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PREF ACE

The present thesis reports the results of our 1nvestigations on a

few disordered superionic conductors (SICs), taken up as a part of a
basic research programme in the flileld of Solid State Ionics at the
University of Hyderabad Studies on SICs have become very 1important for
scientific understanding of 1on motion as well as for technological
applications The rapid progress made 1n this field 1s evident 1n the
steadi1ly 1ncreasing number of contributed papers 1in several journals
including Solid State Ionics and the Journal of Non-Crystalline Solids
and at the series of biennial International Conferences on Solid State
Ionics, the eighth of which was held 1n Lake Louise, Canada during
October 1991 and also at the biennial conferences of the Asian Society

for Solid State Ionics, the third of which 1s due to be held at

Varanasi, India during November 1992

Ion-conducting systems selected for 1nvestigations, to be presented
1in this thesis 1nclude (1) quenched lesotl - a disordered crystalline

system, (2) L120-T602 and L120--Na20-TeO2 glasses and (3) Agl-based

borate and tellurite glasses

Chapter 1 - General Introduction

The first chapter begins with a general introduction to superionic
conductors - the microscopic theory of 1ionic transport 1s presented

along with a brief focus on classic", crystalline SICs, from the point

of view of structure and 1ts relation to superionic conduction The

latter part of this chapter concerns glassy electrolytes Tnis part

starts w.th a general discussion about basic aspects of amorphous

¥
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systems, such as glass formation and various facters which can
facilitate the glass formation Special experimental tools that focus on
the basic structure of 1onic glasses with special reference to silicate,
borate and tellurite glasses are outlined 1in perspective Possible

mechanisms of 1on transport in glassy electrolytes are presented with

particular reference to the systems i1nvestigated by us

Chapter 2 - Experaimental Techniques

This chapter includes a brief description of the different major
experimental probes employed 1n our work - powder X-ray diffraction
(XRD), differential scanning calorimetry (DSC), 1onic conductivity

measurement using lock-in amplifier, followed by the design of sample

holder used and electron spin resonance (ESR)

Chapter 3 - AC Conductivity Meter

This chapter starts with a brief account of the importance oi AC
measurement 1n the field of SICs An electronic system designed and
constructed for AC measurement (complex 1mpedance/admittance, total AC
conductivity) on superionic conductors at several frequencies upto 60
KHz 1s described 1n detail This system consists of a quadrature

oscillator a current-to-voltage converter and a phase sensitive
detector The perftformance of the system 1s convincingly demonstrated

using two test samples and other measurement possibilities are

dlscussed

Chapter 4 - Quenched Lithium Sulphate
In this Chapter we shall discuss the results obtailied on

melt~quenched L12504 through AC conductivity and DSC measurements from

+

the point of view of Li conduction Melt-quenching of L12804, alded by
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impurities such as L12CO3 1s found to stabilize FCC/microcrystalline
structures (as evidenced from XRD results), and to produce ~ 5-6 orders

0
enhancement 1n conductivity (relative to monoclinic phase) at 100 C

with activation energy of 0 4 eV IR and ESR results on quenched L1,50

2 4
melts highlight the role of SOi- and cog" molecular motions and

structural disorder 1in leading to ambient superionic conduction

Chapter 5 - Alkali-Tellurite Glasses

The first part of this chapter highlights the significance of
tellurite glasses vis—-a-vlis borate glasses 1n terms of their structure
and physical properties The second part deals with the thermal
stability and the resultant structure of 30 L120-70 TeO2 glass - a
eutectic composition, through DSC and XRD measurements The electrical
conductivity of this lithium tellurite composition 1n 1ts crystalline
and non crystalline forms are also discussed The last part presents a
brief account of the mixed alkali effect (MAE) observed through various
physical properties 1n silicate and borate glass systems A brief
account of the wvarious theories of MAE, based on cation-cation
Interaction cation-network 1interactions with special reference to

changes 1n bond strength among different species 1s followed by our own

observation of MAE 1n the L120—Na20—'1"e02 glass system and 1ts discussion

1n the light of above theories

Chapter 6 - Silver Ion Conducting Glasses

In this chapter we present a comprehensive study of AgZO—Bzoa/Teoz
and AgI-AgZO—8203/'1'(302 glass systems through AC conductivity DSC and
ESR spectroscopy from the points of view of (1) optimization of Ag+

conductien (2) thermal stability and (3) mobile cation environment and

1ts 1nteraction with network formers The results are discussed on the
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basis of structural models suggested by Minami et al & Seshasayee et al

Chapter 7 - Summary and Suggestions for Further Work
The principal conclusions from the results reported i1in chapters 3-6

are summarized 1n this chapter followed by suggestions for further work

To the best of our knowledge the results reported here (except for

the conductivity and glass transition temperature data on silver 1ionic

glasses) are completely new and the thesis represents our first efforts

to understand them
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1. GENERAL INTRODUCTION

1 1 INTRODUCTION TO SUPERIONIC CONDUCTORS

111 Short History

Superionic conductors (SICs) are a class of materials which achieve

ionic conductivities comparable with those of molten salts (o > 10“1

S cm_l) while still in the solid phase Superionic conductors are
sometimes called fast i1on conductors or solid electrolytes (since the
conductivities are comparable to those of liquid electrolytes) The fast
1on-conduction was i1ndeed realized i1n the nineteenth century itself The

first observation dates back to 1839 when Faraday[ll reported a drastic

increase in the 1onic conduction of PbF2 as 1ts temperature was

increased above 177°C LLater, 1n 1899 Nernst[2] found high oxygen 1on

conductivity at elevated temperature in Y203 stabilized 21"02 (YSZ) which

1s a non-stoichiometric material with high extrinsic vacancy

concentrations The early 1900’s saw one of the few important superionic

conductors viz oa—-Agl (body centered cubic) above the first-order phase

transition at 146OC[3] from the B-phase at ambient Another classic

example 1s the high temperature lithium 1on conducting a—-phase (face

centered cubic) of L12804[4] which 1s stable between 572—83OOC In the

middle of 1960’s, sodium B-alumina[S] was proposed as a high conducting
sodium 1on conductor which is a stoichiometric compound possessing a
high i1ntrinsic sodium ion vacancy concentration This work on f-alumina,

had 1nitiated an 1increased activity 1n the field of SICs and has

revealed many new materials with high wvalues of conductivity, mainly

with H+, L1+, Na+, Ag+, Cu+, F  and 02" as mobile 1ons



1 12 Classification of Ionic Conductors

O Keeffe[6 L has divided the solid 1on conductors 1nto three
classes Class ] contains normal 1on conductors that attain high 1onic
conduction only on melting, with low conductivity and large activation
energy (~ 1 eV) 1n the solid state These materials are not fast 1on
conductors The alkali halides are examples of class I materials Class
Il contains systems which acquire fast i1on conduction via a first-order
phase transition with change 1in the crystallographic symmetry Actually
O Keeffe divides Class II 1into two subclasses Class Ila, contains
materials showing a large dliscontinuous change in 1onic conductivity and
a major change i1n the lattice symmetry of both mobile and 1mmobile sub
lattices, such as the a-8 transition i1n Agl, while class IIb contains

those crystals, where the changes 1n the crystal symmetry for the

immobile sub lattice are minor Class III contains materials where 1onic

conduction 1s obtained via a diffuse transition with no change 1n the

symmetry of the non-conducting lattice, often called the Faraday
transition Examples for this group are the fluorides PbFz, CaF2 and
BaFZ Pardee and Mahan[S] have chosen a slightly different
classification scheme that relates directly to the nature of the phase
transitions They do not distinguish between class IIa and IIb but add a
new class of materials that enter the fast ion conducting phase via a
second-order phase transition with a lambda anomaly 1n the specific
heat, characterized by a smooth change 1n 1onic conductivity (but with a
discontinuous temperature derivative) An 1important example of this
class 1s RbAg4IS which shows superionic conduction at room temperature
Class IIIl remains a separate, less well understood category

Very recently Ratner and Nitzan 9] have divided SICs 1nto (1)



framework crystalline materials with rigid skeletons and mobile 1ons and

(11) highly disordered materials

They further subdivided the framework crystalline materials into
\

(a) soft crystals and (b) hard crystals Soft framework crystals like
Agl, Cul, Ag2H314 have (1)} predominantly 1onic binding (11) readily
polarizable heavy 1ons (111) low Debye temperatures and (1iv) sharp order
to disorder phase transitions between low and high conducting phases
accompanied by a large increase of enthalpy Hard framework crystals
(e g , B-Alumina, L1A18104) possess (i) covalent binding and thus high

frequency for local vibrations (ii) high Debye temperatures (111) low

polarizability for mobile 1ons and (iv) no crystallographic phase

transitions

The highly disordered materials such as glasses and polymers are

characterized by lack of 1long range order and hence they possess
complicated structural characteristics Therefore these materials are

less understood than the crystalline electrolytes

1 1 3 Phase Transitions

The basic origin of superionic conduction is the disorder and the
low activation energy assoclated with correlated motions of the 1ons
Therefore the superionic conducting phases are found in systems that may
transform crystallographically or are thermally disordered without too
much gain in enthalpy The phase stability is ensured by a simultaneous
gain 1n entropy on disordering The entropies of fusion of the alkala

1

halides are all very similar, with a mean value of 24 2 kJ mole = for

the 20 salts from LiCl to CslI But 1n many superionic conductors, the



observed entropy change at the solid state phase transition ﬁSt 1s of

order 10 kJ mc:-lﬁ-m1 which points to the fact that sublattice melting 1is

indeed taking place{lol

In order to establish many equivalent sites for disordering, 1t 1s
clear that fast 1on conducting phases should have a high

crystallographic symmetry This general trend 1s assured for systems

(11]

obeying the first Landau rule of phase transition, which 1in this

context requires that the space group of the superionic conducting phase
1s a supergroup of the ordered one Second-order phase transitions and
those of first order corresponding to O'Keeffe's subclass Ilb are Landau
transitions However, for the SICs belonging to the class Ila, the

superionic conducting phases almost always possess highly symmetric

cubic or hexagonal space groups

1 1 4 Theory of Ionic Conduction - General Approach
The conduction characteristics 1in 1onic crystals have been

[12a, 12b, 13]

considered extensively in a number of papers We shall

therefore discuss briefly the 1ionic conductivity with respect to the

mobi1lity and the concentration of the conducting species

The transport of 1lons through an 1ionic crystal depends on the
presence of defects At temperatures above absolute zero, even nominally
pure 1onic crystals contain vacancy lattice sites and interstitial ions
There are two ways 1n which these vacant sites (vacancies) and
interstitial 1ons can arise An 1on on a normal lattice site 1is
thermally activated to an interstitial position leaving a vacancy in the

normal lattice site The interstitial i1on and the ionic vacancy together



constitute a Frenkel defect Vacancies of anion and cation are
introduced in pairs - called Schottky defect pairs - into the lattice

from surface sites, dislocations and grain boundaries The mechanisms of

ionic transport process may be summarized as follows

(a) The vacancy mechanism exchange of a vacancy with a
neighbouring ion in a normal lattice site (Fig 1 1la)
(b) The interstitial mechanism transport of an interstitial i1on to

a neighbouring equivalent interstitial site (Fig 1 1b)

(c) The interstitialcy mechanism displacement of an ion 1in a

normal lattice site to an i1nterstitial site by a neighbouring

interstitial ion (Fig 1 1c)

