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PREFACE 

The present thesIs reports the results of our InvestIgatIons on a 

few dIsordered supenonlc conduC'tors (SICs), taken up as a part of a 

basic research programme 1n the field of SolId State lonlcs at the 

UniversIty of Hyderabad StudIes on SICs have become very Important for 

sCIentIfIC understandlng of lon motIon as well as for technologlcal 

appllcatlons The rapld progress made In thls fleld IS eVldent In the 

steadIly Inc.reaslng number of contrlbuted papers In several Journals 

Includlng SolId State lonlcs and the Journal of Non-Crystalilne SOllds 

and at the serIes of blennlal Internatlonal Conferences on SOlId State 

lonlcs, the eIghth of WhlCh was held In Lake LouIse, Canada durIng 

October 1991 and also at the biennIal conferences of the ASIan Soclety 

for Solld State Ionlcs, the thlrd of WhlCh IS due to be held at 

Varanas i , IndIa durlng November 1992 

v 

Ion-conductlng systems selected for investlgatlons, to be presented 

In thIS theslS lnclude (1) quenched LI
Z

S0
4 

- a dIsordered crystallIne 

system, (2) L1
2
0-Te0

2 
and L1

2
0-Na

2
0-Te0

2 
glasses and (3) AgI-based 

borate and tellurlte glasses 

Chapter 1 - General Inlroducllon 

The fIrst chapter begins wIth a general introductIon to superlonlc 

conductors - the mIcroscopIC theory of ionIc transport IS presented 

along wlth a brIef focus on ' classIc", crystallIne SICs, from the pOInt 

of Vlew of structure and Its relatIon to superlonlc conductlon The 

latter part of thls chaDter concerns glassy electrolytes Tnls part 

starts ~.th a general dIScussIon about basIc aspects of amorphous 
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systems, such as glass formatIon and varIOUS fact ors WhICh can 

faCllltate the glass formatIon Speclal experImental tools that focus on 

the baSIC structure of Ionic glasses wIth specIal reference to sIlicate, 

borate and teilurite glasses are outlIned In perspectIve PossIble 

mechanisms of lon transport In glassy electrolytes are presented WI th 

partIcular reference to the systems InvestIgated by us 

Chapter 2 - ExperImental TechnIques 

ThIS chapt~r Includes a brIef descrIptIon of the dIfferent major 

expenmental probes employed In our work - powder X-ray dIffract Ion 

(XRD) , dIfferent Ia l scannIng calorImetry (DSC), IonIc conductIvIty 

measurement uS I ng lock-In amplifIer, followed by the desIgn of sample 

holder used and electron sp i n resonance (ESR) 

Chapter 3 - AC ConductIVIty Meter 

ThIS chapter starts wIth a brIef account of the Importance 01 AC 

measurement 1n the fIeld of SICs An electronIc system des1gned and 

constructed for AC measurement (complex Impedance/adm1 t tance, total AC 

conductlvl ty) on super10nlc conductors at several frequencIes upto 60 

KHz IS descr I bed In deta1l ThIS system consIsts of a quadrature 

osclllator a current-to-voltage converter and a phase senslt1ve 

detector The performance of the system IS conv1nclngly demonstrated 

USln.g two test samples and other measurement posslblll t 1es are 

discussed 

Chapter 4 - Quenrhed Llthlum Sulphate 

In thIS Chapter we shall dISCUSS the results obta11ed on 

mel t -quenched LI
Z

S0
4 

through AC conductIVIty and DSC measurements from 

the pOInt of VIew of 
+ 

Ll conductlon Melt-quenchIng of LI
Z

S0
4

, dlded by 



V1.1. 

Impun ties such as Ll
2

CO
J 

IS found to stablllze FCC/mlcrocrystalllne 

structures (as eVIdenced from XRD results), and to produce ~ 5-6 orders 

enhancement In conductIvIty (relatIve to monoclinI c phase) at 1000e 

WIth actIvatIon energy of 0 4 eV IR and ESR results on quenched L1 2S04 

melts hIghlIght the role of and molecular motIons and 

structural dIsorder In leadIng to ambIent superlonlc conductIon 

Chapter 5 - Alkall-Tellurlte Glasses 

The fIrst part of thIS chapter hIghlIghts the SIgnIfIcance of 

tellun te glasses VIs-a-vIS borate glasses in terms of their structure 

and phYSIcal propert i es The second part deals w1th the thermal 

stabillty and the resultant structure of 30 LI
Z

O-70 Te0
2 

glass - a 

eutectic compOSItIon, through DSC and XRD measurements The electrIcal 

conductivi ty of thIS 11 thlum tellurl te composl tlon In 1 ts crystalllne 

and non crystallIne forms are also dIscussed The last part presents a 

brIef account of the mIxed alkalI effect (MAE) observed through varIOUS 

phYSI ca l propertIes In sIlIcate and borate glass systems A brIef 

account of the varIOUS theorIes of MAE, based on catIon-catIon 

Interact Ion catIon-network InteractIons WIth special reference to 

changes In bond strength among dIfferent speCIes IS followed by our own 

observatIon of MAE In the LI ZO-NaZO-Te02 glass system and Its dISCUSSIon 

In t~e lIght of above theorIes 

and 

Chapter6 - SlIver Ion ConductIng Glasses 

In thIS chapter we present a comprehensIve study of Ag 0-8 0 ITeO 
Z Z J 2 

through AC conductIVIty Dse ancl 

ESR spectroscopy from the pOInts of VIew of (1) optImIzatIon of Agt 

conduction (2) thermal stabIlIty and (3) mobIle catIon enVlronment ana 

I ts Interaction with network formers The resul ts are dlscussec! on t.ho 
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basls of structural models suggested by Mlnaml et al & Seshasayee et al 

Chapter 7 - Summary and Suggest~ons for Further Work 

The prlnclpal concluslons from the results reported In chapters 3-6 

are summarlzed in thlS chapter followed by suggestlons for further work 

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

the conductlvlty and glass transltlon temperature data on slIver lonlC 

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

to understand them 
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1. GENERAL INTRODUCTION 

1 1 INTRODUCTION TO SUPERIONIC CONDUCTORS 

1 1 1 Short H1story 

Superlonlc conductors (SICs) are a class of materials WhICh achleve 

ionIc conductIvIties comparable with those of molten salts (~ > 10-1 

S cm -1) while still in the solid phase Superionic conductors are 

sometImes called fast Ion conductors or SOlId electrolytes (since the 

conductivitIes are comparable to those of liquid electrolytes) The fast 

lon-conduction was Indeed realized In the nineteenth century Itself The 

fIrst observation dates back to 1839 
[1] 

when Faraday reported a drastIc 

increase in the Ionic conduction of PbF
Z 

as Its temperature 

Increased above 1770 C Later, In 1899 Nernst[Z] found hIgh oxygen 

was 

Ion 

conductivIty at elevated temperature In Y
Z

0
3 

stabIlIzed ZrOZ (YSZ) whIch 

IS a non-stoIchIometric material wIth hlgh extrInSIc vacancy 

concentratIons The early 1900's saw one of the few Important superlonic 

conductors viz a-AgI (body centered cubic) above the fIrst-order phase 

transitIon at 1460 C[3] from the /3-phase at ambIent Another ciaSS1C 

eXdmple IS the high temperature 11 thlum Ion conductlng a-phase (face 

centered CUbIC) 
[4] 

of Ll
Z
S04 which IS stable between In the 

mIddle 
[5] 

of 1960's, sodlum /3-alumina was proposed as a hlgh conducting 

sodIum lon conductor which is a stolchlometrlc compound possessing a 

hIgh Intrlnsic sodium ion vacancy concentrat i on ThlS work on /3-alumlna, 

had InItIated an Increased actIvIty In the fleld of SICs and has 

revealed many new materIals w1th high values of conductlvlty, ma1nly 

+ + + + + - Z-
wIth H , LI , Na , Ag , eu , F and ° as mobile Ions 
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1 1 2 ClasSIfIcatIon of IonIc Conductors 

o Keeffe[6 7) has dlvided the solld lon conductors lnto three 

classes Class I contalns normal lon conductors that attaIn hlgh Ionlc 

conductlon only on meltlng, wlth low conductlvlty and large actlvatlon 

energy (~ 1 eV) In the sol1d state These matenals are not fast lon 

conductors The alkali halldes are examples of class I materIals Class 

II contalns systems whlch acqulre fast lon conductlon Vla a flrst-order 

phase tranSItIon wlth change In the crystallographlc symmetry Actually 

OKeeffe dlvldes Class II Into two subclasses Class IIa, contalns 

materlals showing a large discontinuous change in lonlC conductlvlty and 

a major change 1n the lattice symmetry of both mobIle and lmmoblle sub 

lat bces, such as the cx.-(3 trans1 t10n 1n AgI, whlle class lIb contalns 

those crystals, where the changes In the crystal symmetry for the 

Immoblle sub lattlce are mlnor Class III contains materlals wrere lonlC 

conductlon 1S obtained Vla a dlffuse transl tlon W1 th no change in the 

symmetry of the non-conducting latt1ce, often called the Faraday 

transl tlon Examples for thlS group are the 

Pardee and Mahan[8] have chosen 

fluondes PbFZ' 

a sl1ghtly 

CaF Z and 

d1fferent 

classlf1catlon scheme that relates d1rectly to the nature of the phase 

translt10ns They do not d1st1ngulsh between class IIa and lIb but add a 

new class of mater1als that enter the fast ion conduct1ng phase V1a a 

second-order phase trans1 tion W1 th a lambda anomaly In the spec1flc 

heat, characterlzed by a smooth change 1n 10n1C conductlv1ty (but wlth a 

d1scontlnuous temperature der1vat1ve) An 1mportant example of this 

class 1S RbAg4 I S whlch shows superlonlc conductlon at room temperature 

Class III rema1ns a separate, less well understood category 

Very recently Ratner and Nltzan 
[9] 

have dl vided SICs 1nto 
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framework crystaillne materlals with rlgld skeletons and moblle lons and 

(11) hlghly dIsordered materIals 

They further subdIvlded the framework crystaillne materlals into 

" 
(a) soft crystals and (b) hard crystals . Soft framework crystals llke 

AgI, CuI, Ag
2

HgI
4 

have (1) predommantly lomc bindmg (11) readily 

polarlzable heavy lons (111) low Debye temperatures and (lV) sharp order 

to dlsorder phase transltions between low and hIgh conductlng phases 

accompanled by a large increase of enthalpy Hard framework crystals 

(e g , ~-Alumina, LiAISI0
4 ) possess (i) covalent binding and thus high 

frequency for local vi bra tions (ii) high Debye temperatures (111) low 

polarizablllty for moblle lons and (lV) no crystallographlc phase 

transltlons 

The hlghly dlsordered materlals such as glasses and polymers are 

characterIZed by lack of long range order and hence they possess 

compllca ted structural characteristics Therefore these materials are 

less understood than the crystalline electrolytes 

1 1 3 Phase Trans1t10ns 

The baslc orlgln of superlonic conduction is the dlsorder and the 

low actl vatlon energy assocIated with correlated motIons of the lons 

Therefore the superlonic conducting phases are found in systems that may 

transform crystallographiqally or are thermally dlsordered without too 

much gain In enthalpy The phase stability is ensured by a slmultaneous 

galn In entropy on dlsordering The entropies of fuslon of the alkall 

halIdes are all very slmllar, wlth a mean value of 24 2 kJ 
-1 

mole for 

the 20 salts from LICI to Cs1 But In many superlonic conductors, the 
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observed entropy change at the SOlld state phase tranS1 tlOn fiSt 1S of 

order 10 
-1 kJ mole . Wh1Ch points to the fact that sublattlce melting is 

[10) 
lndeed taklng place 

In order to establish many equivalent sltes for disorderlng. 1t 1S 

clear that fast lon conductlng phases should have a hlgh 

crystallographic symmetry 

obeymg the first Landau 

This general trend lS assured for systems 

[ 111 rule of phase transition, which 1n this 

context reqUIres that the space group of the super10nic conducting phase 

is a supergroup of the ordered one Second-order phase trans i tlons and 

those of flrst order correspondlng to O'Keeffe's subclass lIb are Landau 

transl tions However, for the SICs belonging to the class IIa, the 

superlonic conductlng phases almost always possess highly symmetr1c 

cublc or hexagonal space groups 

1 1 4 Theory of Ion1c Conduct1on - General Approach 

The conductlon characterIstIcs 1n lonlC crystals have been 

considered extensively in a number of papers 
[12a,12b,13] We shall 

therefor e discuss briefly the ionic conductivity with respect to the 

mobillty and the concentration of the conducting species 

The transport of ions through an ionic crystal depends on the 

presence of defects At temperatures above absolute zero, even nomlnally 

pure lonic crystals contain vacancy lattice sites and interstitlal ions 

There are two ways In which these vacant sltes (vacancles) and 

i nterstitlal lons can arise An lon on a normal lattice site IS 

thermally actlvated to an lnterstltlal position leaving a vacancy In the 

normal lattlce site The interstltlal lon and the ionic vacancy together 
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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 la) 

• 

(b) The InterstItIal mechanism transport of an InterstitIal Ion to 

a neIghbouring equivalent InterstItial site (Fig lIb) 

(c) The Interstl tlalcy mechanIsm displacement of an ion In a 

normal lattIce sIte to an InterstItIal site by a neIghbourIng 

interstItial ion (Fig 1 tc) 

In a sIngle-phase material, assumIng that conduction occurs 

predomInantly for a single ionic species, the electrical conductIvity IS 

given by 

CT = n(Ze)jl 

The baSIC understandIng of ionIC conductIon IS based on a model of 

dIffusIon by Isolated Jumps wIth random walk of the mobIle specIes For 

dIffusIon through InterstItIal sItes, the potentlal of the mobile 

specIes IS assumed to be as shown In FIg 1 2 If the hoppIng through 

the lnterstltlal sItes occur in sIngle uncorrelated steps, then random 

walk theory leads to the dIffusIon coeffIcIent D 

D = a d
2 

v (2) 

where Q - IS a geometrIcal factor, d the Ion Jump dIstance and v the 
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Flg. 1. 1 MechanIsms of ionic transport in crystals (a) the vacancy 

mechanlsm, (b) the Interstl tlal mechanlsm, (c) the lnter-

stl tlalcy mechanlsm . Small cIrcles represent catIons. large 

clrcles represent anions 
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Fig. 1. 2 Single particle potential assumed in the classical theory of 

diffuSlon ~G is the enthalpy of motion for the lnterstltial 
m 

to interstitlal migration of particles 
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average Jump frequency The latter depends on the energy barrier for 

mlgratlon E - presented by ItS neighbours and on the attempt frequency 
m 

v of the partIcle in its local potentIal well 
o 

Thus If v IS a 
o 

characterlstlc atomlc vibrational frequency the probabllity for jump per 

second v 1S expressed as 

v = v exp(-E IkT) 
o m 

(3) 

where k IS the Boltzmann's constant and T lS the absolute temperature 

Thus the atom makes v passes at the barr1er with a probab1l1ty 
o 

exp(-E IkT) on each trlal of surmounting lt by thermal energy 
m 

The diffus10n coeff1c1ent then becomes 

2 D = ~ d v exp(-E IkT) o m 
(4) 

The Nernst-E1nsteln equatlon, ~kT = ZeD WhlCh relates the mob1llty 

~ to the d1ffus1on coefficient, may be used to obtain the conductiv1ty 

2 n(Ze) v 
o 

~ = ----~~-------
kT 

exp(-E IkT) 
m 

(5) 

In normal ionic materials the concentration of charge carriers 

(Frenkel or Schottky defects) is only that generated by thermal 

exc1tatlons , Thus the defect concentration in either case 1S given by 

n = no exp (-Ef/kT) (6) 

where Ef 1S half the defect-pair formation energy . The conduct1vity then 

becomes 

where E - E + E 
a m f 

~ n 
o 

kT 

E +E m f exp -
kT 

exp -(E IkT) 
a 

(7) 

(8) 
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At low temperatures, the defects are prImarIly Induced by 

impurItIes Therefore we obtaIn 

C1' = a n (Ze)2 
o 

2 -1 
v d (kT) exp 

o 
(-E IkT) 

m 
(9) 

Eqn (7) represents the IonIC conductIon behavIor In the so-called 

IntrInSIc regIon An ArrhenIus plot of log (C1'T) versus liT would be a 

straIght lIne Then E , which IS the sum of both - the energy for defect 
a 

formatIon (Em) and the energy for defect mIgratIon (Ef ) may be computed 

from the slope of the straIght llne On the other hand. Eqn (8) 

represents the IonIC conductIon behavIor In the "extrlnslc regIon' The 

slope (E ) of the Arrhenius plot of log (C1'T) versus liT would YIeld the 
a 

actIvatIon energy of mobIlIty E 
m 

In superlonlc 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 Interstit i al sItes on which the cations/anions are distrIbuted in a 

dIsordered fash10n In other words, these crystals have an open 

structure' containIng "built in defects' The mIgratIon of these defects 

IS less restr1cted than the thermally activated conduction process 

Therefore, 1 t IS important to note that wi thin the temperature range 

where the unusual crystal structures are stable, the ionic conductivity 

of these crystals 1S relatIvely insensit1ve to both ImpurIties and 

temperatures 

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

concentrat1on of the charge carriers W1 th respect to n, the total 
o 
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number of 10ns The n' represents an important fraction (~) of 

potentially mobile ions because of the presence of structurally inherent 

vacant POSl tions 

and cr = 
n o 

cr = 

n = ~ n o 

kT 
exp 

cr 
o 

T 
exp (-E IkT) 

a 

where ~ 1S the pre-exponent1al factor 
o 

(-E IkT) 
a 

(10 ) 

