacing respectively, with the latter having a pronocunced
effect on the activation energy. Microscopic changes in glass structure
and also in the polarizability of the oxygen ions and oxygen-cation
bonding are also important since they affect the activation energy by

altering the high frequency dielectric constant.

One series of calcium aluminosilicate glasses containing iron has
also been prepared to compare with the manganese glasses. In these
glasses iron was present mainly in the oxidised state. In a similar
way to glasses in series SMH, glasses with high iron concentrations
showed two slope behaviocur which has been explained in an analogous way
by proposing the existence of octahedrally coordinated Fe3+ in these
glasses. In all of the glasses the presence of octahedrally coordinated
Fe2+ and some tetrahedral Fe3+ was concluded from optical absorption
spectroscopy. A small polaron hopping conduction mechanism was appro-—
priate for glasses containing >3,5% Fe203 and this was further confirmed
by plotting log p against the redox ratio. A broad minimum was observed
at ¢ v 0.5 as predicted by the Mott equation; however, the activation
energy also showed a minimum which was only poorly(des;ribed by the
163

theoretical dependence of WH on ¢ derived by Isard

polaron theory. Experimental error could possibly account for this,

using small

Comparison of manganese and iron glasses revealed that the conduc-
tivity was higher in the iron glasses chiefly becausgse of the lower ac-
tivation energy. The activation energies of the manganese glasses were
high (> 1 eV) even for the highest proportions of total manganese and
Mn3+. This has been tentatively explained in terms of tighter bonding

2+ . . . .
of the 'extra' electron to the reduced Mn ion since this ion has a
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stable d5 configuration compared to d6 for Fe2+. The polaron is
therefore much more localized on the reduced ion in manganese glasses
as-a result of the greater polaron binding energy and this has been
confirmed by simple calculations.

The dependence of the activation energy on the interionic spacing

(163) assuming the polaron

was analysed by the method described bf Isard
localization (r) was a constant in any series., Agreement for series

SF, SML and M was good but series SMH showed an almost constant acti-
vation energy energy at higher concentrations which required that r

increased slowly with R. Such a change does seem physically reasonable
although it was concluded that this was probably the result of experi-
mental uncertainties to reconcile the behaviour of series SMH with the

other manganese glasses.

The cénductivity showed a marked dependence on R as predicted by
the Mott equation but as the magnitude of R increased above 8 - 9 R
this dependence became less and the activation energy increased. The
Mott equation was no longer applicable in this region and it would seem
that such a distance reflects the limit at which polaron hopping between
TM ians becomes unfavourable. At this and slightly greater distances
some indirect hopping via an intermediate state, such as the band edge,
may occur although this would need to be proved by further work.
Eventually electronic or polaronic processes died out completely and
conduction was by impurity alkali ions, hydroxyl ions or protons with
the TM concentration having no effect on the conductivity. Activation
energies in this compositional raﬁée (:?Z Mn0, <1Z Fe203) were in- the .
range of 1.4 « 1.7 eV which is typical of ionic mechanisms and similar
to the value of the undoped base glass.

Some mixed iron-manganese glasses were also prepared and it was
concluded from optical absorption spectroscopy that Mn3+ and Fe2+ did
not coexist in these glasses. Hence only three of the possible four
states were observed, The electrical conductivity was typical in mag-
nitude to that expected for the element present in two oxidation states.
‘The single oxidation state of the second T element seemed to exert a
real effect since the resistivity and activation energy were lower than
would be predicted by only considering conduction involving the element
present in two states. The TM-TIM distance was the dominant parameter,
hence it is suggested that the ion of the second element can reduce the
conductivity by some kind of interaction which may differ in glasses

containing Mn3+, Mn2+ and Fe3+ to those .containing Mn2+, Fe2+ and Fe3+.
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In the former case some Fe3+ ions acted as acceptor sites and it was
thought that Mn2+- Fe3+- Mn3+ associates were formed which reduced R.
In the second case it did not seem energetically favourable for Mn2+
ions to act as donor sites because of the higher polaron binding energy
compared to Fe2+. Therefore an indirect interaction via changes in the
glass structure and hence in the dielectric constant, has been proposed.
The presence of some. interaction between ions of the two elements was
also suggested by the behaviour of the cut—off edge in the optiecal
absorption spectra which shifted to lower wavelengths than would have
been expected from the individual ionic concentrations. Changes in the
EPR spectra. for these glasses could also be attributed to such an inter-

action.

In addition to dc resistivity measurements, ac measurements have
also been made which, in most cases, were in support of polaron hopping

between adjacent sites.

The crystallization behaviour of the glasses revealed that'Mn3+
concentrations of greater than -2.37 acted as effective nucleating agents
and in most cages a manganese rich phase developed along with the major
silicate crystalline phase: gehlenite for series MH and anorthite for
series L. Iron concentrations of greater than 57 promoted the pro-
duction of fine grained glass—ceramics with a pyroxene as the major
phase, In the mixed glasses identification of the major phases was
uncertain although compositions were related to gehlenite and wollaston-—

. , . . . . 2+ 3+
ite with possible substitutions of iron and manganese for Ca~ and Al™ .

Analysis of the dielectric properties of the glass-ceramics
revealed the presence of peaks in the dielectric.loss which have been
attributed. to Maxwell-Wagner-Sillars loss of these inhomogeneous
dielectrics. Some of the iron glass—ceramics also showed non-ohmic dc
conductivity behaviour possibly because of the presence of small conduc-
ting crystals in an insulating matrix. In each case the changes in dc
conductivity on erystallization have been correlated with the micro-
structure of the glass-ceramics and four main effects have been iden-
tified; growth of an insulating crystalline phase which caused an in-
crease in conductivity; segregation of one ™ oxidation state into a
erystalline phase which caused a decrease in conductivity; growth of
discrete crystallites of a mixed valence phase which decreased the dc
conductivity but increased the ac conductivity and finally, growth of a
contiguous mixed valence phase which produced the most dramatic decreases

in both resistivity and activation energy.
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5.2 Suggestions for Further Work

Two categories of further work should be considered; that intended
primarily to confirm the conclusions of the present study by supplying
additional information and more general work to extend the study into

new areas.

In the first category, considerable uncertainty exists concerning
the coordination of the Mn2+ and F23+ ions and further spectroscopic
measurements are required to resolve this. M&ssbauer spectroscopy
would be the most appropriate for iron glasses although other techniques
may also be applicable., More work is also needed to identify some of
the crystalline phases produced in the glass-ceramics since it is possi-
ble that some of these phases may not have. been observed in glass-—

ceramics before.

When considering extension of the work it should be remembered
that althdugh a considerable amount of information now exists on
electronic conduction in various glass systems, this has been obtained
on a relatively small number of systems compared to the wide range of
TM oxide glasses possible. Of the first row TM elements only Cr, Co
and Ni have not received much attention and a study of these ions would
prove valuable. Attempts to produce larger fractions of the oxidised
redox states in Co and Ni glasses by novel glass-forming technijques

would be worthwhile for comparison with manganese glasses.

The conduction processes in mixed ™ systems have still not been
resolved and a number of different effects may be operating. Further
study of a variety of mixed glass systems would be of interest to

clarify this area particularly with regard to .ionic interactions,

Finally, the effect of crystallization on conductivity is a vast
subject. which has received little attention and more work is required.
The growth of semiconducting crystalline phases in glass—ceramics 1is

an area which could produce useful materials and should be pursued.
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