In a single-phase material, assuming that conduction occurs
predominantly for a single ionic species, the electrical conductivity 1is

given by

c = n(Ze)u (1)

The basic understanding of ionic conduction 1s based on a model of
diffusion by 1solated jumps with random walk of the mobile species For
diffusion through 1interstitial sites, the potential of the mobile
species 1s assumed to be as shown 1n Fig 1 2 If the hopping through

the i1nterstitial sites occur in single uncorrelated steps, then random

walk theory leads to the diffusion coefficient D

D =g d° v (2)

where « - 1s a geometrical factor, d the 1on Jump distance and v the
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Fig. 1.1 Mechanisms of 1ionic transport in crystals (a) the vacancy
mechanism, (b) the 1interstitial mechanism, (c) the 1inter-

stitialcy mechanism Small circles represent cations, large

circles represent anions



regular site interstitial sites

1 l l

Fig. 1.2 Single particle potential assumed in the classical theory of
diffusion AGm is the enthalpy of motion for the interstitial

to interstitial migration of particles



average Jump frequency The latter depends on the energy barrier for

migration Em— presented by 1ts neighbours and on the attempt frequency

v of the particle in 1its local potential well Thus 1f v, 15 a

characteristic atomic vibrational frequency the probability for jump per
second v 1s expressed as
v = v exp(-E /kT) (3)
0 m
where k 1s the Boltzmann's constant and T 1s the absolute temperature

Thus the atom makes v, passes at the barrier with a probability

exp(~Em/kT) on each trial of surmounting i1t by thermal energy

The diffusion coefficient then becomes

_ s
D=ad v exp Em/kT] (4)

The Nernst-Einstein equation, pkT = ZeD which relates the mobility

u to the diffusion coefficient, may be used to obtain the conductivity

n(Ze)2 o d2 v
e exp(-Em/kT) (5)

In normal 1ionic materials the concentration of charge carriers

(Frenkel or Schottky defects) 1is only that generated by thermal
excitations. Thus the defect concentration in either case 1s given by

n =n_ exp (-E_./kT) (6)

f
where Ef 1s half the defect-pair formation energy The conductivity then

becomes

E +E .
m

. 2 2. -1 ) f
C = nO(Ze) uod (kT) exp T (7)
« n_ (Ze)2 V d2
F = === kT exXp “(Ea/kT) (8)

where £ = E + E
a m f



At low temperatures, the defects are primarily 1nduced by

impurities Therefore we obtain

c = o n (Ze)2 v dz(kT)-1 exp (-E _/kT) (9)
o 0 m

Eqn (7) represents the ionic conduction behavior 1n the so-called
intrinsic region  An Arrhenius plot of log (¢T) versus 1/T would be a
straight line Then Ea’ which i1s the sum of both - the energy for defect
formation (Em) and the energy for defect migration (Ef) may be computed
from the slope of the straight line On the other hand, Egn (8)

represents the 1onic conduction behavior in the "extrinsic region’' The

slope (Ea] of the Arrhenius plot of log (¢T) versus 1/T would yield the

activation energy of mobility Em

In superionic conductors, the high ionic conductivities are due to
the unusual crystal structures of these ionic solids In the crystal
lattice, the anions form an arrangement that provides for a large number
of i1interstitial sites on which the cations/anions are distributed in a
disordered fashion In other words, these crystals have an open
structure' containing "built in defects' The migration of these defects
1s less restricted than the thermally activated conduction process
Therefore, 1t 1s important to note that within the temperature range
where the unusual crystal structures are stable, the ionic conductivity

of these crystals 1s relatively insensitive to both impurities and

temperatures

Thus the unique character of SICs arises from the value "n" of the

concentration of the charge carriers with respect to no, the total



number of 1ons The n' represents an important fraction (B8) of

potentially mobile ions because of the presence of structurally inherent

vacant positions

n =R N (10)
x f3 " (Ze)2 v dz
and o = - —— T.f—-—-—---——— exXp (-Ea/kT) (11)
%
¢ = 7 exp (-Ea/kT) (12)
where c, 18 the pre-exponential factor

Thus 1n contrast to conventional 1onic conductors, the slope of the

plot log (¢T) versus 1/T for a SIC will represent only the energy for

migration of defects as i1n the case of extrinsic conduction

This simple model assumes harmonic vibration of an 1isolated
particle in a rigid potential well and ignores anharmonicity,

polarization effects, and correlation between moving species which are

influential factors in fast-ion conduction

SIC materials have conductivities comparable to those of 1liquid
electrolytes with 1low activation energies (0 1-0 3 eV) and the
concentration of mobile ions involved in charge transport is so high
that their interactions play an essential role and thus the correlation
effects between carriers must be considered Also, the cooperative
motion of 1ons can lead to hligher conductivities than if isolated jumps
alone are con51dered[14] To understand the conduction process in SICs,

one must establish as to how large numbers of correlated interstitial

1ons and/or vacancles are created and how they move 1n the lattice



Detailed structural studies (by diffraction and 1light scattering
experiments) might help obtain information about possible sites 1in the

lattice, partial occupancies, correlations between 1ons and vacancles

and 1on dynamics

1 2 NATURE OF SUPERIONIC CONDUCTING PHASES

121 Agl compounds

x~Agl was one of the first solid electrolytes to be found to

exhibit a very high 10onic conductivity as shown in the Fig 1 3 ranging

between 1 2 and 2 6 S c:m-1 In 1914, Tubandt and Lorenz [3]observed that

the highly conducting a-phase 1s stable above 146°C Below 1460C, Agl

crystallizes in a hexagonal (Wurtzite) structure“sl and 1its 1onic

(16,17 -4

conductivity (exclusively carried by Ag+ 1ons) 1s about 10

S cm—1 The first attempt to explain this fast ion conductivity of «a-Agl

was made by Strock[18] who found that a-Agl belongs to space group Im3m
[Oa) the cubic unit cell, (a = 5 044 %) and contains two Ag+ 1ons with

10dide ions at the corners and body centre (Fig 1 4) These two Ag+
ions per elementary cell seem to be distributed over 42 space group
sites with different coordinations 6(b), 12(d) and 24(h) The 6(b)
sites appear to be octahedrally coordinated, and are high energy sites,
and thus 1t 1s unlikely that Ag+ 1ons would reside there long, 1f they
move through such sites at all The 12(d) sites are at the centers of
tetrahedra which share faces and provide a network of pathways through
which the Ag+ 1ons can move The 24(h) sites are at the centers of the
shared faces, and the Ag+ 1ons are expected to move rapidly through

them In «-Agl, the conduction passage ways for Ag+ 1ons are formed by

the face-sharing tetrahedra X-ray diffraction studles[18] failed to

detect any significant preference for a particular type of site, 1 e
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Fig 1.3 The lonic conductivity of selected superionic conductors
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the three site energies are very nearly equal Thus no meaningful
distinction can be made between "regular" and 'interstitial silver
sites the number of almost equivalent sites being much larger than the
number of Ag+ 1ons Therefore it was concluded that the Ag+ sublattice
1s 1n a molten state In an a-Agl crystal with the so-called molten
sublattice during diffusion, the mobile Ag+ ions have to move through
the periodic potential generated by the I 1ons forming the ordered
lattice, and 1n doing so there are always plenty of empty sites 1n the
neighbourhocd and the mobility 1s primarily determined by the detailled
structure of the single 1on potential along the pathways and also by the

nature of the cationic short-range order 1induced by the 1on-1on

interaction

In this connection, it is interesting to have a look at the crystal
structure of B-Agl[lgl shown in Fig 1 S5 In B-~Agl which has low 1ionic
conductivity the I sublattice forms tetrahedral and octanedral voids
The Ag+ 1ons occupy only tetrahedral sites in an ordered manner The
unoccupled octahedra are connected with each other and with the
tetrahedra by common faces The octahedra form rows parallel to the
c-axis This seems to be the ideal arrangement for an ionic conductor,
1f only the geometrical features are considered Thus an Ag+ 1on may
Jump from a tetrahedral site into an octahedron and may move now through
the crystal within a row of octahedra (Fig 1 5S) However, at 140°C only
about 1% of the Ag+ 1ons occupy the octahedra This result suggests that
1onic conduction 1involving 1interstitial sites (Frenkel disorder) does

not allow high 1onic conduction Only ion movement between regular sites

generates high conductivity In a more general way, Jumps of 1ions



Fig 1 5 Crystal structure of B-Agl pB-Agl crystallizes 1n the wurtzite
type structure The Fi1g shows a possible Ag+-m1grat10n path
A silver i1on Jumps from a tetrahedral void i1ntco an unoccupied
octahedra (first hatched position) and then moves parallel to
the c-axis through the chain of unoccupied octahedra (second

hatched position)
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between sites with similar site energles are required and such Jjumps

requlre an occupational disorder as found i1n a-Agl

Similar high conducting silver electrolytes are a—Ag3SI. a-Angglq,

and a-RbAg4IS

In a-Ag3SI (BCC anion structure) unit cell three silver 1ions are
distributed over 42 available sites[zol Even 1n the low temperature
modification, B—AgSSI, the anion arrangement provides 12 sites for the
three silver ions 1n a unit cell As a result, the conductivity of

-2 ~1 [21]
B-AgSSI 1s as high as 10 S cm even at room temperature A face
centered cubic arrangement can also provide excess sites for the cations

as shown by a—AgZHgI4 (stable at 50°C and above) Ketelaar[ZZ] suggested

that i1n the a—AnggI4 unit cell, three cations are randomly distributed

over four available sites

A cubic but more complicated structure 1s also observed 1in
(23]

a-RbAg415 , the solid electrolyte with the highest 1onic conductivity

at room temperature, discovered by Bradley and Greene[24], and, Owens
S

and J-‘u‘gue[2 ] The unit cell of this compound contains four formula

units The Rb+ 1ons and the I ions are in fixed lattice positions while
the 16 Ag+ 1ons 1n the unit cell are distributed over 56 possible
lattice sites The structural disorder of the silver 1ons 1s the reason

for the high conductivity of such electrolytes[26'27]

1 2 2 B-Alumina

Among the solid electrolytes, the compounds with f-alumina

structure exhibit unusually high, purely 1onic conduction, and have been
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extensively studied

[5)

In 1967 Yao and Kummer discovered sodium B-alumina with the

nominal composition NaAlllo17 (NaZO 11A1203) which contains four layers

of oxygen 1ons 1n cubic close-packing with the aluminum 10ns occupying

octahedral and tetrahedral interstitial sites (see Figs 1 6 and 1 7)
These form spinel-like blocks along the direction of c-axis i1n the unit
cell, which are held by a loosely packed reflection plane perpendicular

to c-axis containing Al-O-Al bridging groups and sodium i1ons The A1203

blocks are completely impenetrable for the sodium 1ons, and their motion
1s restricted to the pathways along the two-dimensional honeycomb net 1n

the 1nterlayer making single crystal B-alumina a highly anisotropic

superionic conductor

Thus the sodium 1ons have a high mobility in the mirror plane and

2 1 1 -]

conductivaity values of about 10° S em ~ at 25°C and 10 © S cm at

(28]

300°C have been reported The relatively weak binding across the
reflection plane accounts for the excellent cleavage parallel to the
basal planes and the fact that single crystals invariably grow as thin

flat platelets with large faces perpendicular to the c-axis

[29-31])