(11 ) 

(12) 

Thus In contrast to convent1onal lonic conductors, the slope of the 

plot log (crT) versus liT for a SIC will represent only the energy for 

m1gratlon of defects as In the case of extrlnslc conduct1on 

ThlS slmple model assumes harmonic vibration of an isolated 

part1cle in a rlgid potential well and ignores anharmonlcl ty, 

polarlzatlon effects, and correlation between mov1ng species which are 

influentlal factors in fast-ion conductlon 

SIC matenals have conductivlties comparable to those of liqUld 

electrolytes w1th low actlvation energies (0 1-0 3 eV) and the 

concentratlon of mobile ions involved in charge transport is so high 

that the1r Interactlons play an essentlal role and thus the correlatlon 

effects between carr1ers must be consldered Also, the cooperat1ve 

motlon of lons can lead to higher conductivities than if isolated jumps 

alone are 
[14 ] 

cons1dered To understand the conduction process in SICs, 

one must establlsh as to how large numbers of correlated interstl tlal 

lons andlor vacanCles are created and how they move In the lattice 
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Detalled structural studles (by diffraction and llght scatterlng 

experiments) might help obtain information about posslble sites In the 

lattlce, partlal occupancles, correlations between lons and vacanCles 

and lon dynamlcs 

1 2 NATURE OF SUPERIONIC CONDUCTING PHASES 

1 2 1 AgI compounds 

o:-AgI was one of the fust sol1d electrolytes to be found to 

exhlblt a very hlgh 10nlC conductivity as shown in the Fie 1 3 ranglng 

between 1 
-1 

2 and 2 6 S cm 
[3] 

In 1914, Tubandt and Lorenz observed that 

the hlghly conductmg o:-phase is stable 
o above 146 C Below 

o 146 C, AgI 

crystalllzes in a hexagonal (Wurtzite) 
(15) 

structure and its lonic 

[16 17) conducti Vl ty , (excluslvely + carried by Ag lons) IS about 

-1 
5 em 

was made 

The first attempt to explain this fast ion conductlvlty of 

[ 18] 
by Strock who found that o:-AgI belongs to space group 

a-AgI 

Im3m 

9 (Oh) the cubic unit cell, (a :::: 5 044 ~) and 
+ 

contains two Ag lons with 

lodlde 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 

sltes wlth dlfferent coordlnatlons 6(b), 12(d) and 24(h) The 6 (b) 

sltes appear to be octahedrally coordlnated, and are hlgh energy sltes, 

and thus It IS unllkely + that Ag lons would reslde there long, If they 

move through such Sl tes at all The 12 (d) sites are at the centers of 

tetrahedra WhlCh share faces and provlde a network of pathways through 

+ 
WhlCh the Ag 10ns can move The 24(h) sltes are at the centers of the 

shared faces, and the Ag 
+ lons are expected to move rapldly through 

them Ina-AgI, the conductlon passage ways for + 
Ag lons are formed by 

the face-sharing tetrahedra X-ray dlffractlon 
[18] 

studles failed to 

detect any slgnlflcant prefeFence for a partlcular type of s1 te, L e , 
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F1g 1.3 The ionIc conductIvIty of selected superionic conductors 
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Flg 1 4 Structur e of a-AgI, showing intersti tial cation si tes, large 

hatched circles, iodine lons; squares, octrahedral 6 b sites, 

solid clrcles, tetrahedral 12 d 51 tes, open cucle5, 24 h 

sites . 
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the three 51 te energles are very nearly equal Thus no meaningful 

dIstInctIon can be made between "regular" and 'lnterstltial sllver 

sItes the number of almost equlvalent sltes belng much larger than the 

+ + 
number of Ag lons Therefore it was concluded that the Ag sublattice 

is ln a molten state In an a-AgI crystal Wl th the so-called molten 

+ sUblattice durlng diffusion, the mobIle Ag ions have to move through 

-
the perIodIc potentIal generated by the I lons formlng the ordered 

lattIce, and In dOlng so there are always plenty of empty sltes In the 

neIghbourhood and the mobillty 1S primarlly determined by the detalled 

structure of the single lon potential along the pathways and also by the 

nature of the catlonlc short-range order induced by the lon-lon 

Interact Ion 

In thls connectlon, it is interesting to have a look at the crystal 

structure of 
[19] 

~-AgI shown in Fig 1 5 In ~-AgI which has low ionic 

-
conductlvity the I sublattice forms tetrahedral and octanedral voids 

+ The Ag lons occupy only tetrahedral Sl tes in an ordered manner The 

unoccupled octahedra are connected with each other and wlth the 

tetrahedra by common faces The octahedra form rows parallel to the 

c-aXls ThlS seems to be the ideal arrangement for an ionic conductor, 

+ If only the geometrIcal features are consIdered Thus an Ag lon may 

jump from a tetrahedral slte into an octahedron and may move now through 

the crystal wlthln a row of octahedra (Fig 1 5) However, at 140°C only 

about 1% of + the Ag lons occupy the octahedra ThIS result suggests that 

lOnlc conduction InvolvIng lnterstl tlal Sl tes (Frenkel dlsorder) does 

not allow hlgh lonlC conduction Only ion movement between regular sites 

generates hlgh conductIvity In a more general way, Jumps of ions 



c 

I 

a 

a 

~ 
I 
I 

I 
I 

I 

I 

• 

FIg 1 5 Crystal structure of ~-AgI . ~-AgI crystallizes In the wurtzite 

+ 
type structure The FIg shows a possIble Ag -mIgratIon path 

A sllver Ion Jumps from a tetrahedral vOId Into an unoccupled 

octahedra (fIrst hatched position) and then moves parallel to 

the c-aXlS through the chaln of unoccupled octahedra (second 

hatched posItIon) 
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between Sl tes WI th SImIlar Sl te energIes are requ1red and such Jumps 

requlre an occupat10nal d1sorder as found 1n a-AgI 

Slmilar hlgh conductlng silver electrolytes are a-Ag3SI, a-Ag2HgI 4 , 

In a-Ag
3

S1 (BCC anion structure) unIt cell three SIlver lons are 

dlstrlbuted over 42 
(20) 

available sites Even 1n the low temperature 

modlflcation, ~-Ag3SI, the anion arrangement provldes 12 sltes for the 

three SlIver ions 1n a un1t cell As a result, the conduct1vlty of 

-1 
cm even at 

[21] 
room temperature A face 

centered CUb1C arrangement can also provide excess sites for the catlons 

as shown by a-Ag
2

HgI
4 

o (stable at 50 C and above) 
[22] 

Ketelaar suggested 

that In the a-Ag
2

HgI
4 

unlt cell, three cations are randomly d1strlbuted 

over four available sltes . 

A CUb1C but more complIcated structure IS also observed 1n 

(23] 
a-RbAg4 15 ' the solid electrolyte with the highest 10nic conductivity 

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

[25) 
and Argue The un1 t cell of th1S compound conta1ns four formula 

unlts 

the 16 

-The Rb+ lons and the I ions are in fixed lattlce pos1t1ons wh1le 

+ Ag lons In the un1 t cell are distrIbuted over 56 posslble 

lattIce sItes The structural dlsorder of the SlIver 10ns IS the reason 

for the 

122 

[26 271 hlgh conduct1vity of such electrolytes ' 

(3-AIUlnlna 

Among the SOlld electrolytes, the compounds w1th (3-alumlna 

structure exhlblt unusually hlgh, purely 10nlC conductlon, and have been 



r 
12 

extensIvely studIed 

In 1967 Yao and Kummer [5] dIscovered sodIum (3-alumina W 1 th the 

of oxygen Ions In CUbIC close-packIng wIth the alumInum Ions OccupYIng 

octahedral and tetrahedral interstItial sites (see Figs 1 6 and 1 7) 

These form spInel-like blocks along the direction of c-axis In the unIt 

cell, WhICh are held by a loosely packed reflection plane perpendicular 

to c-aXIS contaInIng AI-O-AI brIdgIng groups and SOdIum lons The AI Z03 

blocks are completely Impenetrable for the sodIum Ions, and thelr motIon 

IS restrIcted to the pathways along the two-dimensional honeycomb net In 

the lnterlayer making single crystal (3-alumina a highly anisotropIc 

super IonIC conductor 

Thus the sodIum Ions have a hIgh mobilIty In the mIrror plane and 

-Z -1 0 -1 -1 conductlvi ty values of about 10 S cm at Z5 C and 10 S cm at 

3000
C have been reported [Z8] 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 (3-alumina phases In the Na
2
0-AI

2
0

3 

phase dIagram the (3-AI Z03 phase with a Na
Z

O/Al
Z

0
3 

ratIo between 1/9 and 

1/11 and the (3 -AI Z03 phase wIth a ratIo between 1/5 and 1/8 (3 -A1
2

0
3 

has a hIgher ionIc conductIvIty than the (3-phase It can be stabIlIzed 

[Z9) 
by small amounts of MgO 
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The ,g-AI
Z

0
3 

structure generally refers to the atomIC arrangement 

WhIch characterIzes a large famIly of Isomorphs With the nomInal 

composltlOn AM
l1

0
17 

where A = Na, LI, Rb, Ag, Tl and M = AI, Ga, Fe 

Substl tutlOn of the A Ion can be accompllshed by ion exchange in an 

appropriate molten salt, the propertIes of electrolytes contaInIng 

vary i ng proportIons of two A ions have been examIned The mobIlIty of an 

Ion in the reflection plane will be a function of its radiUS and for a 

particular isomorph there WIll be an optimum size The mobi11 ty of 

sodium ions, for example, in sodium ~-alumina IS greater than that of 

the 11 thlum Ion because the small size of the latter allows it to 

approach the oxygen ions more closely The resultant electrostatic 

potential well formed by the three nearest neighbour oxygen ions IS 

lower than would be the case for the larger sodIum Ion WhIch IS subject 

to greater repulsive forces A correspondIngly large actIvat10n energy 

is thus necessary to enable the lithium ion to j ump Into a neighbouring 

vacant SIte The act1vation energies of + Na ion (or) and 11 
+ 

conductIon shown in Fig 1 8 are 1n accordance WIth thIS explanatIon 

1 2 3 Fluorite Structured Compounds 

Ion 

Several halides that have the fluorite (CaF
Z

) structure reveal h1gh 

halIde ion conductiv1ty One of the best examples is PbF
Z 

in WhICh ~ ~ S 

S cm- 1 at SOOOC At room temperature PbF
Z 

have a very low conductiv1ty 

and as such 1S a typIcal IonIC SOlld Other mater1als that behave like 

PbFZ are SrCIZ' Wh1Ch has a very 

o the melting pOint 813 C and CaF
Z

' 

high conductiVity between o 
- 100 C and 

WhICh arrives in the highly conductIng 

condlt1on Just as o the meltIng pOInt, 1418 C IS approached 
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A common way of descrIbIng the fluorite structure IS as a prImItIve 

-CUbIC array of anlons (F ) In which the eight-coordInate sItes at the 

CUbIC body centres or alternately em}Jty and occupled by a catIon for 

-
example In CaF

2 
the prlmltlve cubes of F Ions are formed 

2+ 
wi th Ca lons 

at the body centres of al ternate cubes (see Fig 1 9) The sites 

-
avaIlable for Interstitial F are then at the centres of the set of 

empty alternate cubes, these sites are normally coordlnated by SIX 

calClums In an octahedral arrangement and eIght fluorlnes at th p cube 

- -
corners In creatIng an lnterstitlal F lon, one of the corner F Ions 

must move off ItS corner sIte and Into the body of the cube 

The best known and most thoroughly Investlgated oxygen lon 

conductors are those based upon stabilized-zirconia Pure Zr02 is 

monocllnlC at amblent temperature (a = 5 12 ~, b = 5 17~, c = 5 29 

~ = 99°11') and transforms reverslbly to a tetragonal structure above 

1150
0

C. For the fluor I te structure to be stable In any compound the 

ratlo of catlon to anlon radlus must be greater than 0 732, whereas for 

Zr0
2 

thls ratio IS only 0 724 [32] The hIgh-temperature, superlonlc 

cublc fluorIte structure of Zr0
2 

may be stabilized (even at much lower 

temperatures) by forming solJd solutIons (WIth Y203' CaO or MgO) or by 

mtroduclng non-stolchlOmetry DopIng of Zr0
2 

with CaO resul ts In the 

generation of oxygen lon vacancies, and these disorder sltes found to be 

responslble for the ionIC conductivity of ZIrconIum oxide In the case 

of Zr02-CaO, the range of stability of the fluonte phase is approxi-

mately 12-20 mole% of CaO, correspondIng to 6-10 % oxygen vacanCIes 

Table I summarIzes the conductivIty results of a few oxygen lon 

conductors for the temperature range shown 
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TABLE I 

Conductlvity results of a few oxygen lon conductors 

------------------------------------------------------------------------

Compound o Temperature ( C) -2 -1 
~ x 10 (S cm ) Ref 

------------------------------------------------------------------------

Zr02 00 mole% Sc203 ) 

Zr02 00 mole% Y 2°3) 

Zr02 (13 mole% CaO) 

600 - 1400 

600 - 1400 

640 - 1000 

2 - 100 33 

3 - 50 33 

o 2 - 30 34 

------------------------------------------------------------------------
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Thus the fluorite structure appears to be partlcularly suitable for 

hlgh lonlC conductlvlty 

The antifluorite structure also favours superionic conductlon For 

lnstance L1 20 which exhlbi ts thermally induced Frenkel dlsorder and 

[35 36] 
fast-lon conduction at hlgh temperature ' crystallizes ln the cubic 

antlfluorite structure i e. it has the same structure as CaF2 with 

anions and cations interchanged (the + tetrahedrally coordinated Ll ions 

form a simple CUblC array and the 2-eight-coordinate 0 ions occupy 

alternate cube centres, see Flg 1 9) 

Certaln other compounds adoptlng the antlfluorl te structure are 

undergo a phase trans! tion to a + superionlc state wi th Na sublat tlce 

dlsordering Conductlvlty and neutron dlffractlon studles on these 

compounds should be of lnterest 

From the results of various lnvestigations on these crystalline 

SICs. the following points [23] emerge . 

(1) Conductlvlty appears to be associated wlth the nature of 

passage ways, the slmpler the latter are, the hlgher wlll be 

the conductlvlty 

(2) 3-D networks generally lead to higher average conductl Vl ty 

than 2-D networks 

(3) Larger volumes of crystal space occupled by the conductlon 
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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 glve a solid 

electrolyte because it is probable that at least half the sites 

will be too close to the other half 

Thus It 1S well understood that the ions may move easily and 

rapidly 1n crystals, with a high degree of potent1al disorder If 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 rlgidi ty In 

one of the sublattlces gives rise to enhanced lonlC conduction Tn such 

a case, the non-crystaillne solids possessing a large degree of 

dIsorder could be better choice than crystalline systems In reveal1ng a 

significant and selective IoniC conduction 

The remaining part of this chapter is concerned with the structllre 

and IoniC properties of amorphous electrolytes Before we discuss these 

aspects of lon1C 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 IS generally obtaIned by supercoolIng a llquld In such a 

manner that 1 t does not crystall i ze It may also be prepared through 

[37] . 
variety of other techniques provided crystallIzatIon IS suppressed 

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

-2 water (10 POlse, P) On cooling the melt lt very rapidly crystallIzes 

at. or a little below the melting temperature T (see FIg 
m 

1 10) There 

are however. a few materials which form mel ts, which are considerably 

more viscous The high viscosity indicates that the atoms or molecules 

in the melt are not so easily moved relative to one another by applied 

stresses . On 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 lnvolves structural changes. 1 e . . the 

rearrangement of atoms relative to one another 

If the crystalllzatlon rate lS low enough. it IS possIble t o go on 

coolIng the mel t. below the mel tlng point avoidIng the occurrence of 

crystalllzation As the melt cools, Its VISCOSIty contInues to Increase 

ThlS VISCOUS l1quld below the mel tlng pOInt IS a supercooled lIqUId 

(reglon b-e In Fig 1 10) It IS Incorrect to refer to It as a glass On 

further coolIng the ViSCOSIty reaches 13 14 a hlgh value (- 10 -10 PI tllat 

the mater ial acquires the r igidl ty of a crystallIne solid but without 

regular 3-D perlodlclty of a crystal structure This change In 

properties or behavIour from an undercooled liquid to a glass takes 

place at a temperature or over a range of temperatures called the glass 

transltlon temperature (T ) 
g 

The T depends on the ra te of coo llng of g 

the undercooled 11qUld It IS found that the slower the rate of coolIng, 

the larger IS the reglon over WhlCh the llqUld may be supercooled and 
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hence lower 15 the glass transition temperature (compare points e and g 

1n F1g 1 10) 

1 4 FACTORS THAT INFLUENCE GLASS FORMATION 

The question why do certain mater1als readily form glasses on 

cooling a melt? or why do certain chemical compos1t1ons of materials 

have a greater glass-form1ng tendency than others? - 1S one of 

cons1derable sC1ent1fic and technolog1cal importance Several factors do 

play a sign1f1cant 

[38-40] format1on 

role in determining 

1 4 1 Electronegativ1ty and Bond Type 

the case of glass 

The ma1n glass form1ng oxides are Sl02' 82°3 , Ge02 and P20S They 

are all oX1des of elements with 1ntermed1ate electronegco tl Vl ty, these 

elements are not sufflciently electropositive to form 10nic structures, 

such as MgO, NaCl, but also are not suff1clently electronegative e1ther 

to form covalently bonded, small molecular structures, such as CO2 

Instead, the bondIng IS usually partly IonIC and partly covalent and the 

structures are best regarded as 3-D polymerlc structures Oxides of 

other elements around this group in the perIodic table also show a 

tendency to glass formatlon Some, such as As203 and Sb203 form glasses 

If cooled very rapIdly Others, such as A1203 , Ga203 , 81 2°3 , Se02 and 

Te0
2 

are known to be conditional glass-formers, ie, they do not form 

glasses IndIv1dually, but may do so in the presence of certain other 

non-glass formIng oxides For instance, a range of liquId composit1ons 

1n the CaO-Al 203 system forms glasses although CaO and Al
2

0
3 

do not, by 

themselves, form glasses The glass-form1ng oXIdes, !;102' 82°3 , etc, 

can form glasses e1ther alone or when mIxed w1th consIderable quantIt1es 
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of non-glass forming oxides For 1nstance, glasses may be read1ly formed 

from 5102 or B
2

03 to Wh1Ch 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 is the 

ViSCOS1ty of llqU1ds above their melting points [he glass-forming 

Ge0
2 

and P 205 all form very viscous lIqu1ds, e P, , 

viscosity of sllica Just above its melting 
o point, 1715 C is 

the 

By 

contrast, most 1norgan1c substances, which do not form glasses readily . 

are fluId in the liqu1d state, e g , the ViSCOSIty of llquid H20 at OOC 

or molten LiCl at 6130 C is - 2 x 10-2 P ViSCOS1ty 1S related to the 

structure and bondIng that is present Thus, molten silica may be 

regarded as an amorphous, polymeric structure with strong Si-O bonds and 

thIS 1S the reason for its high Viscos1ty In order for such a lIquid to 

crystalllze, many strong bonds must break and reform and considerable 

atomiC reorganIzation 1S necessary Clearly these processes take place 

WI th more difficul ty In . VISCOUS, 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 ZnCl2 and (b) molten mixtures of LIN0
3 

and 

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 

abil1ty of an ox i de to form a glass mIght be related to the way lO whic~ 
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the oxygen lons are arranged around the catlon to form the unIt ce ll of 

the (ry'?tal :,trw:ture In stable c rystal structure'? the number of 

anions Immed Lately surroundIng a catIon (coordInatIon number ) IS 

determIned by the relatIve SIzes of the anlon and catIon I t can be 

shown from geometrIcal con~lderatlons that for an oXIde M 0 
X Y 

the 

coordinallon number of M catlons wIll be four If the radlu5 rat IO RM/ RO 

lles between 0 225 and 0 414 In thIS case the oxygens are arranged at 

the co rners of a tetrahedron WIth the cat~on occupyIng a rentral 

POSl tIon Goldschm1dt pOlnted out that for a number of glass-formIng 

OXIdes Includlng 51°
2

, Ge0
2 

and PZOS a tetrahedra l arrangement occurred 

1n the crystall1ne state and suggested that th1s mlght be a c rlteri on of 

glass-form1ng ab1llty 

[42J Zachar i asen pOInted out that the ablilty of an oXlde to form a 

tptrahedral conflgurat10n could not be an absolute crlterlon of 

glass-form1ng ab1l1 ty Slnce the radIUS ratio for BeO for e g WIl l 

perml t oxygen Ions to form tetrahedral grouplngs around the beryll ium 

Ion and yet thls OXIde cannot be obtalned 1n the glassy statp ThIS led 

hIm to examIne more closely the characterIstICS of glass-form1ng OXIdes 

and to develop the random network theory of glass structure 

StartIng from the baSIS that the InteratomIC forces In glasses and 

crystals must be essentIally slm1lar and that the atoms 111 glass 

oscIllate about defInIte equIlIbrIum pos1t 1on:, cachar1aspn deduced tha t 

the atoms must be llnked 1n the form of a three-d1mpnslonal network 1n 

glass as In crystals The network In a glass could not be a perIodIc one 

SInce glasses unlIke crystal s. do not • gIve sharp X-ray d 1 ffractIon 

peaks ~achariasen also proposed that thp energy content of a substance 
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In the glassy state must not be greatly dIfferent fr om t hat of t he 

correspondIng crystal network Thus for a g l ass-f ormIng oX Ide t he 

coordInatIon number of the catIon must be closely slmllar In the gl ass 

to that observed In the crystal ThIS means that the unIts of structure 

In the glass and In the crystal wIll be practIcally IdentIcal IT' the 

crystal these structural units are built up to give a regular lattIce 

but In the glass there IS suffIcIent dIstortIon of bond angles to permIt 

the structural unIts to be arranged in a non-perl0d]c fashion ~lvlng a 

random network . FIg 1 11 shows the dIfferences between the regular 

crystallIne lattIce and the random network for an oXIde havIng the 

formula 1-1
2
°3 . In both cases the structural unl t IS the M03 triangle 

Thus glasses possess short-range order SInce the oxygens are arranged In 

faIrly regular polyhedra but long-range order IS abspnt ThIS VIew of 

glass structure IS entIrely consIstent WIth the lIquId-lIke nature of 

glass 

It should be pOInted out, however, that the structure depIcted In 

FIg 1 lIb represents a rather large departure from the crystal lattlce 

In FIg lIla Smaller devIations In bond angles would probably be 

suffIcIent to generate a non-perIodIc network g i vIng a structure 

sufflClently lackIng In long-range order to account for X-ray and 

neutron scatterlng results For e g , In VItreous SIlIca the varIatIon 

in SI-0-S1 bond angle IS probably only about ± 10% 

HavIng postulated the random network structure for 

Zacharlasen proposed certaIn condl hons for glass formatIon 

oXlde M ° to form a glass it was proposed that 
X y 

glass, 

For an 



o Oxygen Ion 

• M Ion 

(a ) 

(b) 

Fig 1 11 Two-dlmensional representation of an oxide H
2

03 in (a) 

crystalllne form and (b) glass form 
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Ca) an oxygen atom must not be 11nked to more than two M atoms 

(b) the number of oxygen atoms surround1ng M must be small, 

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

faces 

A fourth, less important cond1tlon proposed by Zacharlasen, namely 

that at least three corners 1n each oxygen polyhedron must be shared IS 

not str1ctly appl1cable S1nce glasses are known 1n WhlCh thlS rondltlon 

would not be fulfliled 

The oXldes M
2

0 and MO cannot meet the condltlons proposed by 

Zacharlasen The oXldes M
2

0
3 

can do so 1f the oxygens form trlangles 

around each M atom and the oX1des M02 and MZOS can do so If the oxygen 

form tetrahedra around each M atom 

VI treous bOrIC oXlde (B
Z

0
3

) 1S a good example of a glass whose 

structure IS bUllt up of trIangular un1ts these unIts are found In many 

crystallIne borates Vltreous sll1ca (510
Z

)' german1a (Ge0
2

) phosphorus 

pentoxlde (P ZOS), and arsemc oxide (ASZOS)' are examples of glasses 

bU1lt up of tetrahedral unlts, the tetrahedra 5104' Ge0
4 

P()4 As0
4 

are 

also found In the crystaillne state 

1 4 4 Eutectlc Composltlon 

The glass-formlng tendency IS found to be greater for a blnary 

materlal (say a slllcon-gold alloy) than for an elemental one (say, pure 

51) ThlS has to do wlth the relatlon between T and T FIg 1 12 shows 
g m 

the phase dIagram for the blnary system AU(1_x)51 x For the alloy (0 < x 

<1) the ]1qUld 1S stab1l1zed and thus the meltIng pOInt T 1S lowered 
m 



Au Si 

1600 AU1-x Six 

b 
1200 

Tm 

u 
o ........ a 
.- 800 

400 
.-r-- - -

o 
o 0.2 0.4 0.6 o B , a 

COMPOSITION x(Si) 

F~g. 1 . 12 Glass formatIon In the gold-sIlIcon system Two quenches from 

the lIquid state at two compositlons are lndlcated Glasses 

can be prepared much more readIly In quench a than In quench 

(44) b (after Zallen ) 

• 
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relatl ve to that of end components (x = 0 or 1), by the entropy of 

mixIng and the attractIve Interaction between the two components There 

IS a deep eutectIc at compositIon x = 0 2, at WhICh the meltIng pOInt IS 

minImized This composItIon range where a deep eutectIc occurs IS 

claimed to be more favourable 
[43 44] 

for glass formation ' 1 e " near the 

eutectIc composItIon, as at a' In the Fig 1 12, a lIqUId IS much more 

reddily quenched to the glass than a llqUld at a dIstant composl tlOn 

such as , b" The 'treacherous territory' between T 
m 

and T 
g 

withIn WhICh 

the melt IS both thermodynamically (T < T ) and kinetIcally (T > T ) m g 

capable of crystallIzIng 1S much broader and more forb1dd1ng at ' b 

than at a Thus the eutectIc compos1tlon IS favoured for glass 

formatIon, a conclus1on consistent with the observation that AuO 85iO 2 

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

1 5 CRYSTALLIZATION IN SUPERCOOLED LIQUIDS 

CrystallIzatIon IS 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 dist1ngu1shed nucleatIon 

and crystal growth NucleatIon may be homogeneous or heterogeneous and 

It 1S 1mportant to distIngu1sh between the two types In homugeneous 

nucleatIon, the fIrst t1ny seeds are of the same constl tution as the 

crystals wh1ch grow upon them In the absence of any heterogeneous nucleI 

such as foreIgn partIcles In heterogeneous nucleatIon the nucleI can 

be qUIte dIfferent chemIcally. from the crystals WhICh are dIsposed A 

form of heterogeneous nucleation Wh1Ch 1S frequent ly observed when a 

pIece of glass IS heated In air beyond T . 1S one In whlC h the crystals 
g 

grow from nucleI, such as dust partIcles or scratches on the glass 

surface 
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1 5 1 Hechan1sm of Nucleatlon (Homogeneous) 

Thpre are two contr1but1ons to the change of free energy that 

occurs on nucleatIon Flrst the formatIon of a boundary or surf ace 

between the embryo and the mother phase results In a gaIn of free enprgy 

due to the 1nterfac1al energy Secondly, Slnce the arrangement of the 

atoms withIn the embryo wlli be less disordered than that In the 

surround Ing phase, there will be a reduct lon 1n free energy of the 

system There are thus two opposing factors Wh1Ch govern the actual free 

energy change and these can be approximated In the follOWIng fashlon to 

give AF, the free energy change for a spherIcal 1ncluslon of radlus I 

AF = 4 - -
3 

3 nr Af 
v 

tIO) 

where Af IS the change of free energy per un1t volume resultIng from 
v 

transformation from one phase to the other and Af can be equated 
s 

wlth 

the Interfaclal tenslon Under certaIn clrcumstances It would be 

necessary to Include a term on the rIght-hand SIde of the expresslon for 

the energy Increase due to the straln energy resulting from the change 

1n atomlC arrangement WIthIn the embryo as compared wlth the surroundlng 

phase In the case of a supercooled mel t, however, thl s effect would 

normally be negllglble ExamInation of Eqn 10 shows that when r IS small 

the Interfaclal energy term predominates, but w1th Increase of radIUS of 

the embryo the 1nterfac1al energy becomes a smaller fraction of the 

total energy change Once some crltlcal rad1us 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 Reg10ns smaller 

than the crlt1cal radlus (embryos) requ1re an Increase In free energy to 

form and they w1ll contInually form and red1ssolve WIth the total number 

1n the system rema1nlng constant Some embryos WIll atta1n the crItIcal 

radIUS and WIll contInue to grow WIth a decrease of free energy and 
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hence wlll constl tute stable nuclei , At the cn bcal radius t he free 

energy change wlll attain Its maximum value and by differentlation of 

* Eqn 10 the critical radlus r may be derived ' 

• 
r = 2 llf Illf 

s v 

* ThIS corresponds to a maXlmum free energy change llF as given by 

llF* = 16n(llf )3/3 (llf )2 
s v 

(12 ) 

[45] Becker and Doering and F k 1
[46] 

ren e have employed statistical 

mechanlcs to derlve expressIons for I. the rate of homogeneous 

nucleatIon These have the form ' 

• 
I = A exp (-~F IkT) (13) 

• where A IS a constant and ~F 1S maXImum free energy of activatlon for 

format i on of a stable nucleus as glven above 

ThIS expresslon neglects the effects of dlffuslon rate but in a 

VISCOUS 11qUld the actlvatlon 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 In 

condensed systems g1ves a better approach This expression IS 

• -(IlF +Q) 
I = A exp kT 

(14) 

where Q IS the actIvation energy for diffus10n of molecules across the 

phase boundary A plot of I against T has the shape shown 1n Flg 1 13 

Th i s theory IS apprOXImate only. but It does at least serve to provide a 

quaiItat1ve explanatIon of experlmental observatlons For small degrees 

• of supercoollng. llF IS large Slnce the value of the volune free energy 

change t:.f is very small and consequently the nucleatIon rate IS low 
v 

Wl th further supercoollng t:.f 
v 

Increases markedly • 
untll t:.F becomes 



Equill briu m • 
m <2 \ tin 9 t <2 m p C2 ro t u r e 

-- ----- - -- ----------
MeiostoblC1 zone of supczrcoollng -......... - - - - - - - - - - - - - - - - ---

<--Rate of crystal growth 

Rata of hom og<2naous 
• nuc \(2otlon 

Rat<2!J of nucleation and growth 

FIg 1 13 Rate of homogeneous nucleation and crystal growth In a 

VISCOUS lIqUId 
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comparable 1n magn1tude with Q, under these conditIons the maximum 

nucleatlon rate is achieved The nucleation rate dImlnlshes wIth further 

• supercoollng when 6F becomes negl1gible 1n comparIson to Q 

1 5 2 The Klnetlcs of Crystal Growth 

Once a nucleus has been formed by the mechanism of homogeneous 

nucleat10n or If the melt conta1ns nucle1 of a forelgn material, 

crystals of eas1ly measurable Slze can grow A sImple theoretical 

analys1S of the mechanism of crystal growth, due to Turnbull and 

Cohen[47], leads to the followlng equation for the growth rate 

u = a v exp(- E/RT) [1-exp(6G/RT)] 
o 

( 15) 

where 6G 1S the decrease 1n free energy per mole when the liquid 

crystall1zes and IS expected to have the same value for macroscopIC 

crystals as for subm1croscopic embryos (an expectation Wh1Ch may not be 

fulfIlled 1n pract1ce) E is the act1vation energy, or k1net1c energy 

barrler, Wh1Ch must be overcome for an atom, molecule, or some other 

structural un1t to detach itself from the llquid structure and attach 

to the surface of the growIng crystal, a IS a distance of the order of o 

the 1nteratom1c d1stance and v is the frequency of thermal vIbratIons in 

the materIal The general form of the variatlon of u with T 1S also 

shown 1n F1g 1 13 Exper1mental results always show thIS type of 

variat10n Aga1n . it 1S diff1cul t to make compar isons betwpen 

theoret1cal and experimental values of u, largely because of the 

d1ff1culty 1n 1dent1fYlng the structural changes 1nvolved 1n the process 

of crystal growth Th1S is part1cularly so 1f one 1S 1nterested 1n the 

pract1cally 1mportant glasses WhlCh conta1n many components The 

structural mechan1sms Involved 1n formlng a cn t1cal nucleus may be 

qU1te dlfferent from those Wh1Ch determ1ne macroscopic crystal growth . 
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In FIg 1 13, below the equilibrium melting temperaturE', there 

eXIst a temperature Interval, referred to as the metastable zone in 

whlch the nucleI do not form at a detectable rate In thIS zone however 

crystals can grow if nuclel are provided, i e if the melt is seeded 

1. 6 EXPERIMENTAL PROBES FOR STRUCTURAL STUDIES 

The outstanding structural questlons to be resolved 1n the f1eld of 

solld state 10nlCS may be classed as follows short range order where we 

seek to understand local coordination, characterlstics and in 

part1cular, whether or not d1stinct env1ronments for mobIle and immobile 

catlons can be dlstinguished, intermedIate range order where Information 

on second and th1rd nearest neIghbour relatlonshlps IS sought To answer 

these questIons technlques such X-ray and neutron diffraction, 

vlbratlonal spectroscopy, nuclear magnetic resonance and FXAFS are being 

1 d
[48,491 app Ie 

1 6 1 X-ray and Neutron Diffraction 

The most valuable 1nformation obtaIned from X-ray dlffractlon (XRD) 

1S the radlal dlstrlbut10n functlon (RDF) The lmportance of the RDF 

lles prInclpally In the fact that the area under a given peak gIves the 

effect1ve coord1natlon number for that particular shell of atoms The 

first peak IS generally sharp The position of the first peak In the RDF 

glves a value for the average nearest-neIghbour bond length r 1 and 

slmllarly the pOSItion of the second peak gIves the next-nearpst 

neIghbour distance r 2 , a knowledge of both ImmedIately yield a value for 

the bond angle 8 glven by 

-1 
9 = 2 Sln (16 ) 
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Neutron diffraction studies of crystals[50,51J and disordered 