There exist at least two B-alumina phases 1n the NaZO-A1203
phase diagram the B-A1203 phase with a Nazo/AIZO3 ratio between 1/9 and
1/11 and the f3 —A1203 phase with a ratio between 1/5 and 1/8 8 -A1203
has a higher 1onic conductivity than the B-phase It can be stabilized

by small amounts of MgO[ZQ]



,

&) qd @ L | - 90 ')

b

‘IO

&
.E‘ H » N
m'.mnﬁlzontﬂ

‘»ﬂ« o\e h”mcs.wl, wo.oooo‘ﬂﬂ

\>

L]
a‘wy . ,
»-Q«tlimgw‘o’.ﬂﬁﬂiﬁtﬂ

s |
£ 2 ®

m S b

92"
“.r..

alumina (left) and B"-alumina (right)

Fig 1 6 Structure of B-



Fig

s A

Unit Cell

7 .
Oxi1de 10N on Sodium 1on on
O conduction plane conduction plane

Oxi1de 1on packing arrangement in fB-alumina and B"-alumina
Note letters refer to stacking arrangements where ABC
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The B—A1203 structure generally refers to the atomic arrangement

which characterizes a large family of 1somorphs with the nominal
composition AM11017 where A = Na, L1, Rb, Ag, Tl and M = Al, Ga, Fe
Substitution of the A 1on can be accomplished by 1on exchange 1in an
appropriate molten salt, the properties of electrolytes containing
varying proportions of two A ions have been examined The mobility of an
1on i1n the reflection plane will be a function of 1ts radius and for a
particular 1isomorph there will be an optimum size The mobility of
sodium 1ons, for example, in sodium B-alumina 1s greater than that of
the lithium 1on because the small size of the latter allows it to
approach the oxygen 1lons more closely The resultant electrostatic
potential well formed by the three nearest neighbour oxygen 1ons 1s
lower than would be the case for the larger sodium 1on which 1s subject
to greater repulsive forces A correspondingly large activation energy
is thus necessary to enable the lithium ion to Jump into a neighbouring
+

vacant site The activation energies of Na ion (or) and L1+ 10N

conduction shown in Fig 1 8 are in accordance with this explanation

1 2 3 Fluorite Structured Compounds

Several halides that have the fluorite (Can) structure reveal high

halide 1on conductivity One of the best examples is PbF‘2
-1

S cm at 500°C At room temperature PbF2 have a very low conductivity

in which o = §

and as such 1s a typical 1onic solid Other materials that behave like
PoF, are SrCl,, which has a very high conductivity between ~ 700°C and
the melting point 873°C and CaFZ, which arrives 1n the highly conducting

condition Just as the melting point, 1418°C 1s approached
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A common way of describing the fluorite structure 1s as a primitive
cubic array of anions (F ) i1n which the eight-coordinate sites at the
cubic body centres or alternately empty and occupied by a cation for

2+

example 1n CaF, the primitive cubes of F  1ons are formed with Ca 10ns

2
at the body centres of alternate cubes (see Fig 1 9) The sites
avallable for 1interstitial F are then at the centres of the set of
empty alternate cubes, these sites are normally coordinated by six
calciums 1n an octahedral arrangement and eight fluorines at the cube

corners In creating an 1interstitial F 1on, one of the corner F 1ons

must move off 1ts corner site and i1into the body of the cube

The best known and most thoroughly 1investigated oxygen 1on

conductors are those based upon stabilized-zirconia Pure 2rO is

2
monoclinic at ambient temperature (a = 5 12 R, b =35 17 3 c =529 %
B = 99011‘) and transforms reversibly to a tetragonal structure above

1150°C  For the fluorite structure to be stable 1n any compound the

ratio of cation to anion radius must be greater than 0 732, whereas for

Zr02 this ratio 1s only O 724[32] The high-temperature, superionic

cubic fluorite structure of 21‘02 may be stabilized (even at much lower

temperatures) by forming sol:d solutions (with Y203, Ca0 or MgQO) or by

intreducing non-stoichiometry Doping of 2r0O, with Ca0O results 1in the

2

generation of oxygen 1on vacancies, and these disorder sites found to be
responsible for the ionic conductivity of zirconium oxide In the case
of ZrOZ-CaO, the range of stability of the fluorite phase is approxi-
mately 12-20 mole% of CaO, corresponding to 6-10 % oxygen vacancies

Table 1 summarizes the conductivity results of a few oxygen 1on

conductors for the temperature range shown



(a)

e = Ca
Q:=F
X =anterstitial s te

O u

L]0 vacancy

Fig 1 9 The crystal structure of (a) CaF2 (Fluorite) (b) L120 (ant1-

fluorite)
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TABLE I

Conductivity results of a few oxygen 1on conductors

Compound Temperature(OC) o x 10 © (S cm—l) Ref
ZrO2 (10 mole% SC203) 600 - 1400 2 = 100 33
Zr02 (10 mole% Y203) 600 - 1400 3 = 30 33

ZrO2 (13 mole% CaO) 640 - 1000 02 - 30 34
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Thus the fluorite structure appears to be particularly suitable for

high 1onic conductivity

The antifluorite structure also favours superionic conduction For

instance L120 which exhibits thermally induced Frenkel disorder and

[35,36]

fast-ion conduction at high temperature crystallizes 1n the cubic

antifluorite structure 1 e , it has the same structure as C.aF'2 with

anions and cations interchanged (the tetrahedrally coordinated Ll+ ions

form a simple cubic array and the eight-coordinate 02- ions occupy

alternate cube centres, see Fig 1 9)

Certain other compounds adopting the antifluorite structure are

NaZO, K20, szo, NaZS and KZS Nazs at high temperature appears to
undergo a phase transition to a superionic state with Na+ sublattice

disordering Conductivity and neutron diffraction studies on these

compounds should be of interest

From the results of various investigations on these crystalline

SICs, the following points emergelza]

(1) Conductivity appears to be associated with the nature of

passage ways, the simpler the latter are, the higher will be

the conductivity

(2) 3-D networks generally lead to higher average conductivity

than 2-D networks

(3) Larger volumes of crystal space occupied by the conduction
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passage ways lead to higher conductivity This is related to

the points (1) and (2)

(4) The ratio of available sites to current carriers should always
be greater than 3 Even a factor of 2 may not give a solid

electrolyte because it is probable that at least half the sites

will be too close to the other half

Thus 1t 1s well understood that the ions may move easily and
rapidly 1n crystals, with a high degree of potential disorder 1f their
ionic radii match the cross section of the conducting paths and if these
paths connect regular lattice sites with each other In all the
electrolytes discussed above structural defects or lack of rigidity 1in
one of the sublattices gives rise to enhanced i1onic conduction In such

a case, the non-crystalline socolids possessing a large degree of

disorder could be better choice than crystalline systems i1n revealing a

significant and selective 1onic conduction

The remaining part of this chapter is concerned with the structure

and 1onic properties of amorphous electrolytes Before we discuss these

aspects of 1onic glasses we make an attempt to answer the following

questions

(1) how do glasses form?

(2) Why do glasses form? In particular, why are some materials so

much better glass formers than others?
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1 3 GLASS FORMATION

Glass 1s generally obtained by supercooling a liquid 1n such a
manner that 1t does not crystallize It may also be prepared through
[37]

variety of other techniques provided crystallization 1s suppressed

Most compounds when melted have a viscosity about the same as that of

water (10~2 Poise, P) On cooling the melt 1t very rapidly crystallizes
at, or a little below the melting temperature Tm (see Fig 1 10) There
are however, a few materials which form melts, which are considerably
more viscous The high viscosity 1iIndicates that the atoms or molecules
in the melt are not so easily moved relative to one another by applied
stresses 0On cooling below the melting point, crystallization does occur
but at a significantly lower rate than in the materials of first group
The process of crystallization involves structural changes, 1 e

, the

rearrangement of atoms relative to one another

If the crystallization rate 1s low enough, it 1s possible to go on
cooling the melt, below the melting point avoiding the occurrence of
crystaliization As the melt cools, 1ts viscosity continues to 1ncrease
This viscous 1liquid below the melting point 1s a supercooled 1liquid
(region b-e 1n Flg 1 10) It 1is 1incorrect to refer to 1t as a glass On
further cooling the viscosity reaches a high value (~ 1013-1014P) that

the material acquires the rigidity of a crystalline solid but without

regular 3-D periodicity of a crystal structure This change 1n

properties or behaviour from an undercooled liquid to a glass takes
place at a temperature or over a range of temperatures called the glass
transition temperature (Tg) The Tg depends on the rate of cooling of
the undercooled liquid It 1s found that the slower the rate of cooling,

the larger 1s the region over which the liquid may be supercooled and
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TEMPERATURE

Fig. 1 10 Volume-temperature characteristics (schematic) for crystal,

liquid and glass
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hence lower 1s the glass transition temperature (compare points e and g

in Fig 1 10)

1 4 FACTORS THAT INFLUENCE GLASS FORMATION

The question why do certaln materials readily form glasses on
cooling a melt? or why do certain chemical compositions of materials

have a greater glass-forming tendency than others” - 1s one of
considerable scientific and technological importance Several factors do

play a significant role in determining the case of glass

formatlon[38-40]

1 41 Electronegativity and Bond Type

The main glass forming oxides are 510 B.,0 GeO, and PO They

2" 23 2 2 9

are all oxides of elements with 1ntermediate electronegativity, these
elements are not sufficiently electropositive to form i1onic structures,

such as MgO, NaCl, but also are not sufficiently electronegative either

to form covalently bonded, small molecular structures, such as C02

Instead, the bonding 1s usually partly 1onic and partly covalent and the
structures are best regarded as 3-D polymeric structures Oxides of
other elements around this group in the periodic table also show a

tendency to glass formation Some, such as A3203 and Sb203 form glasses

1f cooled very rapidly Others, such as A1203, Ga203. 81203. SeO2 and

TeO2 are known to be conditional glass-formers, 1 e , they do not form

glasses 1ndividually, but may do so in the presence of certain other

non-glass forming oxides For 1instance, a range of liquid compositions

1in the CaO-A1203 system forms glasses although Ca0O and A1203 do not, by

themselves, form glasses The glass-forming oxides, ‘3102, 8203, etc

can form glasses eil1ther alone or when mixed with considerable quantities
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of non-glass forming oxides For 1nstance, glasses may be readily formed

from 5102 or 8203 to which upto 20 to 40 mole % of an alkali oxide has

been added

1 4 2 Viscosity

A factor that is undoubtedly important in glass formation 1s the
viscosity of 1liquids above their melting points [he glass~forming
oxides 8203 G«a»O2 and PZO5 all form very viscous liquids, e g
viscosity of silica just above its melting point, 17150(2 is 107 P By

. the

contrast, most 1inorganic substances, which do not form glasses readily

are fluid in the liquid state, e g , the viscosity of liquid H,O at 0°C

2
or molten LiCl at 613°C is ~ 2 x 10_2 P Viscosity 1s related to the
structure and bonding that 1s present Thus, molten silica may be
regarded as an amorphous, polymeric structure with strong $i-0 bonds and
this 1s the reason for its high viscosity In order for such a liquid to
crystallize, many strong bonds must break and reform and considerable
atomic reorganization 1s necessary Clearly these processes take place
with more difficulty 1in wviscous, polymeric liquids than they do in
fluid, ionic or molecular liquids There are exceptions to this general
relation between melt viscos ty and glass-forming ability, however Two

examples of liquids that are fluid but readily yield glasses on cooling

are (a) aqueous solutions of ZnCl., and (b) molten mixtures of LiNO. and

2 3
Ca(N03)2
1 4 3 Structural Considerations
(41]
Goldschmidt made one of the earliest attempts to discover

characteristics common to glass-forming oxides and suggested that the

ability of an oxide to form a glass might be related to the way 1n which
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the oxygen 1ons are arranged around the cation to form the unit cell of
the rcrystal structure In stable crystal structures the number of
an‘ons 1mmed.ately surrounding a cation (coordination number) 1s
determined by the relative sizes of the anion and cation [t can be
shown from geometrical considerations that for an oxide MXO the

b 4
coordination number of M cations will be four 1f the radius ratio R, ,/R

M 0
lies between 0 225 and O 414 In this case the oxygens are arranged at

the corners of a tetrahedron with the cat.on occupying a rentral

position Goldschmidt pointed out that for a number of glass-forming

oxides 1ncluding 8102, GeO2 and P205 a tetrahedral arirangement occurred

1n the crystalline state and suggested that this might be a criterion of

glass-forming ability

Zacharlasen[42] pointed out that the ability of an oxide to form a

tetrahedral configuration could not be an absolute criterion of
glass-forming ability since the radius ratio for BeO for e g will

permit oxygen 1ons to form tetrahedral groupings around the beryllium

1on and yet this oxide cannot be obtained in the glassy state This led
him to examine more closely the characteristics of glass-forming oxides

and to develop the random network theory of glass structure

Starting from the basis that the interatomic forces 1n glasses and
crystals must be essentially similar and that the atoms 1n glass
osclllate about definite equilibrium positions Zachariasen deduced that
the atoms must be linked 1n the form of a three-dimensional network 1n
glass as 1n crystals The network 1n a glass could not be a periodic one
since glasses unlike crystals, do not give sharp X-ray diffraction

peaks Zachariasen also proposed that the energy content of a substance
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1n the glassy state must not be greatly different from that of the
corresponding crystal network Thus for a glass-forming oxide the
coordination number of the cation must be closely similar i1in the glass
to that observed in the crystal This means that the units of structure
in the glass and in the crystal will be practically i1dentical Ir the
crystal these structural units are built up to give a regular lattice
but 1n the glass there 1s sufficient distortion of bond angles to permit
the structural units to be arranged in a non-periodic fashion giving a
random network Fig 1 11 shows the differences between the regular
crystalline lattice and the random network for an oxide having the

formula t~1203 In both cases the structural unit 1s the MO, triangle

3
Thus glasses possess short-range order since the oxygens are arranged 1n

fairly regular polyhedra but long-range order 1s absent This view of

glass structure 1s entirely consistent with the liquid-like nature of

glass

It should be pointed out, however, that the structure depicted 1in
Fig 1 11lb represents a rather large departure from the crystal lattice
in Fig 1 1la Smaller deviations 1n bond angles would probably be
sufficient to generate a non-periodic network giving a structure
sufficiently lacking 1in long-range order to account for X-ray and

neutron scattering results For e g , 1n vitreous silica the variation

1in S1-0-51 bond angle 1s probably only about * 10%
Having postulated the random network structure for glass,
Zachariasen proposed certain conditions for glass formation For an

ox1ide MXO to form a glass 1t was proposed that

4



O Oxygen 1on

¢ Mion

Fig 1 11 Two-dimensional representation of an oxide M203 in (a)

crystalline form and (b) glass form
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(a) an oxygen atom must not be linked to more than two M atoms
(b) the number of oxygen atoms surrounding M must be small,

(c) the oxygen polyhedra must share corners only and not edges or

faces

A fourth, less important condition proposed by Zachariasen, namely
that at least three corners in each oxygen polyhedron must be shared 1s

not strictly applicable since glasses are known in which this condition

would not be fulfilled

The oxides MZO and MO cannot meet the conditions proposed by
Zachariasen The oXxides MZOS can do so 1f the oxygens form triangles

around each M atom and the oxides MOZ and MZOS can do so 1f the oxygen

form tetrahedra around each M atom

Vitreous boric oxide (B203) 1s a good example of a glass whose
structure 1s built up of triangular units these units are found 1n many

crystalline borates Vitreous silica (Si10,), germania (GeO,) phosphorus

2 2
pentoxide (PZOS), and arsenic oxide (thOS), are examples of glasses
built up of tetrahedral units, the tetrahedra 8104, GeO4 P()4 ASO4 are

also found 1n the crystalline state

1 4 4 Eutectic Composition

The glass-forming tendency 1s found to be greater for a binary
material (say a silicon-gold alloy) than for an elemental one (say, pure

Si1) This has to do with the relation between Tg and Tm Fig 1 12 shows

the phase diagram for the binary system Au(l—x)81x For the alloy (o < x

<1) the liquid 1s stabilized and thus the melting point Tm 1s lowered
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Fig. 1 12 Glass formation 1n the gold-silicon system Two quenches from
the liquid state at two compositions are 1ndicated Glasses

can be prepared much more readily 1n quench a than in quench

[44]

b (after Zallen )
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relative to that of end components (x = 0 or 1), by the entropy of
mixing and the attractive interaction between the two components There
1s a deep eutectic at composition x = 0 2, at which the melting point 1s
minimized This composition range where a deep eutectic occurs 1s

claimed to be more favourable for glass formation[43’44] l.e

, hear the
eutectic composition, as at a' in the Fig 1 12, a liquid 1s much more

readily quenched to the glass than a liquid at a distant composition

such as 'b" The 'treacherous territory' between Tm and Tg within which

the melt 1s both thermodynamically (T < Tm) and kinetically (T > Tg)
capable of crystallizing 1s much broader and more forbidding at b

than at a Thus the eutectic composition 1s favoured for glass

formation, a conclusion consistent with the observation that Auo 8810 5

can be splat—-quenched to glassy state but not Si1 and Au

1 S CRYSTALLIZATION IN SUPERCOOLED LIQUIDS

Crystallization 1s the process by which the regular lattice of the
crystal is generated from the less well-ordered liquid structure Two
parts of the crystallization process are to be distinguished nucleation
and crystal growth Nucleation may be homogeneous or heterogeneous and
it 1s 1mportant to distinguish between the two types In homougeneous
nucleation, the first tiny seeds are of the same constitution as the
crystals which grow upon them i1n the absence of any heterogeneous nuclei
such as foreign particles In heterogeneous nucleation the nucleil can
be quite different chemically, from the crystals which are disposed A
form of heterogeneous nucleation which 1s frequently observed when a
piece of glass 1s heated i1n air beyond Tg, 1s one 1n which the crystals

grow from nucleil, such as dust particles or scratches on the glass

surface
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1 51 Mechanism of Nucleation (Homogeneous)

There are two contributions to the change of free energy that
occurs on nucleation First the formation of a boundary or surtface
between the embryo and the mother phase results i1n a gain of free energy
due to the 1interfacial energy Secondly, since the arrangement of the
atoms within the embryo wi1ll be less disordered than that 1n the
surrounding phase, there will be a reduction 1n free energy of the
system There are thus two opposing factors which govern the actual free
energy change and these can be approximated i1in the following fashion to
give AF, the free energy change for a spherical i1nclusion of radius |

AF = - ‘. ur3ﬁfV + 4nr2 Afs (10)

3
where Afv 1s the change of free energy per unit volume resulting {from
transformation from one phase to the other and Afs can be equated with
the 1nterfacial tension Under certain circumstances 1t would be
necessary to include a term on the right-hand side of the expression for
the energy 1ncrease due to the strain energy resulting from the change
1n atomic arrangement within the embryo as compared with the surrounding
phase In the case of a supercooled melt, however, this effect would
normally be negligible Examination of Eqn 10 shows that when r 1s small
the interfacial energy term predominates, but with i1ncrease of radius of
the embryo the interfacial energy becomes a smaller fraction of the
total energy change Once some critical radius 1s reached, the volume
free energy term will predominate and further growth will lead to a
lower free energy and therefore to a more stable system Regions smaller
than the critical radius (embryos) require an increase 1n free energy to

form and they will continually form and redissolve with the total number

1in the system remaining constant Some embryos will attain the critical

radius and will continue to grow with a decrease of f{ree energy and
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hence wi1ll constitute stable nuclei At the critical radius the free

energy change will attain 1ts maximum value and by differentiation of

*

Egqn 10 the critical radius r may be derived

y = 2 At /Af (11)
s Tv

3
This corresponds to a maximum free energy change AF as given by

AF = 16n(Afs)3/3(Afv]2 (12)

Becker and Doering[45]and Frenke1[46] have employed statistical

mechanics to derive expressions for I, the rate of homogeneous

nucleation These have the form

*
I = A exp (-AF /KT) (13)

_

where A 1s a constant and AF 1s maximum free energy of activation for

formation of a stable nucleus as given above

This expression neglects the effects of diffusion rate but in a
viscous liquid the activation energy for diffusion of molecules across
the phase boundary may well constitute a major barrier to nucleation
Therefore, a general equation for the rate of homogeneous nucleation 1n

condensed systems gives a better approach This expression 1s

*
-(AF +Q)

I = A exp — (14)

where Q 1s the activation energy for diffusion of molecules across the
phase boundary A plot of I against T has the shape shown in Fig 1 13

This theory 1s approximate only, but 1t does at least serve to provide a

qualitative explanation of experimental observations For small degrees

*

of supercooling, AF 1s large since the value of the volume free energy

change Afv is very small and consequently the nucleation rate 1s low

»

With further supercooling .Afv Increases markedly until AF becomes
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comparable 1n magnitude with Q, under these conditions the maxlimum
nucleation rate is achieved The nucleation rate diminishes with further

*»
supercooling when AF becomes negligible 1n comparison to Q

1 5 2 The Kinetics of Crystal Growth

Once a nucleus has been formed by the mechanism of homogeneous
nucleation or 1f the melt contains nuclei1 of a foreign material,
crystals of easily measurable si1ze can grow A simple theoretical
analysis of the mechanism of crystal growth, due to Turnbull and
Cohen[47], leads to the following equation for the growth rate

u=ayv exp(- E/RT) [1-exp(AG/RT)] (15)
where AG 1s the decrease 1n free energy per mole when the liquid
crystallizes and 1s expected to have the same value {for macroscopic
crystals as for submicroscopic embryos (an expectation which may not be
fulfilled 1n practice) E 1is the activation energy, or kinetic energy
barrier, which must be overcome for an atom, molecule, or some other
structural unit to detach itself from the liquid structure and attach
to the surface of the growing crystal, ao 1s a distance of the order of
the 1nteratomic distance and v is the frequency of thermal vibrations in
the material The general form of the variation of u with T 1s also
shown 1n Fig 1 13 Experimental results always show this type of
varliation Agaln it 1s difficult to make comparisons between
theoretical and eXxperimental values of u, largely because of the
difficulty i1n 1dentifying the structural changes involved i1in the process
of crystal growth This 1is particularly so 1f one 1s 1nterested in the
practically 1important glasses which contain many components The

structural mechanisms 1involved 1n forming a critical nucleus may be

quite different from those which determine macroscopic crystal growth
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In Fig 1 13, below the equilibrium melting temperature, there
ex1st a temperature 1interval, referred to as the metastable zone |1In

which the nuclel do not ferm at a detectable rate In this zone however

crystals can grow if nucleil are provided, 1 e 1if the melt 1s seeded

1 6 EXPERIMENTAL PROBES FOR STRUCTURAL STUDIES

The outstanding structural questions to be resolved in the field of
solid state 1onics may be classed as follows short range order where we
seek to understand 1local —coordination, characteristics and 1in
particular, whether or not distinct environments for mobile and immobile
cations can be distinguished, intermediate range order where i1nformation
on second and third nearest neighbour relationships 1s sought To answer
these questions techniques such X-ray and neutron diffraction,

vibrational spectroscopy, nuclear magnetic resonance and FXAFS are being

applled[48’49]