[52] systems provide structural information which complements X-ray 

results Since for non-magnetic materIals, neutron scattpr predominantly 

from nuclei The strength of this scattering varies quite strongly from 

one isotope to isotope, in an almost random manner, so contrast studles 

uSing iSotoP1C substltution are widely used and particularly with 

hydrogeneous materlals 

In a neutron scatter1ng process see Fig 1 14 - there 1S energy 

transfer 

fiE = h w ( 17) 

and momentum transfer 

flP = h Q ( 18 ) 

from the neutron to the scattering system TYPlcally a neutron 

scatterlng experlment Ylelds the probabillty of the occurrence of 

scattering processes wlth transfer of energy and momentum with1n small 

1ntervals about hw and hQ respect1vely Th1s probab1lity 1S proport10nal 

to the so-called total scatter1ng funct10n S(Q,W) The r1ght hand slde 

of Flg 1 14 1S a schemat1c plot of th1s funct10n versus energy 

transfer, whlle Q IS held constant 

The d1fferent klnds of contrlbut1ons to the spectrum may be 

observed as 

(l) The elastic scat tering, WhlCh reflects the sta t iC propert les 

of the sample 

(11) The Inelastic scattenng, due to the perIOdlC motlOn of the 

atoms or lons 1n the sample 
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FIg . 1 14 SchematIc plot of total neutron scatterlng as a functlon of 

energy transfer 



29 

(i 11 ) The guasielastlc scattering, which is cau5ed by cLnY kind of 

non-perIodIC motIon 

1 6 2 EXAFS 

The dlffractlon technIques and then varIants (anomalous 

scatterIng isomorphous and lsotoPlC substitutIon) are only sU1table for 

binary compounds which are directed by three partIal pair-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 spec1es whIch absorbs the X-ray photon IS determIned 

EXAFS (extended X-ray absorptIon fIne structure) IS the result of 

two fundamental processes (a) K (or L) - absorpt1on of an X-ray photon 

WhICh IS the photoelectric effect and (b) an effectIve dIffraction of 

the electron so emItted In the case of an lsolated absorbIng atom 

(absorber) one sees only the character1stlc rIse 1n absorptlon 

coefflcient (absorbance) ~ [= In (I II)], I - IntensIty of InCIdent and 
o 0 

I-the reflected beams1. at the energy correspond1ng to the edge and 

exponent 1al decrease thereafter . When the absorber 1S surrounded by 

other atoms, exh1blts undulations . Thus EXAFS conslsts of the 

osc1llat1ons, as a functlon of photon energy In the ab~orptlon cross 

section for the photo excitatIon of an electron from a deep corp slate 

to a cont1nuum state The£e osclllations are a fInal state electron 

effect, arIsIng from the interference between the outgo1ng wav(> function 

and that small fract10n of Itself WhICh 1S scattered back from the 

near-neIghbour atoms . This Interference reflects dIrectly the net phase 
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shift of the backscattered electron, which is predomInantly proportional 

... 
to the product of the momentum of the electron k and the di stance 

travelled The atomic identity of both the excited and backscatterlng 

atoms has a more subtle but nonetheless significant effect on the 

Interference As a consequence, analysis of the EXAFS can yield not only 

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

the exclted atoms 

Slnce EXAFS ar ises from scat tenng by the near neighbors of the 

exci ted a tom species only, a given measurement involves a subset of 

those pair-correlatlon functions WhlCh are probed in a s lngle 

dlffractlon measurement This IS a substantial simpliflcatlon In X-ray 

and neutron dlffraction studies of superionic conductors, the 

compllcated dlffraction pattern contains both Bragg peaks (or Debye 
, 

llnes) from long-range order and a liquid-llke dlffuse scattering 

pattern from short-range correlatlons These two contrlbutlons dre often 

domlnated by the statIonary lattIce and the moblle-ion/moblle ion 

correlatlons, respectlvely EXAFS, on the other hand, measures primarily 

the palr-correlatlon functIon of the mobile species wIth respect to the 

ImmobIle Ions Thus, the EXAFS techmque IS especlally well sUIted to 

determlnlng the path taken by the moblle lons In hIgh conductIng phase 

of SICs . 

1 6 3 LIght ScatterIng, Raman, BrIlloUIn and Raylelgh Processes 

LIght scatterlng has been used in numerous wa::,s to study both 

acoust lC and optical phonons In solids The Informa tion obtaIned in 

superlonlc conductors by Ilght scatterlng spectroscopy and an attempt to 

correlate these results wlth the data galned by dIfferent technIques 
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have been rev1ewed by Delaney 
[53) 

and Ush10da and H 
[54) 

ayes When a beam 

of monochromatIc lIght, say from a laser, of wavelength 500 nm, 

strlkes a sample most of the IncIdent beam 1S transmItted as for 

X-rays About one photon 1n 14 
10 1S Inelast1cally or quas1-elast1cally 

scattered and detected The scatter1ng arIses from fluctuatlons In 

polar1zab1llty, caused by local change 1n the relat1ve pernlitt1vity 

(d1electr1c constant) of the medIum For IlqU1d~ one can probe dens1ty 

fluctuat10ns and atom1c collls1on processes (because the electron 

dlstrlbut10n 1S d1storted 1n the collld1ng part1cles) In ordered 

SOlIds, lattIce v1bratlonal 1 e , phonon modes can be characterIzed 

Superlon1c conductors are more compllcated because of the dIsordered 

nature of the moblle Ion conductors (crystalllne) and random network 

structure (glasses) The scattenng processes incorporate some of the 

features of both lIqUIds and sollds Wh1Ch complIcates the 

Interpretat i on Spec1al1zed theor1es are be1ng deSIgned to account for 

the anharmon1c and d1sordered nature of SOlld electrolytes 

Tradl bonally Raman scatterIng refers to the InelastI C lIght 

scatter1ng from opt1cal phonons and Br1llou1n scatter1ng, to scatter1ng 

from acoust1c phonons However, 1n the modern context the d1stlnctlon 1S 

made more on the bas i s of the magn1 tude of the accompanY1ng frequency 

Sh1ft of the lIght and the exper1mental technIques used in measurIng the 

frequency Sh1ft 1n the scatterIng process In a Raman scatterIng 

exper1ment one usually measures a frequency Sh1ft of 
-1 

1 cm (1 meV = 8 

-1 
cm ) or greater by us i ng a grat1ng spectrometer, wh1le In BrllloUln 

scatter1ng the tYP1cal range of frequency 

1 
-1 

cm (30 GHz) and a Fabry-Perot 

ShIft 1S 10-3 cm- 1 (30 MHz) to 

1nterferometer 1S employed 

Quas1-elastlc llght scattenng w1th a frequency shIft less than a few 
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tens of MHz IS referred to as Rayle1gh scattering, and here the standard 

method of spectrum 3nalysls IS a photon beatIng technIque 

From lIght scattering exper1ments one determInes the energy, 

momentum, lIfetIme, and symmetry of an elementary excitatlon The energy 

(hw) and momentum (hk) are obta1ned from the dIfference (w = W 
I 

- w ) 
s 

between the frequency of the inCIdent light (w , ) and the scattered light 
1 

-+ -+ 
(w ) and the d1fference In the wave vector (k = k 

5 1 

-+ 
- k ) 

s 
The llfetlme 't 

IS the Inverse of the spectral llnewldth r The symmetry of an 

elementary excltatlon 15 found from the poiarizatlon splect10n rules of 

the scatterIng process, that IS, the scatterIng IntensIty IS fInlte only 

for certaIn comblnat1ons of the polarIzatIon of the InCIdent lIght 

-+ 

-+ 
(e ) 

1 

and the scattered llght (e ) 
S 

The coupllng constant of the elementary 

eXCItatIon to the InCIdent photons, WhICh determInes the scattering 

IntensIty, IS an Important parameter In llght scatterIng experIments 

1 6 4 Nuclear Magnetic Resonance 

NMR IS sensltlve to the nature of chemIcal bIndIng and symmetry 

NMR studles are of use prIncIpally 1n the fleld of lonlC glasses through 

the quadrupolar Interactions The SOlId state (hlgh resolutIon) NMR 

studIes, In WhlCh resolution comparable wlth lIqUId state NMR IS 

achievpd by , magIc-angle' spInnIng, w1Il be cr I tIcal In resolvIng the 

controversIes concernIng chemIcal enVIronment and mobIle lon fractlons 

NMR absorptIon occurs when the energy of the applled magnetIc fleld 

matches that of an allowed transl tion between energy levels of the 

nuclear magnetIc mompnt Quadrupolar effects arlse In those ~uclel with 

SpIn values greater than 1/2 The Interaction of thIS dlpole moment wlth 
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any electrlc fleld gradlent eX1st1ng at the nuclear Sl te al ters the 

spac1ng of the magn~t1 c energy levels The electrIc f1eld gradlents 1n 

turn are sens1tIve to charge dlstrlbut10ns around the nuclel . th1S 

dlstrlbutlon 1S a sensltlve functlon of the local structure and 

[55] bondlng Not only does NMR technlque clearly dlstlngulsh between the 

varlous chem1cal envlronments such as tetrahedral and octahedral 

coord1na t lons of probed nucleus I but tetrahedral S1 tes Wl th d1fferent 

second nearest neighbours may also be revealed ln the rlght condltlons 

Furthermore the presence of a m1croscoplC crystalline fractlon can be 

detected 1n partly dev1tr1f1ed samples by the lIne shape analys1s due 

to the narrow band character1st1c of the ordered phase 

1 7 STRUCTURE OF GLASSES 

A thorough understand1ng of the mlcroscoplC structure of glasses 

1S a prerequ1s1te for explalnlng theIr phYSIco-chemIcal propertIes 

1ncluding then mechan1cal and thermal stabillty lonlC dlffuslon and 

conductlv1ty and theIr temperature and concentrat10n dependences . 

AccordIng to Ingram 
[56] 

et al , ' Ignorance of conductIon mechanIsm In 

glass stems largely from an ignorance of glass structure' Indeed I the 

varIOUS proposed models of 10n1C conductIon 1n glass lnvariably Invoke 

some structural model or the other 1n order to descrIbe thf' gross 

enVIronment in wh1ch the lon transport occurs Thus It 1S appropriate to 

d1SCUSS br1efly the structure of 1mportant glass-forming oxides 

1 7 1 V1treous S111ca 

The random network proposed by 
. [42] 

Zacharlasen stIll probably the 

best descrIptlon for the structure of fused Sl02 1 S supported by the 

X-ray dlffraction results The structure lS bU1lt up of corner-sharlns 
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5104 tetrahedra Wh1Ch lInk up to form an 1nf1nl te three-d1menslonal 

network that lacks symmetry or long range order In order to maIntaIn 

electro-neutral1ty, each corner oxygen IS shared between only two 

tetrahedra and consequently the structure IS rather open 

The X-ray powder d1ffractlon pattern of a glass 15 very dIffuse, 

cons 1 S tlng of broad humps rather than sharp peaks, compare the X -ray 

powder dlffractlon pat terns of V1 treous and crystalllnE' cr1stobal1 te 

(FIg 1 15) A radIal d1str1butlon curve for VItreous 5102 1S glven In 

FIg 1 15c 1n Wh1Ch the probabll1ty of f1ndlng a second atom IS 

represented on the ordInate by a pa1r distrlbut10n funct10n The 

straight llnE" gives the results expected for a hypothetical rna tenal 

that cons1sts of a random array of non-lnteractlng pOInt atoms The 

large peak 1n the 5102 curve at 1 6~ ~ and the second, smaller peak at 

2 65 ~ correspond to sIlicon-oxygen and oxygen-oxygen d1stances In 5104 

tetrahedra These values are slmilar to those found In crystallIne 5102 

and 1n sIlIcates These flrst two peaks are reasonably narrow In F1g 

1 15, because the corresponding d1stances are approx1mately constant in 

both glasses and In crystals, i e the 5104 tetrahedra are not 

dIstorted The other peaks, however, are increasingly broadened since a 

spread of correspondIng distances 1S present 1n the glass The thIrd 

peak at ~ 3 12 ~ represents the nearest sllicon-sllicon d1stance, i .e. 

the d1stance between the centers of two 5104 tetrahedra Slnce the 

51-0-51 angle varIes somewhat as the tetrahedra are tW1st p d or rotated 

In varIOUS ways relatIve to each other, there is a spread 1n values of 

the slllcon-sll1con d1stances Other peaks are aSSIgned as follows 

-4 15 ~ -slllcon to second oxygen - 5 1 ~-comb1ned peak for oxygen to 

second oxygen and sillcon to second sIlIcon No clear peaks are observed 
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beyond 6 to 7 ~ and thls lS conslstent Wlth a random network model for 

the structure of vltreous 5102 

1 7 2 SIlIcate Glasses 

The structure and propertIes of bInary sllicate glasses depend very 

much on thp nature of the second oXIde WIth network modIfying oXIdes 

such as alkall and alkalIne earth oXIdes, the SIlIca network IS 

gradually broken up as more of the second oXIde IS added VISCOSIty 

decreases wlth IncreasIng modIfIer and thermal expansion Increases As 

extra oXIde i ons are added to 51°
2

, 51-0-5i brIdgIng llnkages are 

cleared to gIve non-brIdgIng oXIde Ions (FIg 1 16) The oxygen llnked 

to two silicons are called brIdgIng oxygen whIle those attached to only 

one are non-brIdg i ng 

By the t i me that the ratIo (second oXIde to sIlIca) has Increased 

has decreased to 1 2 5 For every 5104 tetrahedron, thIS means that, on 

average, one of the four corner oxygens must be a nOn-brlGglng oxygen 

In crystallIne sIlIcates of thIS formula, e g 

anIons are usually InfInite two-dImensIonal sheets in the glass, small 

pleces of sheet anIon may also be present but It IS more lIkely that an 

open three-dImensIonal framework structure eXIsts and 

etc . , occupy relatIvely large holes in the framework 

+ the catIons, Na , 

The dIstrIbutIon of the catIons such as + 
Na 15 not entIrely random 

as there 15 some eVIdence froin X-ray dIffractIon studIes that the 

catIons may cluster together The slgnlflcance of thlS 15 not well 

understood It could be simply that the arrangements of avallable holes 
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In the glass network IS not random, an alternatIve posSIbIlIty IS that 

there IS some kInd of attractIve catIon-catIon InteractIon presumably 

also lnvolvlng OXIde Ions whIch leads to clusterIng 

A'::J the amount of second OXIde IS Increased further, the sIlIca 

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

tendency to deVI tnfy on coollng Increases Usually by the time the 

ratIO (second OXIde s i llca) IS 1 1, It is dIffIcult, If not ImpOSSIble, 

to retaIn the llqulds as glasses on coolIng 

1 7 3 Vitreous B
2

0
3 

and Borate Glasses 

InItIally a random network of planar B03 triangles was proposed for 

B
2

0
3 

glass, WIth oxygen sItuated at the corners of the trIangle These 

unIts were JOlned randomly as the corners and rIng structures of 

varIable members were generated But the model was unable to explaln 

many phYSIcal propertles, partIcularly the great dlfference In VISCOSIty 

from that of fused sillca 

At t th t t t ff d by K h M 
[58a, 58b] presen e In erpre a Ion 0 ere rog - oe IS 

conslstent WIth the avaIlable structural lnformatlon Boroxyl groups-

(FIg 1 17(A)) alternatIng boron and oxygen atoms on a planar 

slx-membe red rlng-are llnked randomly to gIve a three-dImensIonal 

network The three-fold coordInatIon of boron agrees WI th NMR 

It 
[59a,59b] 

resu s From the X-ray dlffraction measurements, the radIal 

d i strIbutIon curves of BZ0
3 

glass gIve peaks at 1 37 and Z 40 ~, these 

correspond to B-B and 0-0 dIstances of B0
3 

tnangles, (these dlstances 

dlffer from those In crystall i ne borates that contaIn B04 tetrahedra and 

in wh l ch, for Instance the B-O dIstances are larger 1 48~) The most 
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recent X-ray and neutron dlffractlon studlE's further substantIate thp 

model that about 0 75 of the B atoms ar(> members of boroxyl group dnd 

the res tare In 803 tnangles attached randomly to 
[60J 

the group As 

temperature lncreases the number of boroxyl r lngs decreases and the 

structure approaches a random network of B03 trIangles Most propertIes 

Includlng V1SCOSlty. are attr1butable to th1S model 

Addl hon of alkalI oXlde to V1 treous B
2

0
3 

gIves rather dlfferent 

results to those obtaIned 1n the correspondIng alkalI slllcates and an 

effect known as the boron oXlde anomaly 1 s observed In the system 

Na
2

0-B
2

0
3 

for example. the V1scoS1ty of the melt lncreases wIth 

lncreaslng soda content and passes through a maXlmum at - 16 mole% NaZO 

The coeffICIent of thermal expansIon of the glasses decreases wIth 

1ncreas1ng Na20 content and passes through a mInImum at 16 mole% NazO 

Other propert1es also show e1ther maXIma or m1nIma around th1S 

composltlon By contrast. the alkall slllcates become more flu1d theIr 

coefflc1ent of thermal expans10n 1ncreases steadlly wlth Increas1ng 

alkall content and no maXIma or minima In propertles are obser/ed 

B 
[59bl ray has shown. uS1ng NMR spectroscopy that a gradual 

change In the coord1natlon number of boron from three to four occurs as 

the alkalI oXlde is added 

glven by 

The number of four coordinated borons (N
4

) 1S 

N = 
4 

x 
1-x 

where x 15 the mole fractlon of alkall oXlde N4 Incrpases more slowly 

untIl reachlng a maXlmum of ca 45% for 35% < x <45% dependlng on the 

alkall oXlde after WhlCh N4 starts decreaslng. and B03 starts form1ng 
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wIth non-brIdgIng oxygens At yet higher concentratlons N4 decreases 

sharply and approaches zero at 70 mole% 

IR spectra have been Interpreted by Krogh-Moe In terms of 

structural unIts present In the glass (FIgS . 1 17 b-d) The alkall 

addItIons inltially form trlborate and pentaborate groups Near x = 20 

mole%, diborate groups begIn to form and Increase In number (at the 

expense of trlborate and pentaborate unIts) WIth IncreasIng alkalI 

content At 33% alkalI the structure consIsts maInly of 

interpenetratlng diborate networks This model explaIns the monotonIC 

Increase of N4 upto 33% alkalI as well as the IR spectra Two types of 

B03 groups are observed[S9al In the NMR spectra for 10% <x< 30% ThIS 

model suggests that these could arIse from the pentaborate and triborate 

unIts 

The 
[61] 