1 6 1 X-ray and Neutron Diffraction

The most valuable information obtained from X-ray diffraction (XRD)
1s the radial distribution function (RDF) The 1importance of the RDF
lies principally 1n the fact that the area under a given peak gives the
effective coordination number for that particular shell of atoms The
first peak 1s generally sharp The position of the first peak in the RDF
gives a value for the average nearest-neighbour bond length r and

similarly the position of the second peak gives the next-nearest

nelghbour distance Cyr @ knowledge of both i1mmediately yield a value for

the bond angle 6 given by

r
8 = 2 s1in : [ _E ] (16)
J
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Neutron diffraction studies of crystals[50’51] and dilsordered

systemslsz] provide structural information which complements X-ray
results since for non-magnetic materials, neutron scatter predominantly
from nuclel1 The strength of this scattering varies quite strongly from
one 1sotope to 1sotope, 1n an almost random manner, so contrast studies

using 1sotopic substitution are widely used and particularly with

hydrogeneous materials

In a neutron scattering process see Fig 1 14 - there 1s energy

transfer

AE

I

h w (17)

and momentum transfer

AP = h Q (18)
from the neutron to the scattering system Typically a neutron
scattering experiment vyields the probability of the occurrence of
scattering processes with transfer of energy and momentum within small
intervals about hw and hQ respectively This probability 1s proportional
to the so-called total scattering function S(Q,W) The right hand saide

of Fig 1 14 1s a schematic plot of this function versus energy

transfer, while Q 1s held constant

The different kinds of contributions to the spectrum may be

observed as

(1) The elastic scattering, which reflects the static properties

of the sample

(11) The 1nelastic scattering, due to the periodic motion of the

atoms or 1ons 1n the sample
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(i11) The quasielastic scattering, which 1s caused by any kind of

non-periodic motion

1 6 2 EXAFS

The diffraction techniques and their variants (anomalous
scattering isomorphous and 1sotopic substitution) are only suitable for
binary compounds which are directed by three partial palir-correlation
functions (and hence need three separable diffraction experiments to
determine them) For systems containing more than two components, only
EXAFS 1s really suitable as a direct structural probe It has the virtue
of being chemically specific, so the average local order around the

atomic species which absorbs the X-ray photon 1s determined

EXAFS (extended X-ray absorption fine structure) 1s the result of
two fundamental processes (a) K (or L) - absorption of an X-ray photon
which 1s the photoelectric effect and (b) an effective diffraction of
the electron so emitted In the case of an 1solated absorbing atom
(absorber) one sees only the characteristic rise 1n absorption
coefficient (absorbance) u [= 1ln (IO/I]], IO - 1ntensity of 1ncident and
I-the reflected beams], at the energy corresponding to the edge and
exponential decrease thereafter When the absorber 1s surrounded by
other atoms, M exhibits wundulations Thus EXAFS consists of the
oscillations, as a function of photon energy 1in the absorption cross
section for the photo excitation of an electron from a deep core state
to a continuum state Thece oscillations are a final state electron
effect, arising from the interference between the outgoing wave function
and that small fraction of 1itself which 1s scattered back from the

near-neighbour atoms. This 1nterference reflects directly the net phase
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shift of the backscattered electron, which is predominantly proporticnal
to the product of the momentum of the electron E and the distance
travelled The atomic identity of both the excited and backscattering
atoms has a more subtle but nonetheless significant effect on the

interference As a consequence, analysis of the EXAFS can yileld not only

the distance but also the type and number of the nearest neighbors of

the excited atoms

Since EXAFS arises from scattering by the near nelghbors of the
excited atom species only, a given measurement involves a subset of
those pair-correlation functions which are probed 1in a single
diffraction measurement This 1s a substantial simplification In X-ray
and neutron diffraction studles of superionic <conductors, the
complicated diffraction pattern contains both Bragg peaks (or Debye
lines) from long-range order and a liquid-like diffuse scattering
pattern from short-range correlations These two contributions are often
dominated by the stationary lattice and the mobile-ion/mobile ion
correlations, respectively EXAFS, on the other hand, measures primarily
the pair-correlation function of the mobile species with respect to the
immobille 1ons Thus, the EXAFS technique 1s especially well suited to

determining the path taken by the mobile 1ons 1n high conducting phase

of SICs

1 6 3 Light Scattering, Raman, Brillouin and Rayleigh Processes

Light scattering has been used in numerous ways to study both
acoustic and optical phonons 1n solids The 1information obtained in
superionic conductors by light scattering spectroscopy and an attempt to

correlate these results with the data gained by different techniques
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[53] [54]

have been reviewed by Delaney and Ushioda and Hayes When a beam

of monochromatic light, say from a laser, of wavelength ~ 500 nm,
strikes a sample most of the 1ncident beam 1s transmitted as f{for
X-rays About one photon 1n 1014 1s 1nelastically or quasi-elastically
scattered and detected The scattering arises f{from f{luctuations 1in
polarizability, caused by 1local change 1n the relative permittivity
(dielectric constant) of the medium For liquids one can probe density
fluctuations and atomic collision processes (because the electron

distribution 1s distorted in the colliding particles) In ordered

solids, lattice vibrational 1 e , phonon modes can be characterized

Superionic conductors are more complicated because of the disordered
nature of the mobile 1on conductors (crystalline) and random network
structure (glasses) The scattering processes incorporate some of the
features of both liquids and solids which complicates the
interpretation Specialized theories are being designed to account for

the anharmonic¢ and disordered nature of solid electrolytes

Traditionally Raman scattering refers to the 1nelastic 1light
scattering from optical phonons and Brillouin scattering, to scattering
from acoustic phonons However, 1n the modern context the distinction 1s
made more on the basis of the magnitude of the accompanying frequency
shift of the light and the experimental techniques used 1n measuring the

frequency shift 1n the scattering process In a Raman scattering

experiment one usually measures a frequency shift of 1 r:m”1 (1 meV = 8

cm ) or greater by using a grating spectrometer, while 1n Brillouin

scattering the typical range of frequency shift 1is 10_3 cm“1 (30 MHz) to

1 cm_l (30 GHz) and a Fabry-Perot 1interferometer 1s employed

Quasi-elastic light scattering with a frequency shift less than a few
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tens of MHz 1s referred to as Rayleigh scattering, and here the standard

method of spectrum analysis 1s a photon beating technique

From 1light scattering experiments one determines the energy,
momentum, lifetime, and symmetry of an elementary excitation The energy
(hw) and momentum (hk) are obtained from the difference (w = w_ - w_ )

1 S
between the frequency of the incident light (wl) and the scattered light

(wS) and the difference 1n the wave vector [E = Ql - ES) The lifetime T

1s the 1inverse of the spectral linewidth ' The symmetry of an

elementary excitation 1s found from the polarization selection rules of
the scattering process, that 1s, the scattering intensity 1s finite only

for certain combinations of the polarization of the 1ncident light (gll

and the scattered light (gs) The coupling constant of the elementary

excitation to the 1ncident photons, which determines the scattering

intensity, 1s an i1mportant parameter i1n light scattering experiments

1 6 4 Nuclear Magnetic Resonance

NMR 1s sensitive to the nature of chemical binding and symmetry
NMR studies are of use principally 1n the field of 1onic glasses through
the quadrupolar 1interactions The solid state (high resolution) NMR
studies, 1n which resolution comparable with liquid state NMR 1s
achieved by ’'magic-angle’ spinning, will be craitical in resolving the

controversies concerning chemical environment and mobile 1on fractions

NMR absorption occurs when the energy of the applied magnetic field
matches that of an allowed transition between energy levels of the
nuclear magnetic moment Quadrupolar effects arise in those nuclei with

spin values greater than 1/2 The 1nteraction of this dipcle moment with
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any electric field gradient existing at the nuclear si1te alters the
spacing of the magnetic energy levels The electric field gradients 1n
turn are sensltive to charge distributions around the nucilel this
distribution 1s a sensitive function of the 1local structure and
bondlng[55] Not only does NMR technique clearly distinguish between the

various chemical environments such as tetrahedral and octahedral

coordinations of probed nucleus, but tetrahedral sites with different
second necarest neighbours may also be revealed i1n the right conditions
Furthermore the presence of a microscopic crystalline fraction can be

detected 1n partly devitrified samples by the line shape analysis due

to the narrow band characteristic of the ordered phase

1 7 STRUCTURE OF GLASSES

A thorough understanding of the microscopic structure of glasses
1s a prerequisite for explaining their physico-chemical properties
including their mechanical and thermal stability 1onic diffusion and
conductivity and their temperature and concentration dependences

[S6]

According to Ingram et al ignorance of conduction mechanism 1n

glass stems largely from an ignorance of glass structure’ Indeed, the
various proposed models of 1onic conduction 1n glass 1nvariably 1invoke
some structural model or the other i1in order to describe the gross
environment in which the i1on transport occurs Thus 1t 1s appropriate to

discuss briefly the structure of important glass-forming oxides

1 71 Vitreous Silica

The random network proposed by Zachariasen[42] still probably the

best description for the structure of fused 8102 1s supported by the

X-ray diffraction results The structure 1s built up of corner-sharling
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‘510‘,_1 tetrahedra which link up to form an infinite three-dimensional
network that lacks symmetry or long range order In order to mailntalin
electro-neutrality, each corner oxygen 1s shared between only two

tetrahedra and consequently the structure 1s rather open

The X-ray powder diffraction pattern of a glass 1s very diffuse,
consisting of broad humps rather than sharp peaks, compare the X-ray
powder diffraction patterns of vitreous and crystalline cristobalite
(Fig 1 1S) A radial distribution curve for vitreous 8102 1S given 1n
Fig 1 15¢ 1n which the probability of finding a second atom 1s
represented on the ordinate by a pair distribution function The
straight line gives the results expected for a hypothetical material
that consists of a random array of non-interacting point atoms The

large peak 1n the 5102 curve at 1 62 R and the second, smaller peak at

2 65 R correspond to silicon-oxygen and oxygen-oxygen distances 1n 8104

tetrahedra These values are similar to those found in crystalline SlO2
and 1n silicates These first two peaks are reasonably narrow 1i1n Fig
1 15, because the corresponding distances are approximately constant in
both glasses and 1n crystals, 1 e the SlO4 tetrahedra are not
distorted The other peaks, however, are increasingly broadened since a
spread of corresponding distances 1s present i1n the glass The third
peak at ~ 3 12 R represents the nearest silicon-silicon distance, 1 e |,
the distance between the centers of two 810‘,1 tetrahedra Since the
S1-0-S1 angle varies somewhat as the tetrahedra are twisted or rotated