MD calculatIons of Ag
2

0-B
2

0
3 

glasses have establIshed that 

the B03-~)B04 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 Ag20 contents ~ 20 mole% B04 showed a tendency to 

decrease and B03 WIth non-brIdgIng oxygens appeared However these 

calculatIons found no eVIdence for the dlborate, triborate, and 

pentaborate groups In the glassy network As a consequence It was argued 

that the B03 and B04 unIts are lInked In rIngs, or arrangements 

InvolvIng more than SIX unIts 

The effect of alumInum on the structure of cabal' glass (calCIum 

boroalumlnate) IS shown In FIg 1 17(B) WhICh plots N4 as the ordlnate 

The alumInum IS four coordInated and deprIves the boron of ltS oxygen so 



that the number of B04 decreases, as a result the number of B03 groups 

1ncreases w1th NBOs. w1th 1ncrease 1n alum1num content 

1 7 4 Tellurlte Glasses 

Recent neutron scatterlng 
[62] 

exper1ments have establlshed that the 

structural unIt makIng up the Te02 glass 1S a (Te03+ 1 )-d1storted 

tetrahedron 1n WhlCh three oxygen atoms are bound to a central 

tellurlum atom Wl th the bond length of r = 1 95 ~. and the remaInlng 

oxygen atom IS located at the posIt1on of r = 2 18 ~. far from the 

tellurIum atom Upon the addIt10n of a mod1fler oXIde such as L1 20 

Na
2
0, BaO etc, the average coordlnat1on number of oxygen atoms 

surroundIng of a tellurlum atom has been found{52] to decrease 

monotonically from four to three ThlS behavIour is remarkably dlfferent 

from those for 82°3 , 5i02 and Ge02 glasses as may be observed from Figs 

1 18 a and b A broken lIne In Flg 1 18 b means that one unl t of 

(Te03+1 ) tetrahedron 1S modlf1ed 1nto one unlt of (Te0
3

)-tr1gonal 

pyramId with the formatlon of one non-brldging oxygen atom as one un1t 

of BaO/Na
2

0 IS added Into the glass 

1 8 IONIC TRANSPORT IN GLASSES 

The lonlC character of the conductlvlty In oXlde glasses was 

establlshed In 1884, [63] 
when Warburg 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 superlOnlc conductors, acquue thls property through the 

alkal1 
+ + + + + 

catlons L1 , Na t K or Ag , eu and have a slmple compos1t1on 

WI th a network-forming oX1de and a 
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larger number of advantages over crystallIne electrolytes includIng 

phYSIcal Isotropy absence of graIn boundarIes, contInuously varIable 

compOSItIon, ease of thIn fIlm formatIon for device applIcatIon dnd good 

stabIlIty 

1 8 1 Glass ExhIbItIng Fast Ion ConductIon 

(a) SlIver Conductors 

+ Hlghly conductlng Ag glasses have been prepared In two ways (1) 

fr om pseudoblnary systems such as AgI -Ag
2

MoO 4' 

AgI-Ag
3

As0
4 

where the sllver oxy-salts are not themselves glass formers, 

(2) by addlng AgI to mixtures of Ag20 and tradltional glass formers such 

as 82°3 , VZOS ' GeOZ and P20S (or to mlxtures of Ag2S wlth P2SS As 2S J , 

GeS
2 

etc ) 

Mlnaml et 
[64-66] 

al reported greatly enhanced conductlon In SlIver 

borate glasses when Ag
2

0 modlfier was replaced by AgX (X = I, 8r, CI) 

It lS worth notIng that In glasses contalnlng AgBr and Agel Instead of 

AgI their conductlvltles are very hlgh, In spIte of the low 

conductIVIty of constltuents (compare the conductlvlty values In FIg 1 

for crystallIne Agel and Ag8r) 

Mlnaml explaIned the enhanced conductIVIty by postulatIng the 

eXIstence of two dlstlnct populatlons of + Ag Ions moblle Ions 

aSSOCIated WIth the AgI and 804 networks, and Immobile Ions llnked WIth 

the non-brldging oxygens of 803 groups due to the strong partIal 

covalency eXIstIng In them 



41 

Flg 1 19 shows the composltlon dependence of the conductIvIty at 

2S
o

C ltd d d 1 h d b d 1 In se ec e OXI e - an su pIe - ase g asses as a func t lOn of 

AgI 
[67] 

content In each case the conductlvity rIses steeply wIth 

addItIon of AgI Even though the base glasses arE' so dlffE-rent 1 tIS 

remarkable that the llmltlng conductlvltles are nearly the same (about 

+ 10-2 S cm- 1 ) In these optimIzed conductors Ag lon mIgratIon IS 

-
thought to proceed along dlffuslon paths between loosely packed I Ions 

much as In a-AgI Broadly speaklng the Incorporatlon of oxyanlons 

+ [68] 
Interrupts the path and decreases the mobIlIty of Ag Ions 

On the other hand neutron dIffractIon In combina tion WI th other 

experImenta l technlques (Raman scatterIng. NMR. mechanIcal relaxatIon) 

strongly Ind lca te a fractal percolat Ing network WI thIn the hos t glass 

WhICh serves as a conductIng pathway for 
+ 

the Ag Ions 
[69-71] 

Thus 

there IS an on-goIng debate concernlng the detaIls of the lon transport 

mechanIsms the clusterIng of AgI mlcrodomalns versus the eXlstence of 

+ 
mobIle and Immoblle Ag catlons ThIS aspect IS dIscussed further In 

Chapter 7 . 

(b) AlkalI Glasses 

Tuller and Coworkers extenslvely summarIzed the transport 

propertIes of superionlc conductIng alkall glasses In a few reVIew 

t 1 
[72 73 ] 

ar lC e5 Ir. alkall borate glasses they establlshed that the 

observed ion I C conductlvlty decreases In the order ~K < ~Na < ~Ll Also 

as a genera 1 rule the conductl vi ty of alkall ox i de glasses (borate 

sIl Icate etc) Increases conslderably with an Increa~e In the content of 

the network modif ler such as LI 20. NazO and KZO However the molar 

ratIo of modlfier to formpr oXldes cannot be Increased ~ndeflnltely In 
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fact, the mean length of macromolecular chains In these glasses formed 

by structural unlts such as 5i0
4

, 8°
4

, 803 etc, dIminishes rapidly wlth 

the above ratlo and it becomes increasingly dIfficult to obtaln a glass 

under normal quenchlng condltlons Dlssolvlng alkall halldes (LlCl, 

NaCl) by partlal replacement of alkali oxide (L1 20, Na20 etc ,) can 

avoid thls dlfficulty and wlll increase the concentratIon of alkali 

cations Llthlum halo borate glasses containIng F, Cl, Br and I were 

syntheslzed and characterized by Levasseur and 
[74,75) 

coworkers They 

found that conductivlty increased wIth total Li+ content (see Flg 

1 20a) and observed the largest conductlvlty enhancement upon additlon 

of LiI to form 82°3-0 56 L1 20-Y LiI glasses, although the utllity of LII 

addl t!on was limited by the low solubi 11 ty of LiI In the vitreous 

matrlx FIg 1 20a also lllustrates the role played by the dlffuslon 

path Clearly the conductivlty of 82°3-0 56 L1 20- Y LIX glasses (X = 

halogen) increases wlth Increaslng size of X. WhICh enlarges the 

diffusion paths[761 . 

The alkall ion conduct! Vl ty increases (and the act 1 va t lon energy 

decreases) with the covalent character of the matrlx 1 20b 

establIshed by Levasseur et 
(77) 

al , shows that the conductlvlty of the 

8ZX3-O 50 LIZX-O 10 LII glass Increases when the 8-0 bonds glve place to 

8-S bonds in the glass network The correspondIng activation energy 

+ 
decreases Ll conductlvity despIte stronger bIndIng to the matrIx 

trespasses that + of Na due to the smaller Slze of the mobIle ion, which 

makes eaSIer the dlffusion process through the glass (conductivity at RT 

Thus covalency and sterlc hindrance are in 

competItIon i n amorphous materIals CertaIn other optlmum Li+ 
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[78.79J 
conductors are 11 thium sillcate doped WI th Ll 2S04 and complex 

[80] (81) 
Ll 20-LlF-Al(P03 l 3 and LIZO-LIF-Ll2S04-BZ03 mlxtures 

1 8 2 MlcroscoplC Models 

The mlcroscoplC descrlption of the conductIon mechanIsm expressed 

by Eqn 8 cannot account for the large variatIon observed for glass 

conductlvltles wIth composItion A number of models have been proposed 

to account for varIOUS aspects of 10nlC conductlon in glasses. In 

partlcular, the behavIour of 

Extenslve reVlews of these have 

DC conductivity activatIon 

[82] 
been given by Ingram and 

Three of these models are brIefly dlscussed below . 

(al Anderson and Stuart Model 

energy Ea 

Tuller [73] 

Anderson and Stuart[83l consldered the actlvatlon energy (E ) for 
a 

DC conductlvl ty (or the dlffuslon coefflclent) as the sum of two terms 

(1) the electrostatlc blnding energy Eb requlred to remove a catlon from 

the host network and (2) the stram energy E aSSOCla ted Wl th the 
S 

long-range mobilIty (gate passlng) Thus 

(19) 

Here polarizatlon effects are presumed small ln the case of alkal1 

moblle catlons and are thus neglected 

The electrostatic term Eb has the form 

Eb = -(1-1/m) A 2 2
J 

e2 1 1 - - --r+r ,\/2 
(20) 

J 

wh~re the factor (l-l/m) comes from the lnverse (r + m r) dependence of 
J 

the repulsive energy as calculated from ionlc crystals 

Madelung constant. and 2 and 2 are the charges on the two 
J 

A lS the 

lnteractlng 

lons . Physlcally, thlS energy term represents the dlfference ln energy 
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of an alkall carrler lon of radlus r in lts equllibrlum pos1tlon 

nelghborIng a non-brldglng oxygen of rad1us r and Its energy at the 
J 

saddle pOlnt" between equipotential s1 tes (S1 tes also coordlnated by 

non-brldg1ng oxygens) separated by the two Jump dlstances However use 

of Eqn 20 Ylelds values for Eb nearly an order of magnltude too large 

Anderson and Stuart reasoned that addi tion of large concentratlons of 

network modlfY1ng cations to the glass network dlstorts the oxygen 

charge clouds reduclng the binding energles considerably They then 

scaled Eb by a covalency parameter 'r whose value they found 

experimentally to be equal to the measured dielectrlc constant c of the 

glass The modlf1ed form of Eb thus obtained is 

1 
(r + r ) 

J 

- 1 
;\/2 

(21) 

The straln energy component to the total actlvatlon energy, E is 
s 

glven expllcltly by 

(22) 

G = shear modulus 

It IS assumed that E IS the straln energy created when a moblle 
s 

lon of radlus r enlarges a 'doorway" or opening between equlpotentlal 

si tes or mterstlces in the glass network orIginally of radlus r 0 so 

that It can accommodate passage of the moblle ion Anderson and Stuart 

approxlmate thlS energy by the elastic energy needed to dilate a 

spherlcal cavity from radlus rO to r and use the formalism developed by 

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

provlde bet ter agreement Wl th dlffuslon data for the more open glass 

network They found that E 1S fairly lnsenSl tl ve to changes 
s 
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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 sil tca te glasses 

qUlte accurately uSlng rO = a 6 ~ 

(84) HakIm and Uhlmann introduced a slight modifIcatIon and modelled 

the conductlvlty dependence on alkalI modifier content for a series of 

alkalI sIlIcate glasses using the expresslon for E 
a 

E 
a 

--
2 2 

J 

2 
e 

1 - 1 
A/2 + 8n rO f(c/a) (23) 

They considered the glass doorway cavi tIes to be more accurately 

modelled as ellipsoids than as spheres so Eqn . 23 includes the factor 

f(c/a) whlch depends on the ratlo of the minor c, to the major a aXIS of 

the ellIpsoId . Haklm and Uhlmann recognlzed that whlle the cavlty shape 

is not a functIon of alkall content, molar volume and therefore doorway 

radlus rO depend on alkall modIfIer content They expressed thIS 

1/3 (6V/V ) where V 1S the molar volume of the o 0 

alkall free glass USIng thIS formallsm, Hakim and Uhlmann found that 

the stra1n energy contr1but i on to the total actIvatIon energy increased 

wIth IncreaSing alkal1 lon radius wlth contr1butions of 80%, 50% and 20% 

for the Cs, K, and Na slllcates respectively 

(b) The Veak Electrolyte Model 

The 10nlC conductlv1ty of electrolytes are often expressed by USIng 

the relation 

<T = n 2 e JL 

where n IS the number of mobIle ions per unlt volume, JL the mobility of 

• 
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Ions of charge Ze If all the alkall lons (or slIver ions) are equally 

mobIle. then the situat10n 1S analogous to the complete dISSocIatIon of 

strong electrolytes ln aqueous SolutIon If the number of mobile ion is 

less than the st01chlometrlc concentration. then such glasses can be 

regarded as weak electrolytes 

Weak electrolytes theory introduced by Rava1ne and S t
[S5.S61 ouque 

consldered the conductlve glasses as SOlld Solutlons In WhlCh the 

network former components behave as weakly dissoCIated electrolytes 

obeYlng the followlng dissoclation equlilbria 

lmplymg 

+ -M a = M + OM 
2 

(24) 

(25) 

+ where (M ) IS the concentratlon of dissociated Ions. K-the dlssoclatlon 

constant (Independent of concentration) and the thermodynamIc 

actlvltles of the correspondlng glass components Although this approach 

does not provlde any descr1ptlon of the physIcal state of these speCles. 

M+ may be regarded as dIssocIated 'free alkall (or slIver) Ions, M
2

0 as 

-
hopped entl tles and OM as vacanCIes in the V1Clnl ty of non-bridgIng 

+ 
oxygens Slnce only M are able to move under an applIed electrIc fleld, 

It lS tempting experlmentally to correlate the conductIvIty varlatlons 

to those of thermodynamIc quantI ties ThlS has been done on dIfferent 

sIlIca glasses where the ratIos of the thermodynamIc actIVItIes of two 

dlff~r~nt glass composItIons have been obtained from concentrat1on cell 

EMF measurements Fig 1 21 shows a plot of these ratIo versus the 

correspondlng ratIos of the electrIcal conductIvItIes for varIOUS paIrs 

of glasses On logarIthmIc scale. they fIt a lInear relationshIp 

accordIng to 
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(26) 

As a consequence of Eqns (24) and (25), relatIon (26) suggest 

that the mobIlIty of the free Ion IS Independent of glass ~omposltion 

and hence structure The change In conductivity wIth compositIon 1S thus 

controlled by the charge In the carrier concentration 

(c) Random S~te Model 

I th d t d 1
[87] 

n e ran om Sl e mo e all alkall (or sllver) lons are 

tredted as potentIally mobile carrIers and no dlS t lnctlon 1S made 

between mobIle and immobIle specIes Instead, there exists a w1de 

GausSIan d1stributlon of alkalI ion sItes of dIfferIng frep energy Such 

a GaUSSIan d1stribution of activation energIes was found by ~apenaar and 

[88] Schoonman for dIsordered fluorIde ion charge carrIers 1n fluorIte 

structured solId solutIons WIth a width p 
1/2 (p = p (x) ) where X-IS the 

o 

excess fluorIde ion concentration Thus the mobllity varies WIth the 

dIstrIbution of activation energies and thereby with the glass 

composltlon In general the variation of carrier concentratIon IS 

relatlvely small and thus the change in conductIvity WIth composItion is 

maInly controlled by the change in the mobIlity 

1 8 3 Structural Models 

(a) MInamI's Structural Model 

A structural model (see rIg 1 22) for the AgX-Ag
2
0-B

2
0

3 
glasses 

d b M . t al, [64] based on th f ti 1 d d was propose y Inaml e e unc ona epen ence 

of O'RT on the concentration of the 

thpm th~r~ are three + 
types of Ag 

total + 
Ag or of AgX According to 

• lons type I Ions are bonded to the 

no!) lit 1 ciRlT1P oxygens of the B03 group Wl th strong part ial covalency, 
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type II ions interact weakly with the oxygens of 804 group and type III 