1n various ways relative to each other, there 1s a spread in values of

the silicon-silicon distances Other peaks are assigned as follows

~4 15 R -silicon to second oxygen ~ 5 1 R-comblned peak for oxygen to

second oxygen and silicon to second silicon No clear peaks are observed
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beyond 6 to 7 X and this 1s consistent with a random network model for

the structure of vitreous 8102

1 7 2 Silicate Glasses

The structure and properties of binary silicate glasses depend very
much on the nature of the second oxide With network modifying oxides
such as alkali and alkaline earth oxides, the silica network 1s
gradually broken up as more of the second oxide 1s added Viscosity
decreases with 1increasing modifier and thermal expansion 1increases As
extra oxide 1ions are added to 8102, S1-0-Si bridging 1linkages are

cleared to give non-bridging oxide 1ons (Fig 1 16) The oxygen linked

to two silicons are called bridging oxygen while those attached to only

one are non-bridging

By the time that the ratio (second oxide to silica) has 1ncreased

to1 2 (e g, as 1n Na20 28102 or NaZSIZOS), the silicon to oxygen ratio

has decreased to 1 2 5 For every 8104 tetrahedron, this means that, on

average, one of the four corner oxygens must be a non-bricging oxygen

In crystalline silicates of this formula, e g Na281205, the silicate

anions are usually i1nfinite two-dimensional sheets in the glass, small

pleces of sheet anion may also be present but 1t 1s more likely that an

+
open three-dimensional framework structure exists and the cations, Na ,

etc , occupy relatively large holes in the framework

-+

The distribution of the cations such as Na 1s not entirely random

as there 1s sgsome evidence froim X-ray diffraction studies that the
cations may cluster together The significance of this 1s not well

understood It could be simply that the arrangements of available holes
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in the glass network 1s not random, an alternative possibility 1is that
there 1s some kind of attractive cation-cation 1interaction presumably

also 1nvolving oxide 1ons which leads to clustering

As the amount of second oxlde 1s 1ncreased further, the silica

network breaks up even more, the melts become more fluid and the

tendency to devitrify on cooling 1increases Usually by the time the

ratio (second oxide silica) i1s 1 1, 1t is difficult, 1f not i1mpossible,

to retain the liquids as glasses on cooling

1 7 3 Vitreous 8203 and Borate Glasses

Initially a random network of planar BO3 triangles was proposed for

8203 glass, with oxygen situated at the corners of the triangle These

units were Jjoined randomly as the corners and ring structures of

variable members were generated But the model was unable to explain

many physical properties, particularly the great difference 1in viscosity

from that of fused silica

At present the 1nterpretation offered by Krogh—Moe[SSa’SBb]

consistent with the available structural 1nformation Boroxyl groups-

(Fig 1 17(A)) alternating boron and oxygen atoms on a planar

six-membered ring-are linked randomly to give a three-dimensional

network The three-fold coordination of boron
[59a, 59b]

agrees with NMR

results From the X-ray diffraction measurements, the radial

distribution curves of BZOS glass give peaks at 1 37 and 2 40 R, these

correspond to B-B and 0-0 distances of BO3 triangles,

differ from those 1n crystalline borates that contain BO

(these distances

4 tetrahedra and

1in which, for i1instance the B-0 distances are larger 1 48 R) The most
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recent X-ray and neutron diffraction studies further substantiate the

model that about 0O 75 of the B atoms are members of boroxyl group 4and

the rest are 1n BO3 triangles attached randomly to the group[ém As

temperature 1ncreases the number of boroxyl rings decreases and the

structure approaches a random network of 803 triangles Most properties

including viscosity, are attributable to this model

Addition of alkali oxide to vitreous 8203 gives rather different

results to those obtained i1n the corresponding alkali silicates and an
effect known as the boron oxide anomaly 1s observed In the system
NaZO-BZO3 for example, the viscosity of the melt 1increases wilth

increasing soda content and passes through a maximum at ~ 16 mole% NaZO

The coefficient of thermal expansion of the glasses decreases with

1ncreasing NaZO content and passes through a minimum at 16 mole% NaZO

Other properties also show either maxima or minima around tLhis
composition By contrast, the alkalil silicates become more fluid their

coefficient of thermal expansion 1ncreases steadily with 1ncreasing

alkalil content and no maxima or minima 1n properties are obser /ed

Bray[sgb] has shown, using Bll NMR spectroscopy that a gradual

change 1n the coordination number of boron from three to four occurs as

the alkal1 oxide is added The number of four coordinated borons (Nq) 1S

given by

i
N4 1-x

where x 1s the mole fraction of alkali oxide N4 lncreases more slowly

until reaching a maximum of ca 45% for 35%4 < x <45% depending on the

alkall oxide after which N4 starts decreasing, and BO3 starts forming
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with non-bridging oxygens At yet higher concentrations NQ decreases

sharply and approaches zero at 70 mole%

IR spectra have been 1nterpreted by Krogh-Moce 1n terms of
structural units present in the glass (Figs 1 17 b-d)} The alkalx
additions initially form triborate and pentaborate groups Near x = 20
mole%, diborate groups begin to form and increase 1in number (at the
expense of triborate and pentaborate units) with 1ncreasing alkali
content At 33% alkala the structure consists mainly of
interpenetrating diborate networks This model explains the monotonic
increase of N4 upto 33% alkalil1 as well as the IR spectra Two types of

1-303 groups are observed[sga] 1in the NMR spectra for 10% <x< 30% This

model suggests that these could arise from the pentaborate and triborate

units

[61]

The MD calculations of A320-8203 glasses have established that

the BO3 aBD4 conversion follows the relation x/1-x where x is the

molar fraction of AgZO, and, these two groups are connected by the

bridging oxygens At AgZO contents = 20 mole% BO4 showed a tendency to

decrease and BO3 with non-bridging oxygens appeared However these

calculations found no evidence for the diborate, triborate, and

pentaborate groups 1n the glassy network As a consequence 1t was argued

that the BO3 and BO4 units are linked 1in rings, or arrangements

involving more than si1xX units

The effect of aluminum on the structure of cabal' glass (calcium

boroaluminate) 1s shown i1n Fig 1 17(B) which plots N, as the ordinate

4

The aluminum 1s four coordinated and deprives the boron of 1ts oxygen so
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that the number of BO4 decreases, as a result the number of BO3 groups

increases with NBOs, with i1ncrease i1n aluminum content

1 74 Tellurite Glasses

Recent neutron scattering experlments[62] have established that the

structural wunit making up the TeO2 glass 1s a (Te03+1)—dlstorted

tetrahedron 1in which three oxygen atoms are bound to a central

tellurium atom with the bond length of r = 1 95 R and the remaining
oxygen atom 1s located at the position of r = 2 18 R, far from the

tellurium atom Upon the addition of a modifier oxide such as L1,0

2
NaZO, BaO etc , the average coordination number of oxygen atoms
surrounding of a tellurium atom has been found[szl to decrease

monotonically from four to three This behaviour is remarkably different

from those for 8203, 8102 and GeO2 glasses as may be observed from Figs

1 18 a and b A broken 1line i1n Fig 1 18 b means that one unit of
(Te03+1) tetrahedron 1s modified 1nto one unit of (TeOa)—trlgonal

pyramid with the formation of one non-bridging oxygen atom as one unit

of BaO/NaZO 1s added i1nto the glass

1 8 IONIC TRANSPORT IN GLASSES

The 1onic character of the conductivity 1n oxide glasses was
established 1n 1884, when Warburg[63] demonstrated the transport of
sodium between two amalgams separated by a thuringer glass, by the
application of a DC voltage across the glass envelope Glasses that are

found to be superionic conductors, acquire this property through the

+ + v
alkall1 cations L1 , Na , K or Ag+, Cu+and have a simple composition

with a network-forming oxide (8102 8203, PZOS etc ) and a

network-modifying oxide (L1.0, Na,O, KZO, AgZO, Cu20) Glasses offer a

2 2
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larger number of advantages over crystalline electrolytes 1including
physical 1sotropy absence of grain boundaries, continuously variable

composition, ease of thin film formation for device application and good

stability

1 8 1 Glass Exhibiting Fast Ion Conduction

(a) Silver Conductors

Highly conducting Ag+ glasses have been prepared in two ways (1)

from pseudobinary systems such as AgI-AgzMoO AgI-AgZCrO and

4’ 4
AgI-Ag3ASO4 where the silver oxy-salts are not themselves glass formers,
(2) by adding Agl to mixtures of AgZO and traditional glass formers such

as 8203, V205, GeO2 and P205 (or to mixtures of AgZS with P2SS A5283,

GeS2 etc )

Minami et al L64~66] reported greatly enhanced conduction 1n silver

borate glasses when Ag20 modifier was replaced by AgX (X = I, Br, C1i)
It 1s worth noting that 1n glasses containing AgBr and Ag(Cl 1nstead of
Agl their conductivities are very high, 1n spite of the low

conductivity of constituents (compare the conductivity values 1n Fig 1

for crystalline AgCl and AgBr)

Minami1 explained the enhanced conductivity by postulating the

exi1stence of two distinct populations of Ag+ 10Nns mobile 1ons
associated with the Agl and BO4 networks, and i1mmobile 1ons linked with

the non-bridging oxygens of 803 groups due to the strong partial

covalency existing 1n them
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Fig 1 19 shows the composition dependence of the conductivity at
25°C 1in selected oxide - and sulphide - based glasses as a function of
[67]

Agl content In each case the conductivity rises steeply with

addition of Agl Even though the base glasses are so different 1t 1s

remarkable that the limiting conductivities are nearly the same (about
- - +

10 - S cm l) In these optimized conductors Ag 1on migration 1s

thought to proceed along diffusion paths between loosely packed I 1ons

much as 1n oa-Agl Broadly speaking the 1ncorporation of oXyanions

interrupts the path and decreases the mobility of Ag+ 1ons[68]

On the other hand neutron diffraction 1n combination with other
experimental techniques (Raman scattering, NMR, mechanical relaxation)

strongly 1ndicate a fractal percolating network within the host glass

which serves as a conducting pathway for the Ag+ 10NS \69~T711 Thus

there 1s an on-going debate concerning the details of the 1on transport
mechanisms the clustering of Agl microdomains versus the existence of

mobile and 1mmobile Ag+ cations This aspect 1s discussed further 1in

Chapter 7

(b) Alkalil Glasses

Tuller and Coworkers extensively summarized the transport

properties of superionic conducting alkalil glasses 1n a few review

12 7
artlcles[ 2. 73] In alkali borate glasses they established that the

observed 1onic conductivity decreases i1in the order 0K < aNa < oy Also

as a general rule the conductivity of alkali oxide glasses (borate

silicate etc ) 1ncreases considerably with an i1ncrease 1n the content of

the network modifier such as L120, NaZO and KZO However

ratio of modifier to former oxides cannot be 1ncreased .ndefinitely [In

the molar
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fact, the mean length of macromolecular chains 1n these glasses formed

by structural units such as 5104, BOQ, 803 etc , diminishes rapidly with

the above ratio and it becomes increasingly difficult to obtain a glass
under normal quenching conditions Dissolving alkali halides (L1Cl,