-
Ions dr€' surrounded by I ions From their conductlvlty data It was 

+ 
suggested that the latter two types (II and III) of Ag lons contribute 

+ 
to the conductivIty and thus It was establlshed that moblle Ag ions 

responslble for superionic conductIon in these glasses come from both 

AgI and Ag
2

0 constituents 

(b) Modlfled Random Network Model 

A plctorlal representatlon of the structure of glass mIght look-

In the llght of modern knowledge - llke the ' modIfIed random network 

model of Greaves[891 (Flg 1 23) ThIS is described by Islands of 

network WhICh separate narrow conduction channels prov1dlng the pathways 

along WhICh lon mlgratlon occurs The transport path for mobile lons In 

the IonIC glasses is defIned by the locatIon of the non-bridglng 

(negatIvely charged) anion sites Furthermore as thE- concentratIon of 

mobIle catIons IS increased, the glassy matrIx In general undergoes a 

progressIve depolymerlzation of the network as brIdging anions are 

converted Into non-bridgIng sItes Well defIned channels appear WhICh 

are bordered by non-brIdging anlon sites, at a certaIn composltion of 

mobIl€' lons, fractal percolation paths InvolVIng such channels becomes 

establIshed througho~t the structure, thereby facilItatIng steady-state 

dIffusive (DC) transport 

(c) ChemIcal Approach 

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

[90a 90b] 
coworkers ' to lnvestigate the origIn of superionic conductIon !n 

a number of AgI based glasses, WI th the general formula AgI-AgzO-H a x y 
(MxOy = Mo03 , Se03 , W03 , V20S ' P20

S
' Ge02 , 82°3 , As203 er0

3
) An InQex 
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known as structural unpinning number ' , SUN (S), has been defined for 

thlS purpose based on the unscreened nuclear charge of slIver lons and 

the equ1l1 br lum e lectronega ti v 1 ties of the hal ide-oxyanlon ma tr lX In 

these glasses The variatlon of the glass transition tempera ture (T ) 
g 

'Indue ti vlty (cr) and the activation energy (E ), with the concentration 
a 

of AgI have been discussed in the light of the SUN Conduct1vities 

increase uniformly in any glven glass ser1es as a smooth functlon of S, 

and level off at hlgh values The entlre range of conductiv1ty appears 

to vary as In cr l[l-exp(-aS)]. where In cr corresponds roughly to the 
o 0 

conduct1vlty of the hypothet1cal AgI glass and a is a conbtant Wh1Ch 

could be obtained as the slop~ in the graph of In E 
a 

versus S Whlle SUN 

prov1des Inslght to the chem1cal origln of conductivlty 1n glasses, 1t 

1S stlll not able to expla1n why a large Jump In conductlvlty occurs at 

the ~ ~a transltlon of AgI 

1 9 GLASS TRANSITION AND STRUCTURAL RELAXATION 

When an equlllbnum llquid is quenched rapldly enol.gh to orevent 

crystalllzatlon, it becomes a glass Slnce the glass 1S In t~e 

non-equ i llbrlum state relaxlng towards equlllbrlum, 1 ts physIcal 

propertles are often found to be tlme-dependent even In the absence of 

external forces Such relaxation phenomena, known as structural 

relaxatlon , cons i derably affect ionic transport properties of glasses 

especially near the glass transitlon temperature T 
g 

Fig 1 24 shows the 

DC conductlvity of (AgI)O 70-(Ag2Mo04 )0 30 In the llqUld state and In 

the glassy state . In the glassy state the temperature dependence of 

conductlvlty has been usually summarIzed In terms of the ArrhenIus law, 

although sllght devlat10ns were observed near the glass transitlon 

[91] 
temperature On the other hand, in the liquid state the experImental 



10 

r T -I 

E 
u 
·1 c: . ' 

>-
~ . . -
> 
::; 1()-1 - . '" 
::J 

"'0 
c:: 
o 

U 
• 

u -

...", 
~ 

~ 
~ -

I 
I 

~-
\-­,---

\= c_ I 
w -

& = 
.... c 

• \ .. 
'- . 

t "'... • 
~ . .. . 

T • • 9 • \ ... ... . 
.. 

" J I \ ~ I 3 1 0
-
3 

I 2 [ K _ 1 ] 
1 10 3/ T 

Flg 1 24 The DC conductIvIty of (AgI)0 , 70-(Ag2M00
4

)O 30 In the llquld 

state and In the glassy state 



conductIvity obeys the Vogel-Tammann-Fulcher law well 

-B 
Cf = Cf exp o T-T 

o 

50 

(27) 

where Cf , T and Bare emplrlcal parameters independent of temperature 
o 0 

I t should be noted that the structural relaxation can also be 

studied by d1fferential scanning calorImetry (DSC) and AC response 

techn1que by obta1n1ng L 
S 

(structural 

(conduct1vlty relaxation t1me) respectively 

relaxatIon dme) and L 
Cf 

[92] 
Angell ,evaluated L from the data of the vlscosi ty and DSC 

s 

experlments, and the L from AC measurements, 
Cf 

and 1ntroduced the 

decoupllng index 

The values of R 
L 

+ of Ag 

R 
L 

--
L 

S 

L 
Cf 

conducting 12 glasses arE' R ~ 10 
L 

US) 

at the 

glass tranSl tion temperature, this means that the mot lon of the mobile 

silver cation IS extremely decoupled from the frame-worK 10ns and Is 

thus a measure of the ease of cation migration compared to other atomic 

processes Involved in structural rearrangements at T 
g 

1 10 APPLICATIONS 

The most promlslng applicatIon of SICs 1S 1n solid state batterles 

Two k1nds of bat ter1es may be dlstlngu1shed (1) small pr Imary cells 

where long life time and no self-discharge are essent1al requirements, 

and (Ii) rechargeable secondary batterles, when high energJ densIty IS 

the maIn cntenon A battery of the first type used as a cardiac 

pacemaker is based on lithiua iodide solid electrolyte Here, the 

requIrement IS low power and contInuous operation for long per10ds (~15 
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years) A tYPIcal pacemaker cell consists of a llthlum anode. lIthIum 

IodIde electrolyte and poly-2-vinylpyrldine-I 2 complex as cathode HIgh 

energy denSIty batteries are important from the pOInt of VIew of 

al ternatl ve energy sources being useful for vehicular transport and 

load-levellIng in power stations An Important landmark In the 

development of hIgh energy density batteries is the Na/S battery. which 

employs Na-(3 alumIna as the solid electrolyte and mol ten 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 

polysulphlde The theoretlcal energy denSIty of thE. Na/S battery is 

-1 qUIte hIgh (~ 7S0 W h Kg ) as compared WIth the energy denSIty of 170 W 

-1 
h Kg of an ordinary lead-acid battery The maIn dIsadvantage is the 

use of mol ten sodIum and sulphur Thus the crItIcal element In thIS 

battery applIcatlon IS that the electrolyte must be a relatively good 

conductor for IonIC speCIes and at the same tIme must allow passage of 

electrons or holes If the electrolyte were to allow both ionir and 

electronIc speCIes to move through It. the electrodes woula be 

effectIvely shorted out and the externally measurable electrIc potential 

difference drastIcally reduced 

Very recently. SCIentIsts of the Matsushi ta electrIc company of 

Japan have come up WIth a SOlId state rechargeable battery USIng a paper 

thin copper conductlve solid electrolyte Rb 4Cu16 I7C1 13 and Cu
2

Mo
6

S
7 

8 

[93] 
electrode ThIS very compact cell delivers 0 55 V WI th a current 

density of 10 2 mA/cm and has an extended charge-dIscharge cycle lIfe of 

more than 1000 I 
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SIC~ have been made use for developIng electrochrorr : ~ dIsplays ~03 

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

IS Incorporated, oWIng to the formation of Nax'.ol03 one of tt.e so-called 

'tungsten bronzes" Slnce the change occurs reversIbly and very fast. 

the materIal has been used in displays Recently 
[94J KUIo/ano ~as 

designed a novel recording technique based on electron beam lrradiation 

of 0 58 AgI -0 19 Ag
2

0-O 23 '.ol0
3 

glass WhlCh offers seve I al advantages 

such as flne focus. fast scan rate and hlgh resolutlon power 

(JI her dppllcat ions include varlOUS gas monl toring cells, such as 

oxygen ~ensors for traditional combustion control, electrochem1cal cells 

for d1rect determInation of thermodynam1c functions Involved In chemIcal 

react1ons, and electrolytes In electrical condensers 

1 11 SCOPE OF THE PRESENT WORK 

A cr1tlcal examinatIon of the extenslve literature on lonlC 

conduct1on revealed that the high ionic conductivl ty In crystalllne 

compound~ 1S due to defects - either 1nherent 1n the1r structure (e g , 

~-alum1na fluorlte/ant1fluor1te structures) or a result of d1sorder in 

one of the sublattices (e g • 
+ Ag in a-AgI) Thus h1ghly disordered 

crystall1ne solids and non-crystall1ne SOllds would support a high 

conduct1ng metastable phase at ambient 

Phys1cal studIes on SICs 1n the form of slngle crystals are known 

to lead to mechan1cal fracture by way of cracks in the sample when 

pass1ng through the elastic-plastic phase tranS1 tions tWlce and much 

Iniolnldtlun about h1gh temperature phase 1S lost ln the process 

I olYl ) y·,tcl.ll Ule compacts - on the other hand - have graln boundar les and 



53 

non-un1form gra1n-s1 tes that cons1derably impede 10n movement Wh1Ch 

thenl non-optImal conductors In thIS context therefore 

stablllzatlon/modlf1catlon of hIgh-temperature plastlc phase L1 2S04 at 

ambient and AgI based glasses assumes both sC1entIf 1 c and technlcal 

lmportance Mot1vated by these ldeas we have focused on selected 

phYSIcal studles of disordered superlonic conductors 

The present thes1s deals Wl th a systematlc lnVeStlgatIon of the 

conduct1v1ty dependence on preparat1ve cond1t1ons and hence on the 

degree of dIsorder The conductivIty is found to increase as we lncrease 

the quenching temperature of Li
2

S0
4 

melt The Li
2

0-Te0
2 

glasses exh1bit 

hIgher conductIvity than lts corresponding crystallized products The 

conductlv1ty increases in a linear fashIon by the audition of AgI to 

Ag
2

0-B
2

0
3 

and to Ag
2
0-Te0

2 
glass systems. whereas the Londuct 1 v t.y 

changes 1n a nonlInear manner, when one alkali ion 1S gradual "ly repLt ced 

by another 1n thp L1
2
0-Na

2
0-Te0

2 
glass system 
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2 EXPERIMENT AL TECHNIQUES 

The major experImental probes employed the present 

InvestIgatIons are brIefly descrIbed In 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 

n A = 2 d SIn 9 (Bragg's law) (1) 

In WhIch n is an lnteger (the 'order ), A the wavelength of the X-rays, 

d the Interplanar spaCIng, and 9 the angle of InCIdence 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 15 sImultaneously satIsfIed and an X-ray 

dIffractIon pattern IS obtaIned To be certaIn that all pOSSIble planes 

are exposed to the X-ray beam, the speCImen IS usually rotated by an 

angle 9 on 1 ts 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 (sclntlilation counter) WhICh IS rotated by 29 the output 

of WhICh IS processed and theY' fed Into an automatIc recorder The 

result IS a chart which gIves a record of counts per second 

(proportIonal to diffract~d beam IntenSIty) versus dlf;raction angle 29 

The block dIagram of the Seifert X-ray powder dIffractometer used In the 

present study IS shown In FIg 2 1 
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Powder speClmens are best prepared for XRD study by placlng the 

flnely ground powder In a recess In plastlc or teflon plate compactlng 

it under Just suff lcient pressure to cause coheslon Wl thout use of a 

blnder and smoothlng off the surface Sometlmes vacuum grease was also 

used as a blnder Occaslonally, quenched lngot was also used ' as-such' 

for recordlng the XRD pattern 

In principle the following information can be obtalned from the 

dlffractlon peak characterlstics 

The POSl tion of the peak measured as the angle e 

YIelds size (l e , lattlce parameter and d-values), shape (1 e , CUbIC, 

tetragonal etc ,) and orientation (hence 1 t can be used for crystal 

orlentatlon and preferred orientatlon determinatIons) of the unIt cell 

2 IntensIty The relative lntenslty of the peaks measured eIther 

as the peak height or, more correctly as the area under 1 ts profi Ie 

(integrated lntenslty), provIdes the data for determInlng the position 

of the atoms In the unlt cell The IntenSIty Ihkl of a Bragg reflectIon 

with MIller Indlces hkl is glven by[l] 

where 

2 
I =I(e )pL 
hkl 0 2 mc w 

I IS the lncident beam lntenslty, 
o 

A 

e, m, and c are the fundamental constants, 

Phkl lS the multlpliclty factor, 

L is the Lorentz factor, 

IS the unlt cell volume, 

lS the wave length of X-rays, 

S 2 
---=2 Fhkl 

v 

W lS the angular veloclty of the rotatIon of the specimen, 

(2) 



A ~ 1/2~ IS the transmIssIon factor for a flat spec1men, 

S IS the cross sectlon of the pr1mary beam, 

Fhkl IS the structure factor, and 

p IS the denslty of the speClmen 
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3 Shape The shape of the peak of WhlCh Its breadth 1S a useful 

guide, provldes informatlon regardlng crystallite Slze and lattlce 

imperfections, includlng strains 

In the present study the powder XRD was recorded at RT on a 

Selfert X-ray powder diffractometer and was extenslvely used for the 

phase Identificatlon and the determInatIon of un1t cell parameters 

The Cu Ka rad1atlon (A=l 5418 ~) was used along w1th NI fllter as 

monochromatIC radlatlon The X-ray machlne was opera ted Wl th 40 kV 

vol tage and 30 rnA current The X-lrradlatlOn of the polycrystalline 

samples was also performed In the same settlng 

For phase Identlflcatlon, our powder patterns were compared wIth 

standard [ 21 patterns gIven In Powder Dlffraction FIle (the JCPDS flle ) 

Accurate cell parameters were obtained from the d-spaclng of the powder 

pattern, and proper asslgnments of Mlller Indlces hkl to varlOUS llnes 

US1ng a least square mln1mlzatlon program POWD developed by Wu[3], 

unl t cell parameters accurate to three flgures were calculated The 

errors Involved In the cell parameter calculatlons are maInly due to the 

uncertalnty In readlng the angular POSItIons of the peaks, WhICh are 

t t ± 0 2
0 accura e 0 
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2 2 DIFFERENTIAL THERMAL ANALYSIS AND DIFFERENTIAL SCANNING CALORIMETRY 

D1fferent1al thermal analys1s (DIA)1s a techn1que 1n wh1ch the 

temperature of the sample (IS) 1S compared w1th that of an 1nert 

reference mater1al (I
R

) dur1ng a programmed change of temperature 

Alumina 1S usually used as the reference mater1al The sample and 

reference temperatures are normally the same unt11 some thermal event 

such as melt1ng, decompos1t10n or change ln crystal structure occurs 1n 

the sample, ln WhlCh case the sample temperature elther lags beh1nd (If 

the change 1S endotherm1c) or leads (If the change 1S exotherm1c) the 

reference temperature, the difference 1n temperature (~T) between them 

are recorded as a funct10n of temperature of the whole system A 

horizontal baseline correspond1ng to ~I = 0 occurs and superImposed on 

th1s 1S a sharp peak due to a thermal event In the sample The peak area 

or peak he1ghts are only qualltat1vely related to the magn1tude of the 

enthalpy changes occurrlng . It 1S poss1ble to calibrate DTA equ1pment so 

that quantItat1ve enthalpy values can be obta1ned, from the peak areas 

b\lt the cal1brat10n 1S usually ted10us If calor1metr1c data are 

requlred then 1t 1S usually better and eaS1er to use d1fferent1al 

scannIng calor1metry (DSC) 

In the DSC cell, the difference 1n temperature between the sample 

and reference 1S measured, as 1n DTA, but by careful attent10n to cell 

deSIgn so that the response of the cell 15 calor1metrlc A schematIc 

d1agram of the DuPont 9900 model DSC instrument 1S shown 1n F1g 2? The 

cross-sectIonal VIew of DSC cell shown 1n FIg 2 3 employs a constantan 

d1sc as the pr1mary means of transferr1ng heat to the sample and 

reference positlons, and as one of the elements of the temperature 

measuring thermoelectric JunctIons The sample of Interest and a 
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reference are placed 1n pans Wh1Ch Sl t on ra1sed platforms on the 

constantan d1SC Heat 1S transferred through the d1SC 1nto the sample 

and reference The d1ffelent1al heat flow to the sample and reference 1S 

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 W1res are connected to the 

underSIde of the chromel wafers, and the resultant chromel/alumel 

thermocouple 1S used to d1rectly mon1tor the sample and reference 

tempera t ures Constant calor1metr1c sensi tIV1 ty 1S ma1ntained by 

electronic llnearizatlon of the cell-cal1brat1on coeff1c1ent 

The difference AT bE tween TS and TR 1S glven by 

dT 
AT ~ TS - TR ~ R (CS-LR) dtP ('3) 

where C 1S the total heat capac1ty of sample (or reference) plus 

cruc1ble, R is the thermal res1stance, and (dT Idt) the rate at Wh1Ch 
p 

the programmed temperature changes The apparatus constant relating the 

area under the peak to enthalpy can be obtaIned by using a reference 

mater1al W1 th known tranc,l tion enthalpy 

The thermal analys1s was performed on mIxtures of L1
2

C0
3 

and Te0
2 

uS1ng DTA set up to construct the phase dIagram of th1S b1nary system, 

whereas, the thermal behav10ur of the sample was 1nvestigated uSlng DSC 

The DSC measurements werE performed WIth selected heat1ng rates (2 5 5 

10 20 and 400C/mln ) under argon atmosphere on both crysta 11 i ne 3 n j 

glassy samples of mass 20 mg, encapsulated (' crlmped) betwe~n 

alum1num pans W1 th empty alum1num pans reference The temperature and 

the cell constant of the Instrument were callbra ted for each hea hng 

rate on the basls of onset temperature of the endothermal peak and the 
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enthalpy recorded dunng the melting of hIgh pure (SN) lndlllm The glass 

transItIon temperature onset and peak temperatures of the 

crystalllza t lon are obtaIned uSIng the software 

[4 ] 
analysIs 

2 3 MEASUREMENT OF IONIC CONDUCTIVITY 

standard data 

The DC conductivl ty IS defmed as the steady-state current whlcr 

flows In the sample subJ,'cted to unl t electric (DC) fleld The measlored 

quantl ty IS usually the conductance (G) WhICh IS the rat 10 of 

steady-state current to applled voltage The conduct1vity IS obtalned 

from the conductance and ratIo of length to cross-sectlonal area ( ~A) 

of a rectangular sample clccording to 

(j = G l/ A (4 ) 

A cell for measurlng the conductance of an electrolyte sample must . 