NaCl) by partial replacement of alkali oxide (L120, NaZO etc ,) can

avoid this difficulty and will increase the concentration of alkall

cations Lithium halo borate glasses containing F, Cl, Br and 1 were

74,7
synthesized and characterized by Levasseur and coworkers[ 4,75 They

+
found that conductivity 1increased with total Li content (see Fa1g
1 20a) and observed the largest conductivity enhancement upon addition

of Lil to form B203~0 56 L120—Y Lil glasses, although the utility of Lil

addition was limited by the low solubility of Lil 1n the wvitreous
matrix Fig 1 20a also 1llustrates the role played by the diffusion

path Clearly the conductivity of 8203—0 56 LlZO- Y Li1X glasses (X =

halogen) increases with 1increasing size of X, which enlarges the

diffusion paths[76]

The alkali ion conductivity increases (and the activation energy

decreases) with the covalent character of the matrix Fig 1 20b

[77]

established by Levasseur et al shows that the conductivity of the

BZXG_O S0 L12X-0 10 L1I glass 1ncreases when the B-O bonds give place to

B-S bonds in the glass network The corresponding activation energy

decreases L1+ conductivity despite stronger binding to the matrix

trespasses that of Na+ due to the smaller si1ze of the mobile ion, which

makes easier the diffusion process through the glass (conductivity at RT
-3 =1

exceeds 10 S cm ") Thus covalency and steric hindrance are in

competition 1n amorphous materials Certain other optimum Li+
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(78, 79]

conductors are lithium silicate doped with L1.,5S0 and complex

2 4
L1 0-L1F-A1(PO3)3 80] and L120-L1F~L1 S0 ,~-B,0 1)

5 >50,-B,0, mixtures

1 8 2 Microscopic Models

The microscopic description of the conduction mechanism expressed
by Eqn 8 cannot account for the large variation observed for glass
conductivities with composition A number of models have been propcsed
to account for various aspects of 1onic conduction in glasses, 1n

particular, the behaviour of DC conductivity activation energy Ea

[82] [73]

Extensive reviews of these have been given by Ingram and Tuller

Three of these models are briefly discussed below

(a) Anderson and Stuart Model

(83]

Anderson and Stuart considered the activation energy (Ea) for

DC conductivity (or the diffusion coefficient) as the sum of two terms

(1) the electrostatic binding energy E, required to remove a cation from

b

the host network and (2) the strain energy I-ZS associated with the
long-range mobility (gate passing) Thus

E =E +E (19)
Here polarization effects are presumed small 1n the case of alkali

mobille cations and are thus neglected

The electrostatic term Eb has the form

T 2 L
Eb = -(1-1/m) A Z Zj e [r4rJ A/Z] (20)

where the factor (1-1/m) comes from the i1nverse (r + rJ)m dependence of
the repulsive energy as calculated from 1ionic crystals A 1s the
Madelung constant, and Z and ZJ are the charges on the two i1nteracting

1ons. Physically, this energy term represents the difference 1n energy
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of an alkali carrier 1on of radius r in 1its equilibrium position

neighboring a non-bridging oxygen of radius r‘J and 1ts energy at the

saddle point" between equipotential sites (sites also coordinated by

non-bridging oxygens) separated by the two jump distances However use

of Eqn 20 yields values for E_ nearly an order of magnitude too large

b

Anderson and Stuart reasoned that addition of large concentrations of

network modifying cations to the glass network distorts the oxygen
charge clouds reducing the binding energlies considerably They then
scaled Eb by a covalency parameter 'y whose value they found
experimentally to be equal to the measured dielectric constant € of the

glass The modified form of Eb thus obtained is

Z Z 92

AE. = J 1 - R (21)
b £

The strain energy component to the total activation energy, ES is

given explicitly by

2
ES = 8n/2 G 'y (r - rD) (22)

G = shear modulus

It 1s assumed that ES 1s the strain energy created when a mobile
1ion of radius r enlarges a 'doorway" or opening between equipotential

sites or interstices in the glass network originally of radius r. so

D
that 1t can accommodate passage of the mobile ion Anderson and Stuart

approximate this energy by the elastic energy needed to dilate a

spherical cavity from radius ™ to r and use the formalism developed by

Frenkel for a close packed liquid reducing it by a factor of 1/2 to

provide better agreement with diffusion data for the more open glass

network They found that ES 1s fairly 1insensitive to changes 1in rD
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except for very large or very small ions and predicted the activation
energy for diffusion of inert gases in a number of silicate glasses

quite accurately using rD =0 6 R

Hakim and Uhlmann[84] introduced a slight modification and modelled

the conductivity dependence on alkalili modifier content for a series of

alkali si1licate glasses using the expression for E

a
Ea = Eb + Es
= ZJ 82 1 1 2
Ea = ~mm r“+rj " 572 + 8n 'n (r—rD) f(c/a) (23)

They considered the glass doorway cavities to be more accurately
modelled as ellipsoids than as spheres so Eqn 23 includes the factor
f(c/a) which depends on the ratio of the minor ¢, to the major a axis of
the ellipsoid Hakim and Uhlmann recognized that while the cavity shape
is not a function of alkali content, molar volume and therefore doorway
radius Ch depend on alkali modifier content They expressed this
dependence as ﬁrd/rd = 1/3 (ﬁV/VO) where VO 1s the molar volume of the
alkall free glass Using this formalism, Hakim and Uhlmann found that
the strain energy contribution to the total activation energy increased

with 1ncreasing alkali 1on radius with contributions of 80%, 50% and 20%

for the Cs, K, and Na silicates respectively

(b) The Weak Electrolyte Model

The 1onic conductivity of electrolytes are often expressed by using

the relation

c=nenpu

where n 1s the number of mobile ions per unit volume, u the mobility of
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1ons of charge Ze If all the alkali 1ons (or silver ions) are equally
mobile, then the situation 1s analogous to the complete dissociation of

strong electrolytes 1n aqueous solution If the number of moblile lon is

less than the stoichiometric concentration, then such glasses can be

regarded as weak electrolytes

Weak electrolytes theory introduced by Ravaine and Souquet[85’86]

considered the conductive glasses as solid solutions 1n which the
network former components behave as weakly dissociated electrolytes

obeying the following dissociation equilibria

MO =M + OM (24)

implying [M+] Kl/2 a;/é (25)

2

where (M+) 1s the concentration of dissociated 1ons, K-the dissociation

constant (1ndependent of concentration) and aMZD the thermodynamic
activities of the corresponding glass components Although this approach
does not provide any description of the physical state of these species,
M+ may be regarded as dissociated 'free alkali (or silver) 1ions, M20 as
hopped entities and OM as vacancies in the vicinity of non-bridging
oxygens Since only M+ are able to move under an applied electric field,
1t 1s tempting experimentally to correlate the conductivity variations
to those of thermodynamic quantities This has been done on different
s1lica glasses where the ratios of the thermodynamic activities of two
different glass compositions have been obtained from concentration cell
EMF measurements Fig 1 21 shows a plot of these ratio versus the

corresponding ratios of the electrical conductivities for various pairs

of glasses On logarithmic scale, they fit a linear relationship

according to
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(1) (2)
c. = a / a
1 2 MZO MZO

(26)

As a consequence of Egns (24) and (25), relation (26) suggest
that the mobility of the free 1on 1s 1ndependent of glass composition
and hence structure The change i1n conductivity with composition 1s thus

controlled by the charge i1n the carrier concentration

(c) Random Site Model

In the random site mode1[87] all alkalil (or silver) 1ons are

treated as potentially mobile carriers and no distinction 1s made
between mobile and immobile species Instead, there exists a wide
Gaussian distribution of alkali ion sites of differing free energy Such
a Gaussian distribution of activation energies was found by Wapenaar and

Schoonman[88] for disordered fluoride ion charge carriers 1n {luorite

structured solid solutions with a width p (p = P, (x)l/z] where x-1s the

excess fluoride ion concentration Thus the mobility varies with the
distribution of activation energies and thereby with the glass
composition In general the variation of carrier concentration 1s

relatively small and thus the change in conductivity with composition is

mainly controlled by the change i1n the mobility

1 8 3 Structural Models

(a) Minami’'s Structural Model

A structural model (see I'lg 1 22) for the AgX-AgZO—B O, glasses

2 3
[64]

was proposed by Minaml et al based on the functional dependence

+

of Opr ©ON the concentration of the total Ag or of AgX According to
+

them there are three types of Ag 1ons type I 1ons are bonded to the

non braidging oxygens of the 803 group wlith strong partial covalency,
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Two-dirensional representation of glass structure
systems AgX—Agz -8203 where X = I, Br (from
(64]

)

et al
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Minami
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type 11 lons interact weakly with the oxygens of BO4 group and type I1I

1ons are surrounded by I ions From their conductivity data 1t was

suggested that the latter two types (II and III) of Ag+ 1ons contribute
+
to the conductivity and thus 1t was established that mobile Ag lons

responsible for superionic conduction in these glasses come from both

Agl and AgZO constituents

(b) Modified Random Network Model

A pictorial representation of the structure of glass might look-

in the light of modern knowledge - like the modified random network

891

model of Greaves (Fig 1 23) This 1is described by 1slands of

network which separate narrow conduction channels providing the pathways
along which 1on migration occurs The transport path for mobile 1ons 1in
the 1onic glasses 1s defined by the location of the non-bridging
(negatively charged) anion sites Furthermore as the concentration of
moblile cations 1s increased, the glassy matrix 1n general undergoes a
progressive depolymerization of the network as bridging anions are
converted i1nto non-bridging sites Well defined channels appear which
are bordered by non-bridging anion sites, at a certain composition of

mobile 1ons, fractal percolation paths involving such channels becomes

established throughout the structure, thereby facilitating steady-state

diffusive (DC) transport

(c) Chemical Approach

Very recently, a chemical approach has been made by Rao and

coworkers[goa’gob] to 1nvestigate the origin of superionic conduction ip

a number of Agl based glasses, with the general formula AgI—AgZO-HxO

(Mxoy = MoOa, SeOG, WOB, VZOS, PZOS, GeOZ' 8203, A8203 Cr03) An index



Fig. 1.4 Two-dimensional representation of the modified random
network model (after Greaves[89]) The arrow 1ndicates the

location of percolation channel which are the presumed

pathways for i1on migration
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known as structural unpinning number , SUN (S), has been defined for
this purpose based on the unscreened nuclear charge of silver 1ons and
the equilibrium electronegativities of the hallide-oxyanion matrix 1in
these glasses The variation of the glass transition temperature (T )
onduc tivity (o) and the activation energy (Ea). with the concentration
of Agl have been discussed in the light of the SUN Conductivities
increase uniformly in any given glass series as a smooth function of S,
and level off at high values The entire range of conductivity appears
to vary as 1ln o‘o/ll—exp(-aS)], where 1n . corresponds roughly to the
conductivity of the hypothetical Agl glass and a 1s a constant which
could be obtained as the slope in the graph of In Ea versus S While SUN
provides 1nsight to the chemical origin of conductivity 1n glasses, 1t

1s sti1ll not able to explain why a large jump 1n conductivity occurs at

the B—-a transition of Agl

1 9 GLASS TRANSITION AND STRUCTURAL RELAXATION

When an equilibrium liquid is quenched rapidly enough to vrevent
crystallization, 1t becomes a glass Since the glass 1s 1n the
non-equllibrium state relaxing towards equilibrium, 1ts physical
properties are often found to be time-dependent even in the absence of
external forces Such relaxation phenomena, known as structural
relaxation , considerably affect ionic transport properties of glasses

especially near the glass transition temperature Tg Fig 1 24 shows the

DC conductivity of (AgI)O 70-(Ag2M004)0 70 P the liquid state and 1in
the glassy state. In the glassy state the temperature dependence of
conductivity has been usually summarized i1n terms of the Arrhenius law,
although slight deviations were observed near the glass transition

temperature[91] On the other hand, in the liquid state the experimental
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conductivity obeys the Vogel-Tammann-Fulcher law well