(a) transform the electronIc current from the external clrcult Into an 

10nlc current In the sample and (b) transmIt the potentlal d1fference 

across the sample to th" voltage-measurIng dev1ce W1 thout 1ntroduc1ng 

any addItIonal potentIal 

The transformation of current occurs at the electrode/electrolyte 

Interface where e1 ther l FaradaIC or a d1splacement current flows A 

Faradalc curr~nt occurs when an ion present In the electrolyte can be 

placed onto (or removed from) the elt'ctrode surface In response to the 

electronlc current, e g when a llthlum-based electrolyte 1S placed 1n 

between two llth1um-metal electrodes 
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The standard method of conductIVIty measurement has a d4spldce~e~~ 

current at the Interface where IonIC charge accumulates at onp Sldt 4) 

exactly balance the accumulatIon or depletIon of electrors Th~ char~.' 

accumulatIon creates an Interfacial potentlal WhlCh would rIse rapIdly 

on appllcatlon of a DC vOltage Therefore an alternatIng sIgnal must be 

applled ThIS creates a (onstant lnterfacial potentlal WhICh IS 

determIned by Interfaclal capacitance, current and frequency 

v = I/(2rrw C t) Int In 
(5) 

The Interfaclal potentIa L can be mInImIzed by IncreaSIng the frequency 

of the applIed SIgnal F~r most cases a frequency of 1 kHz, or hIgher, 

ensures that any Interfa( lal potentlals are negllgLble 

At hIgh frequenCIes, however, the current IS not the steady-state 

value Internal dIsplacement, or capaCItIve currents due to lons 

vlbratlng In potentlal wells wlthout Jumplng the barrIers are added to 

the current due to true ~onductivity The dIsplacement current IS out of 

phase wi th the potentlal, whereas the conductive current IS In phase, 

and therefore a dlstinction can be made by examInIng the complex 

impedance/admIttance 

• •• • •• 
" = V /1 or Y - I /V (6 ) 

where the out of phase ccmponents are represented by ImagInary parts 

The complex adml ttance of the sample between Inert electrodes IS 

measured uSlng eIther th,' AC conductlvlty meter over a frequency 100 Hz 

- 60 KHz (descrIbed In Chapter 3) or the Instrumental set up (shown In 

the FIg . 2 4) whlch prov~des the measurement pOSSIbIlIties upto 120 KHz 

In the latter method, an alternating voltage (V ) 
In of nearly 150 mV 

r m S IS applIed across the sample and a standard decade capaCItor (HP 
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Model 4440 B) which are connected In serIes The current through the 

sample IS determIned by neasur1ng the voltage (V ) ac ross the reference 
o 

capac i tor (C ) using a 'wo phase lock-m ampl1fler (PAR Model - 5210) 
o 

The output of the lock- i ll-ampllfier V (9) , 
o 

was measured for specIfIed 9 

where 9-1S the phase d1f1erence set between reference slgnal and voltage 

across C 
o 

The output voltages V 
° 

o 
(0 ) and V (90°) f -- 0° and 90° , or 9 

° 
are used to calculate thE real (c'), dnd the 1magInary (c' ) parts of the 

• complex perm1tt1v1ty (c ) as follows 

and 

where c 
o 

1 c· =-

-- 1 
c 

o 

-14 -1 
IS the perm1tt1\ Ity of free space (8 854 x 10 F cm ) 

* 

(7 ) 

(8) 

The complex adm1 ttance Y 1S related WI th the compley dIe lectnc 

• permIttivIty C through 

• • 
Y = Y' + jY" = jWC = jW(c' - jC' ) 

These results are usually presented In two-dImens i onal plots, eIther as 

Bode (real or Imaginary parts versus log [frequency) or as NyquIst or 

Cole-Cole plots (real versus imaginary parts) Results over a wide 

frequency range are often conven i ently summarIzed i n terms of an 

eqUIvalent [5 6 7) clrcu1t ., • WhICh IS an electr ical C1rcult that has 

ldentlcal admIttance to the real physIcal system over the measured 

frequency range 

The design of the conductlv1ty sample holder used In our 

measurement to a~hleve a rellable result i s shown 1n Fig 2 5 A good 
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electrlcal contact IS found to be essentlal Th1S IS ensured by the use 

of thlck platlnum fOlls spot-welded w1th platlnum Wlrf'S 

blocking electrodes Thec .e electrodes are attached tr.> the OppOSl te faces 

of the samples uSIng orfano-silver or gold paste (Elteck~ Corporat1on 

Bangalore, No 0070) 
o 

Gradual heatmg upto 150 ( (dependIng upon T 
g 

values In the (ase 01 glasses) decomposes the reS1n and hardened 

metallIc residue adheres strongly to the sample The whole assembly is 

Introduced Into the vertical stainless steel COnd\lctlv1ty Jlg, wIth 

hlgh-pure Al
2

0
3 

pellets servIng as isolatlng spacprs M1ld pressure on 

the electrode assembly was achievE'd wIth the help of the screw 

arrangement as shown In Flg 2 5 The temperature was measure1 wltr a 

chromel/alumel thermocouple the tlP of Wh1Ch IS ma\ntalnptj In -,t-

proXImIty to the cell for maXImum accuracy The j1g 1S low{.red lnto a 

glass envelope thus pprmlttlng measurements to be mdde 

-2 
vacuum, of ~ 10 torr In addltlon dry sll1ca gel 1S Introduced Into 

the cell to absorb the nOlsture present If any The entIre assembly is 

clamped centrally Inslde a vertical muffle furnace attachpd to an ON-OFF 

temperature controller [he thermal stabll1ty of the sample IS achieved 

by allowlng sufflclent tIme and measured to an accuracy of + -

Perfect shleldlng IS mandatory to avoid the AC pick ups from the furnace 

particularly at high temperatures We employed a furnace gIVIng very low 

inducti ve nOise to OVerC(lme this dlfflcul ty to a considerable extent In 

addition, a thIck stainless steel sheet (connected to main ground) was 

Inserted in betw~en the conductlvlty set up and the furnace The furnace 

body, Input and output termInals of the sample are also shlelded 

perfectly 
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The bulk DC conductlvlty denved from complex admlttance analysIs 

IS then plotted el ther as a 
3 log crT versus 10 IT plot or as a log (j 

3 versus 10 IT plot The slope of th1S generally llnear plot IS the 

actlvatlon energy E fOJ IonIC conduct1on The error Involved In the 
a 

conductlvlty medsuremen1 IS maInly due to the accuraCIes In the 

measurement of sample c( nductance, thIckness dnd cross-sectIonal area 

Suff1CIent tIme IS allow(d to stabll1ze the thermd} status of the sample 

and all the equ1pments Involved In the measurement to achIeve a stable 

and rel1able output of j he circuit shown In rIg 2 4 Suf flclent care 

was taken to accurately measure the sample thIckness and Its area 

The act1vation enelgy for 10n1C conducl10n was determIned by least 

squares f1tting of the conductiv1ty versus t~mperature rela~ Ion. the 

calculated values of the probable errors are 1n the range ± 0 O' ~o C 03 

eV 1n all our medsuremen1s 

Z 4 ELECTRON SPIN RESONANCE 

In an ESR exper1men 1 • a highly un1form and reasonably stable statlc 

magnetIC f1eld H. 1S a~ pl1ed to a paramagnetic ma tel lal placed 10 a 

microwave reson,lnt cavlty The mIcrowave magnetIC fIeld component 

perpendicular to the dlrect10n of the stat1c field causes magnetIC 

dIpole tranSItIons when the mIcrowave energy quantum. hv (where V-IS the 

frequency and h-1S Planck's constant) 1S equal to the ZE'eman energy 

spll t ting g(3H. of the two SPIn states (M = liZ and - 112) of the 

paramagnet 1 e , hv -- g(3H The parameter the spectroscopIC 

spllttlng factor represent1ng the nature of unpaIred electrons and (3-is 

the bas1c un1t of electronlc magnet1c moment called the Bohr magn~ton 

((3 = e h I(Zm ) 
e 

= 9 274 > 10-Z4 J/T ) 
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Resonance transitlons are observed ln ESR by sweeping the magnetic 

fleld intensity, rather than by sweeping the microwave frequency WhlCh 

1S technically 1mpract1cable Each type of unpaired electrons 15 

ldentlfled not by the microwave frequency, but by the g-factor obtained 

from the resonance condlt1on as 

g = (h//3l (v/Hl ( 10 l 

The nature of the electron splns (s-, p-, d- type) and thelr mlcroscoplC 

enVlronments can be der1ved from ESR parameters 

A tYPlcal X-band ESR spectrometer 1S blocked out in Fig 2 6, 

according to the function of groups of components The reglon labelled 

source' contains the Gunn oscllla tor (as ln the JEOL lnstrument) or a 

reflux Klystron (as ln a Varian lnstrument) and those components wh i ch 

control or measure the frequency and the lntensl ty of the m1crowave 

beam The cavlty system' lncludes the components WhiCh hold the sample 

and WhlCh dlrect and control the mlcrowave beam to and from the sample 

The 'detectlon' and 'modulatlon systems' - monltor, ampllfy and record 

the slgnal Flnally, the 'magnet system' provldes a stable, llnearly 

varlable and homogeneous magnetlc fleld, typlcally upto 0 5 tesla 

The ESR spectra 01 metastable crystalllne SOllds subjected to 

X-lrradlatlon, as well a< of glassy samples reported ln thlS thesls were 

recorded on a JEOL (FE-3X) X-band ESR spectrometer under optlmlZed 

condltlons of modulatlon amplltude, recelver galn tlme constant 'lnd 

scan tlme Temperature and mlcro~ave power were used as varlable 

parameters to lnvestlgate changes ln the spectra even as the specles or 

the matrlx underwent changes such as tumbllng motlon or glass 

transltlon 
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VarIable temperaturl accessory supplIed wIth ttlC lnstrumpnt (Model 

NM 7700) was used for f(cording spectra at selected temperatures range 

RT to 2000 C The lnput mIcrowave power de; monItored at the sIde arm of 

the directlonal coupler was varIed from 1 to SO mW whIle performIng 

power saturatIon eXperIm(nts 
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3 AC CONDUCTIVITY METER 

3 1 INTRODUCTION 

The electrolytlc conduct1on 1n lon1c/superion1c sol1ds IS malnly 

due to the movement of charged ions under the influence of an appl1ed 

e-lectr1c field When a constant DC potent1al 1S applied to an 

electrolyte sandwlched between two dlfferent electrodes as shown below 

-
nonblocklng 

electrode 

blocklng 

electrode + 

the catlon starts mov1ng towards the negatlve electrode As a result, 

the right end of the electrolyte suffers a depletlon of catlons as no 

more lons are supplled at the pos1t1ve electrode As soon as the c1rcult 

1S sW1tched on the Instantaneous current and voltage gIve a measure of 

total conductlvi ty (lonlc plus electronic) The current decays slowly 

WI th the lapse of t1me Y1eldlng a stabll1zed fInal value ThlS is a 

measure of the electron1c conduct1vity 

These 
[1] 

polar1zation effects are troublesome in a DC measurement 

unless non-polarlz1ng electrodes capable of SupplYlng moblle lons at the 

anode/electrolyte Interface are used . Then the electrode conflguration 

becomes 

- nonblock1ng 

electrode 

nonblocking 

electrode 
+ 

where the electrode mater1als are the same as those of the mob1le 

spec1es Th1S avo1ds the problem of polanzatlOn, but the utll1 ty of 

[2 ] 
such electrodes 1S l1mlted by the followlng c1rcumstances 



(a) the extent of electronlc conductlvity cannot be evaluate 

the transport number measurement, (b) the type of moblle Ions has to 

known before hand Further, if more than one type of charge carrIers IS 

present It IS dlfflcult to flnd a materlal Whlch can act as a 

reversIble electrode for var10US types of mobIle lons ( c ) ). tIS no t 

always easy to handle the mobIle species electrodes . For example 1n 

fluoride ion conductors llke PbF
2

, hav1ng a fluorIne electrode is 

trIcky 

The problems assocIated wlth the cho1ce and use of an appropr1ate 

non-blockIng electrode can be overcome by emploYIng blockIng electrodes 

and measurIng as a functIon of frequency 

Apart from the undesIrable polarizatlon effects, when the DC 

measurements are performed on ionlc conductors, over a w1de range of 

temperatures, another unavoidable dIffIculty arIses from the presence of 

lnterfering vol tages due to the Thomson and Seebeck effects These 

interferIng voltages make measurement more d1fficult because of then 

random varlations wIth changes of room temperature To avo1d these 

heating effects and the dlfflcul ty due to polarlza tlOn. an AC method 

emploYIng synchronous rectIfIcatIon IS devlsed for the measurement of 

electrIcal conductIvity 

AC measurements are also slgn1fIcant because 1n addl tion to bulk 

conductlvlty. many other electrochemical parameters are also sampled as 

a functlon of applIed frequency The resultant alternatlng current 1S 

out of phase w1th the applled AC voltage and perturbs various processes 

withln the measuring cell (such as surface. interfaclal. graln boundary 
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lonlc transport and double-layer formatlon at electrode/electrolyte 

interface) ln different W'lyS 

In superlonlc conductors, partlcularly ln sintered polycrystaillne 

and lll-quenched glassy forms the graIn boundary contrlbutlon becomes 

slgnlflcant The extract ion of Il)trlnSlC conduct I v 1 t Y must therefore 

Involve a measurement technique such as an impedance/admIttance 

t~chnlque which would enable a clear separatIon of the observed response 

lnto IntrInsic and graln boundary contrlbutlons In such cases a sImple 

DC measurement would br vitlated by the presence of slgnIflcant 

polarization and graln boundary effects, thus makIng an AC measurement 

mandatory 

Our deslgn of thlS electronIc instrument IS a consIderably modIfIed 

verSIon of Nelson who used a full-wave [3 J rectlfler for detectIon 

Instead of the phase sensItIve detection (PSD) employed In the present 

case One of the maIn advantages of PSD over preclslon rectIfIer IS the 

total reject i on of dlscrete frequency nOIse such as AC malns pIck up and 

unwanted sIgnals due to DC offset, l/f nOIse and varIOUS thermal 

effects 

3 2 DESCRIPTION OF THE CIRCUIT 

The Instrumental set up IS shown Fig 3 1 

3 2 1 Quadrature oscIllator and buffer 

3 . 2 shows the quadrature [ 41 oscIllator ThlS IS a 

low-distortion (~ 0 1%) two-phase SIne-wave oscIllator, which provides 

three stable outputs at 0° (slne), 900 (cosine) and 1800 (-slne) phases 
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F1g 3 1 Block dIagram of the electronic system showIng VarlOUS modules 

(eve = current-to-voltage converter) 
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Bas1cally 1 t has two 1ntegra tors connected W1 th feedback v la a uni ty 

gaIn Inverter Osc1llatlons w1ll occur at a frequency where each 

1ntegrator has un1ty ga1n Ie, when l/wRC - 1 (where Rl ; R2 = Rand Cl 

= e = e) 2 
For d1fferent frequency ranges d1fferent matched pairS of 

capac1tors can be selected USIng band sW1tch arrangement The res1stor 

R7 appl1es a small amount of 'negat1ve dampIng ' to ensure that the 

OSCIllator starts as soon as the c i rcu1t 1S sW1tched on The amplltude 

is 11ml ted by USIng zener dIodes D1 and D2 The module consistlng of 

operat1onal ampliflers AI' A2 and A3 now develops a total phase Shlft of 

o 360 and const1tutes a pos i t1ve feedback loop WIth unIty ga1n WhICh w1lI 

st1mulate and sustain stable osc1llatlons 

Measurements on super IonIC conductors have shown that the sample 

res1stance often becomes l few ohm', at temperatures T ~ T
t

, where Tt IS 

the lnsulator-to-electrolvte trans1t1on temperature As the operat1onal 

ampl1fiers are llmited by the1r maximum output currents the OSCIllator 

output has to be boosted before 1t is allowed to exc1te the sample ThIS 

may however be accompl1shpd by ad<i1ng power transIstors Q
l 

and Q
2 

Wh1Ch 

prov1de sufflc1ent current to dr1ve the sample The use of such a paIr 

of NPN and PNP trans1stors in the output stage IS also referred to as 

complementary symmetry The 1nput stage of the buffer also includes a 

trimpot for adjustIng the voltage level required to excite the sample 

3 2 2 Current-to-voltage converter 

F1g 3 3 shows th> current-to-voltage converter (eVe) ThIS 

operates on the pr1nc1ple that the current through the input Impedance 

(Zx) and the feedback re'lstors (R
f

) w1Il always be equal In order to 

maIntaIn zero vol tage dIfference between the two Inputs The unknown 
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impedance (2 ) may then be calculated uSIng the KIrchoff's law as 
x 