-B
c = 0_ exp [T_TO] (27)

where o TO and B are empirical parameters independent of temperature

It should be noted that the structural relaxation can also be

studied by differential scanning calorimetry (DSC) and AC response

technique by obtaining T_ (structural relaxation (ime) and =

(conductivity relaxation time) respectively

[92]

Angell , evaluated T, from the data of the viscosity and DSC

experiments, and the T from AC measurements, and 1introduced the

decoupling index

s
R = — (28)
T ;3
o
The values of RT of Ag+ conducting glasses are RT = 1012 at the

glass transition temperature, this means that the motion of the moblile
silver cation 1s extremely decoupled from the frame-work lons and |is
thus a measure of the ease of cation migration compared to other atomic

processes 1nvolved in structural rearrangements at Tg

1 10  APPLICATIONS

The most promising application of SICs 1s 1n solid state batteries
Two kinds of batteries may be distinguished (1) small primary cells
where long life time and no self-discharge are essential requirements,
and (1i) rechargeable secondary batteries, when high energ,; density ais
the main criterion A battery of the first type used as a cardiac
pacemaker 1is based on lithium 1lodide solid electrolyte Here, the

requirement 1s low power and continuous operation for long periods (~15



51

years) A typical pacemaker cell consists of a lithium anode, lithium

1odide electrolyte and poly-2-vinylpyridine-I_, complex as cathode High

2

energy density batteries are important from the point of view of
alternative energy sources being useful for vehicular transport and
load-levelling 1in power stations An 1mportant landmark 1in the
development of high energy density batteries is the Na/S battery, which
employs Na-8 alumina as the solid electrolyte and molten sodium and
sulphur as electrodes The cell voltage of 2 08 V is derived from the
chemical reaction between sodium and sulphur to produce sodium

polysulphide The theoretical energy density of the Na/S battery is

quite high (~ 750 W h Kgnl) as compared with the energy density of 170 W

h Kg-l of an ordinary lead-acid battery The main disadvantage 1s the

use of molten sodium and sulphur Thus the critical element 1n this
battery application 1s that the electrolyte must be a relatively good
conductor for 1onic species and at the same time must allow passage of
electrons or holes If the electrolyte were to allow both ionirc anrd

electronic species to move through 1t, the electrodes woula be

effectively shorted out and the externally measurable electric potential

difference drastically reduced

Very recently, scientists of the Matsushita electric company of

Japan have come up with a solid state rechargeable battery using a paper

thin copper conductive solid electrolyte Rb4Cu16I7C113 and CUZMOGS‘? a
[93]

electrode This very compact cell delivers 0 S5 V with a currept

density of 10 mA/cm2 and has an extended charge-discharge cycle life of

more than 1000
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SICs have been made use for developing electrochromr.~ displays 403

is a pale yellow solid that becomes deep blue when a small amount of Na

1s 1ncorporated, owing to the formation of Nax‘n’o one of the so-called

3
'tungsten bronzes" Since the change occurs reversibly and very fast,
94
the material has been used 1in displays Recently Kuwanoi } has

designed a novel recording technique based on electron beam 1rradlation

of O S8 Agl-0 19 AgZO-—O 23 HOB glass which offers several advantages

such as fine focus, fast scan rate and high resolution power

(ither applications include various gas monitoring cells, such as

oXygen sensors for traditional combustion control, electrochemical cells

tor direct determination of thermodynamic functions involved in chemical

reactions, and electrolytes 1n electrical condensers

1 11 SCOPE OF THE PRESENT WORK

A critical examination of the extensive literature on 10onic
conduction revealed that the high 1ionic conductivity 1n crystalline
compounds 1s due to defects - either inherent in their structure (e g ,

B-alumina fluorite/antifluorite structures) or a result of disorder in

one of the sublattices (e g , Ag in a-Agl) Thus highly disordered

crystalline solids and non-crystalline solids would support a high

conducting metastable phase at ambient

Physical studies on SICs 1in the form of single crystals are known
to lead to mechanical fracture by way of cracks in the sample when
passing through the elastic-plastic phase transitions twice and much
information about high temperature phase 1s 1lost 1n the process

tolycrystalline compacts - on the other hand - have grain boundaries and
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non-uniform grain-sites that considerably impede 1on movement  which
[ ender them non-optimal conductors In this context therefore

stabilization/modification of high-temperature plastic phase L12804 at
ambient and Agl based glasses assumes both scientific and technical
importance Motivated by these 1deas we have focused on selected

physical studies of disordered superionic conductors

The present thesis deals with a systematic 1nvestigation of the

conductivity dependence on preparative conditions and hence on the

degree of disorder The conductivity 1is found to increase as we 1ncrease

the quenching temperature of L12504 melt The LiZO-TeO2 glasses exhibit

higher conductivity than 1ts corresponding crystallized products The
conductivity 1ncreases in a linear fashion by the aadition of Agl to

AgZO-BZOS; and to AgZO-TeO2 glass systems, whereas the c(onductiv ty

changes 1n a nonlinear manner, when one alkalil ion 1s graduat!''y replaced

by another 1in the L120-Na20—Te02 glass system
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2 EXPERIMENTAL TECHNIQUES

The major experimental probes employed 1N the present

investigations are briefly described i1n this chapter

2 1 X-RAY DIFFRACTION

W L Bragg showed that the X-rays reflected from a lattice plane

and the effect associated with it could be derived by the equation
nA=2dsin 8 (Bragg's law) (1)
in which n is an integer (the 'order ), A the wavelength of the X-rays,

d the 1interplanar spacing, and 6 the angle of 1incidence of the X-ray

beam on the lattice plane

In a crystalline powder, the tiny crystals are oriented at random

If such a powder is struck by an X-ray beam, many planes will be so
oriented, that Bragg’s law 1s simultaneously satisfied and an X-ray
diffraction pattern 1s obtained To be certain that all possible planes
are exposed to the X-ray beam, the specimen 1s usually rotated by an
angle 6 on 1ts own axis during exposure Most of the X-ray beam will
pass directly through the sample and the diffracted beams are collected
by a detector (scintillation counter) which 1is rotated by 26 the output
of which 1s processed and ther fed 1nto an automatic recorder The
result 1s a chart which gives a record of counts per second
(proportional to diffracted beam intensity) versus difiraction angle 26

The block diagram of the Seifert X-ray powder diffractometer used 1n the

present study 1s shown in Fig 2 1
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Fig. 2.1 Schematic diagram of Seifert X-ray diffractometer system




62

Powder specimens are best prepared for XRD study by placing the
finely ground powder 1n a recess 1n plastic or teflon plate compacting
it under Jjust sufficient pressure to cause cohesion without use of a
binder and smoothing off the surface Sometimes vacuum grease was also

used as a binder Occasionally, quenched ingot was also used as-such’

for recording the XRD pattern

In principle the following information can be obtained from the
diffraction peak characteristics

1 Position The position of the peak measured as the angle 6
yields size (1 e , lattice parameter and d-values), shape (1 e , cubic,
tetragonal etc ,) and orientation (hence 1t can be used for crystal
orientation and preferred orientation determinations) of the unit cell

2 Intensity The relative intensity of the peaks measured either
as the peak height or, more correctly as the area under 1ts profile

(integrated intensity), provides the data for determining the position

of the atoms 1in the unit cell The intensity I of a Bragg reflection

hkl
with Miller indices hkl 1s given by[1]
3
2 QA p
_ e hkl S 2 1
ki = lL!—=3 )Pl A3 "kl oo (2)
mc W v 1

where

Io 1s the i1ncident beam intensity,

e, m, and ¢ are the fundamental constants,

Priy 1S the multiplicity factor,

L is the Lorentz factor,

R 1s the unit cell volume,

A 1s the wave length of X-rays,

w 1s the angular velocity of the rotation of the specimen,
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A= 1/2u 1s the transmission factor for a flat specimen,

S 1s the cross section of the primary beam,
Fhkl 1s the structure factor, and

p 1s the density of the specimen

3 Shape The shape of the peak of which 1ts breadth 1s a useful

guide, provides information regarding crystallite size and lattice

imperfections, including strains

In the present study the powder XRD was recorded at RT on a
Sei1fert X-ray powder diffractometer and was extensively used for the

phase 1dentification and the determination of unit cell parameters

The Cu Ka radiation (A=1 5418 R) was used along with N1 filter as
monochromatic radiation The X-ray machine was operated with 40 kV

voltage and 30 mA current The X-irradiation of the polycrystalline

samples was also performed 1n the same setting

For phase 1dentification, our powder patterns were compared with
standard patterns given 1n Powder Diffraction File (the JCPDS flle[2])

Accurate cell parameters were obtained from the d-spacing of the powder
pattern, and proper assignments of Miller 1ndices hkl to various lines
Using a least square minimization program POWD developed by wu[3],
unit cell parameters accurate to three figures were calculated The

errors 1nvolved in the cell parameter calculations are mainly due to the

uncertainty in reading the angular positions of the peaks, which are

accurate to = O 20
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2 2 DIFFERENTIAL THERMAL ANALYSIS AND DIFFERENTIAL SCANNING CALORIMETRY
Differential thermal analysis (DTA)is a technique 1in which the
temperature of the sample (TS) 1s compared with that of an 1inert

reference material (TR) during a programmed change of temperature
Alumina 1s usually used as the reference material The sample and
reference temperatures are normally the same until some thermal event
such as melting, decomposition or change 1n crystal structure occurs 1n
the sample, 1n which case the sample temperature either lags behind (if
the change 1s endothermic) or leads (i1f the change 1s exothermic) the
reference temperature, the difference i1n temperature (AT) between them
are recorded as a function of temperature of the whole system A
horizontal baseline corresponding to AT = 0 occurs and superimposed on
this 1s a sharp peak due to a thermal event i1n the sample The peak area
or peak heights are only qualitatively related to the magnitude of the
enthalpy changes occurring It 1s possible to calibrate DTA equipment so
that quantitative enthalpy values can be obtained, from the peak areas
but the calibration 1s wusually tedious If calorimetric data are

required then 1t 1s wusually better and easier to use differential

scanning calorimetry (DSC)

In the DSC cell, the difference 1n temperature between the sample
and reference 1s measured, as i1n DTA, but by careful attention to cell
design so that the response of the cell 1s calorimetric A schematic
diagram of the DuPont 9900 model DSC instrument 1s shown in Fig 2 2?2 The
cross-sectional view of DSC cell shown in Fig 2 3 employs a constantan
disc as the praimary means of transferring heat to the sample and
reference positions, and as one of the elements of the temperature

measuring thermoelectric Junctions The sample of 1nterest and a
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Fig 2 2 Schematic diagram of the differential scanning calorimetry

system
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Fig. 2.3 DSC cell and 1ts cross-section
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reference are placed 1n pans which sit on raised platforms on the
constantan disc Heat 1s transferred through the disc intoc the sample
and reference The differential heat flow to the sample and reference 1is
monitored by chromel/constantan area thermocouples formed by the
junction of the constantan disc and the chromel wafer which centers the
downside of each platform Chromel and alumel wires are connected to the
underside of the chromel wafers, and the resultant chromel/alumel
thermocouple 1s used<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>