2 = (v R )/v 
x 1 f z 
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( 1 ) 

If 2 15 a purely resIstIve element, then there WIll only be a change In 
x 

the ampl1tude of the excitIng sIgnal (v ) WIth no charlge i n thp phase 
1 

But 1f Z 1S purely capacltlve, then there wlll not only be a phase 
x 

dIfference between the 01ltput and Input sIgnals but also <l change In 

the1r amplItudes Generally If Z 15 a complex Impedance 
x 

Wh1Ch i nvolves 

both reslst1ve and capaci t1ve reactances In parallel or In ser1es, the 

output slgnal undergoes both ampl1tude and phase modulatlons 

The real and ImagInary parts of Z 
x 

are derlved USIng lock-In 

technIque WIth the help of phase sensIt1ve detector and represented as 

Z cosS versus Z SInS along the x-aXIS and y-axIs of a complex-Z plane, 

in the so called 1mpedance plot (One could also present these results 

In the form of an adm1ttance plot or modulus plot) The varIOUS forms of 

impedance/adm1ttance spectra prOVIde deta1led and separate 1nformatlon 

about all poss1ble comb1nttions of Rand e ThIS IS done by comparIng x x 

these experImental plot~ WIth those that could be generated by 

15 6] equivalent C1rcult models ' 

As mentloned by Nelson, seJectlon of the opera tional ampllfler for 

use as a eve 1S a cruc1al aspect of its deSIgn, one should select an 

operatIonal amplifier w1th a hIgh Input 1mpedance and a wide unIty ga i n­

bandWIdth product NF 357 having an 1nput impedance of 10
13 ohms In 

parallel WIth less than 3 pf and 20 MHz unIty gaIn bandWIdth product IS 

used as a eve in our instrument 



Another important aspect of design is the selectIon of reference 

resistors One should use perfectly non-reactIve resIstors as standards 

For tins purpose one could prefer el ther 0 1% metal fllm resIstors or 

o 1% WIre wound resistors whose reactive components are nullIfIed by 

symmetrIcal OpposIte wIndings [hese non-reactIve resIstors are checked 

thoroughly before their use as standard resIstors 0 1% metal oXIde 

resIstors were found unsuItable as references, as they exhIbit 

consIderable reactlve components 

3 2 3 Phase Sens1t1ve Detector 

DurIng conductlvlty nleasurements the sIgnals of Interest are always 

accompanIed by high levels of nOIse and Interference due to 1/f nOIse, 

AC pIck ups and thermoelectric voltages The maIn purpose of using phase 

sensItive detectors (PSD) is to reject totally all these unwanted 

[1] 
slgnals ThIS IS achIeved by limItIng the bandwIdth of detectIon to 

that Just necessary to Include the range of frequencIes occurring In the 

sIgnal SIgnals at other frequencIes are averaged to zero and thus a 

greatly Improved slgnal-to-nolse ratIo IS achIeved 

Several phase sensltlve detectors have been descrIbed In the 

lIterature wIth electronlc sWItchIng for 
[8 9 10] rectIfIcatIon. ., WI th 

different CIrcuIt conflgulations We opted for a dIfferent technIque for 

the demodulatIon Two square o waves 180 out of phase to each other are 

used to control two palrs of sWltches The outputs from this sWltchlng 

network pass through a low-pass fIlter and a differentlal ampllfler 

Because of ltS hlgh lnput lmpedance the dIfferentIal ampllfler lsolates 

the output CHCUI t from the PSD cHcui t and provldes a ] ow output 

Impedance sUItable for connectIng It to even an ordlnary multlmeter 
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If v [V SIn wt], v [V SIn (wt + ~)] and v [V SIn (wt + 8)] are 
1 1 Z Z r r 

the excitatIon, CVC output and reference sIgnals respectIvely with ~-the 

phase dIfference Introduced by the reactIve component of z x 
and 9-the 

angle of reference slgna] set Wl th respect to eXCI tation sIgnal . then 

the multIplIer output IS 

v v = 1/2 V V [Sln(wt + ~) Sln(wt + 9)J 
Z r Z r 

= 1/2 V V [COs(a - ~) - cos(2wt + 9 - ~)] 
Z r 

(2) 

(3) 

the second component of which 1S completely rejected by the low-pass 

filter The alternate POSItIve and negatIve DC components correspondIng 

to the alternate half cycles of modulated AC SIgnal 

a dIfferentIal amplIfIer whose output IS gIven by 

V = 1/2 V V cos(a - ~) 
o z r 

(V ) are added uSIng 
z 

(4) 

If the chosen Impedance IS purely reSIst I ve (I e , ~ = 00
) then the 

output of the detector IS 

V = 1/2 V V cos a 
o z r 

whose real and imagInary parts can be separated by properly choosing the 

o 0 in-phase (a = 0 ) and quadrature phase (a = 90 ) SIgnals as reference 

The corresponding output ()f the detector wIll be 

V (wIth 9 = 0°) = 1/2 V V 
o z r, 

V (with e = 900
) = 0 

o 

If the chosen Impedance also includes some reactive components the 

quadrature output will always be non-zero CorrespondIngly the Inphase 

output WIll be less than the maximum output 1/2 V V z r 

In the present des) gn the PSD consIsts of a. phase shIfter, a 

zero-crossIng detector, dn inverter, a SWI tchlng network, a low-pass 

filter and a differ~ntial amplIfIer 
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o 0 The reference slgnals (0 and 90 phases) are derlved from the same 

quadrature osclllator These sIgnals are sent through the phase shlfter 

to adjust the phase accurately, so that the reference (v ) can be 
r 

preclsely set o in-phase or 90 out of phase with the excitatIon sIgnal 

(vi) applIed to the sample Part (a) of FIg 3 4 shows the phase 

shifter This has a gain of unity and enables contlnuous phase 

d t t f 00 to 1800 a JUs men rom 

The reference slgnal from the phase shifter is sent to the 

zero-crossIng detector (ZeD) whlch IS a hIgh speed voltage comparator 

(response tIme - 200 ns) Basically this ZCO-acts as a high gain 

amplIfIer WhICh can change ItS state each tIme the input signal changes 

directlon . Thus the circult part (b) of Fi g 3 4, squares the mput 

signals lnto a serIes of rectangular output pulses WIth rISIng and 

fallIng slopes correspondlng to the Input zero-crOSSIng 

o In phase by 180 are generated uSlng the 

CMOS 

Two square waves d i fferlng 

[11 ] 
4049 InvertIng buffers and are used as control sIgnals for the 

sWItchIng actIon whlch IS the heart of PSD 

The SWI tchlng 1 s [12] 
done by CMOS FET 4066 WhICh possesses four 

Independent bilateral analog sWItches Two SWI tches are controlled by 

one square wave (reference 1) and the other two by the other inverted 

square wave (reference 2) Only those Input sIgnals that are In 

synchronlzatlon WIth the carrIer frequency are extracted The sWltchlng 

actIon may be clearly und~rstood by lookIng at FIg 3 5 
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The outputs of the sWltches are then applied to the low-pass fllter 

Wh1Ch 1S an RC network In our case Th1S smooths out the r1pple 

components of the slgnals com1ng from FET sWltches and suppl1es posItIve 

DC vol tage and ground to the non-lnvertlng and Inverting 1nputs of 

dlfferentlal ampl1fier. dUrIng POSl tl ve half cycles of reference 1 

Durlng the negatlve half cycles of reference 1. the sW1tchlng occurs 

such that the low-pass filter dellvers negatlve DC voltage and ground to 

the 1nvertlng and non-1nvertlng Inputs BeIng a dIfferentIal ampl1f i er 

this last stage simply adds the inputs and delIvers a positive DC 

voltage Proper care was taken uS1ng an offset trimpot and approprIate 

res1stors to ellmi nate the offset voltages due to FET switches and 

dlfferential amplIfIer 

3 3 EXPERIMENTAL PROCEDURE 

The Au/electrolyte/Au conflguration mounted in an electrIcally 

shielded conductIv1ty cell (see Chapter 2) is connected to the Invertlng 

Input of the CVC The Input and output term1nals of the sample are 

shIelded perfectly 

The 0 0 phase output of the osc1llator is boosted using the buffer 

stage and its output 1S adjusted to ~ 100 mV peak to peak As the 

voltage levels at dIfferent frequenc1es seem to show sllght varlat i ons. 

the constancy of the Input slgnal to the sample 1S checked at several 

selected frequencles using the detecting stage The output of the 

synchronous detector IS made zero by adjUstIng the sIgnal (Vi) and the 

reference (v) lnto quadrature at the multlpller USIng the phase 
r 

shlfter The detector output wlth reference (v ) and exclting sIgnal 
r 

(Vi) in-phase at the multlpller now measures the voltage level to be 
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used as 1nput Th1S signal IS allowed to excite the sample at the Input 

of eve, and appears as the measurand slgnal (both amplitude and phase 

modulated) at the output of eve Th1S measurand signal (v ) 1S ther sent z 

to the detect 109 part for further analysis WI th 0
0 

and 90
0 

phases as 

reference signals to extract the corresponding re ·ll and Imaginary parts 

of the 1mpedance z . 
x 

3 4 PERFORMANCE ACHIEVED 

The worklng of the 1llstrument has been tested by performing complex 

adm1ttance/1mpedance and Ae conductivity measurements on (a) slntered 

polycrystalllne pellet of 40% L1
4

S10
4

-60% L13v04 In the temperature 

o range 100-350 e and (b) 30% LI
2

0-70% Te0
2 

glass In the temperature range 

70-200
oe at various frequenc1es upto 60 kHz uSing two probe 

configuration The eve also allows us to choose the three-probe 

measurement 

The data collected In the test cases are analyzed In the form of 

adm1ttance/lmpedance plots A tYPical adm1ttance plot IS shown In Flg 

depressed sem1clrcle at low frequencies and a spIke at h i gh frequencies 

correspond1ng to the gra1n boundary 

[15] 
respectively It 1S often observed 

(O'gb) and bulk conductance 

that at low temperature there IS 

a clear separation of bulk and grain boundary contrlbut1ons, the gra1ns 

be1ng more conductive than the gra1n boundaries As the temperature 

i ncreases, the separation becomes less, correspondlng to a decrease 1n 

the grain boundary contr1butlon At room temperature the total 

electrolyte conductance 1S doainated by the grain boundary term, but 

above 200
0

e this term becomes negligible The present data on the 40% 
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graln SIze Ind1cate thai, as expected, the graIn boundary term 15 

slgn1ficant to h1gher temperatures Th1S prof1le very riosely resembles 

one of the theoret1cal adm1ttance 
[6 ) 

plot of Bauerle for a model C1rcult 

comprlslng a reSIstance and a series capacitance In parallel WIth 

another capac1tance The abrupt r1se 1n the admlttance suggests that the 

sample 1S becom1ng 1ncreas1ngly capacit1ve The bulk DC conduct1v1tyof 

polycrystalilne llth1um slllcate-llthlum vanadatp and glassy llthlum 

oXlde-tellur1um oXlde systems are separated from the graln boundary 

contrlbutlons by the analys1s of all adm1 ttance/lmpedance plots and 

presented as a log (]' V( rsus 3 
10 IT plot as shown In Fig . 3 7 The 

activation energ1es deducl'd from these DC plots <ire 0 49 eV and 0 79 eV 

for the polycrystalllne alld the glassy systems respectlvely 

After applying the exclt1ng slgnal (v ) at a partlcular frequency 
1 

to the sample, the 1n-ph lse reference 1S carefully adjusted uS1ng the 

phase sh1fter to give a maximum vol tage at the output Thls vol tage 1S 

used 1n the calculat10n of total AC conductlvlty at that frequency . F1g 

3 8 shows log (total AC conductlvlty) versus frequenc1es at 19SoC of 40% 

3 5 OTHER POSSIBLE APPLICATIONS 

The real (e') and lmaginary (e") components of the complex 

• dielectric constant c of lonlC and electronlc materlals may also be 

determlned from the same results obtalned wlth non-reactlve reslstors as 

feedback elements uSlng tile relatIons 

I 
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and 

e' = «(1' (w)lw e 
o 

e' = «(1" (w) )/w e 
o 
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(5 ) 

(6 ) 

One drawback of thIS dlrect calculatIon from condu( t Ivlty results IS 

tha t the measurement sen',l t1 vi ty falls W1 th decreas i ng frequency One 

could poss1bly solve th1S problem by uS1ng standard capaCItors (such as 

HP Model 4040B) wIth negllg1ble stray conductance as feedback elements 

Instead of reSIstors Tht 
o 0 resul ts obtaIned WI th a and 90 phases as 

reference SIgnals can now be dIrectly used for the calculatIon of e' and 

e" along the x and y-axes of the complex plane The use of capac1tors as 

feedback element (Instead of res1stors) 1S more advantageous because, 

SUItable capac1tors w1th v1rtually zero stray conductance (normally e == 
f 

10-100 pf) are more easlly obtained than res1stors of 10
1
-10

7 
Q WIth 

negl1g1ble stray reactanc{s 

3 6 CONCLUSIONS 

An electron1c system was spec1ally des1gned and fabr1cated for the 

measurement of total AC !'onduct1v1 ty and complex adml t tance/lmpedance 

ThIS system gives rellablt and accurate data at varlOUS frequenCIes upto 

60 kHz Though the eve technique was used by NeLson for the total Ae 

conductIvIty measurement, the separatIon of real and ImagInary parts of 

complex adal t tance/1mpedance from the dIstorted SIgnal comIng out of 

eve, by a phase sensit1ve detector IS new as far as our knowledge goes 

The eve technique for the AC conductlvity measurement 1S also not well 

known In the field of SUptrlOn1c conductors As these materlals are very 

well known to have res1stances (of the order of 10
6

-10
8 

Q), at amb1ent 

temperatures, the convent1onal techn1que of connectIng a standard 

res1stor 1n serIes w1th the sample and measunng the Ae voltage drop 
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across the sample, uSIng the lock- i n amplIfIer or the frequency response 

analyzer always Introduces an lmpedance mlsmatch, whereas eve WhlCh 

does not lntroduce any such thlng would convenlenlly measure upto 200 MO 

(wIth Rf = 10 MO) at the lowest frequency possible Appllcatlon of thls 

technlque to a LI
2
0-Te0

2 
glass composltlon and L1

4
S10

4
-Ll

3
V0

4 
slntered 

polycrystallme pellet has helped lsolate t h<' graln boundary 

contrIbutIon to conductlvlty and deduce actlvation c.nergles + for Ll lon 

conductIon The PSD described here has defInlte advantages in terms of 

effectlve nOlse reJectlon, slmpllclty and low cost These features 

permIt constructIon of thls lnstrument very easIly even ln small 

research laboratorIes 
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4. QUENCHED LITHIUM SULPHATE 

4 , 1 INTRODUCTION 

Llthlum Sulphate (LS) IS a unIquely InterestIng compound among 

alkah-metal sulphates from the pOInt VIew of structure and physIcal 

propertIes It belongs to the monoclinIc crystal class ((3-phase) at 

ambIent, (a = 8 239 ; b = 4 954, c = 8 474, (3 
o = 107 98') but undergoes a 

first-order reconstructive phase transi tion to an FCC (a-phase) at 

5750 C FIg 4 1 shows the partIal X-ray pattern of Li
2

S0
4

, depictIng the 

dras tic changes In Bragg angles and intensi tIes of dIffract Ion peaks 

-1 
conductIvity - 3 S cm close 

the hIgh mobIl! ty of 11 thlum 

CUbIC L5 has very hIgh ionic 

to ItS meltIng pOInt 

[2] 
Ions , whereas the 

o 860 C ascrIbable to 

[3 ] 
monoclInIc phase 

has a much lower conductIvIty (~T - 10-10 S cm-1 at 1000 e, obtaIned by 

linear extrapolatIon as shown In FIg 4 2) + WhIle the Ll Ions are 

hIghly mobile In the FCC phase, the sulphate Ions form a translationally 

fixed lattIce Both the volume change (4 5%)[4] and the latent heat are 

much larger at the phase transItIon than at the meltIng pOInt (6H
t 

~ 

4 6Hr )[5] sIgnalling a consIderable orientational dIsorder of sulphate 

groups In the CUbIC phase The heat capacl ty measurement around the 

[6 ] 
temperature of fUSIon of L1 2S04 suggested the eXIstence of premelting 

[7] 
phenomena , WhICh eVIdenced the plastIc phase before ItS fusIon Thus, 

whIle the ambIent phase IS elastIc, InsulatIng and crystallographically 

ordered, the hIgh-temperature FCC phase IS plastIc, superionic and 

+ 2-
dIsordered wIth respect to Ll posItIons and 504 motIons ImplYIng that 

the sulphate tetrahedra In the a-phase are matrlx Isolated unllke the 

germanate In L14_3xAlxGe04 solld solutIons where the framework IS an 

[8 J Interconnected, three-dImensIonal polymer 
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Flg 4 . 1 X-ray powder patterns showIng transItion a --4) ~ LI
Z

S0
4 

(a) ° 580 C, Only the 111 and 200 peaks representIng the pure 

FCC phase are seen 

(b) 575°C, The 111 peak IS dIsturbed by a new peak at 20 = 

21 7° ThIS shows that a pert of the sample has 

transformed Into a low temperature modlflcat ion 

(e) 570°C The pattern now represents a monoclinlc phase 
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The feature common to most solld electrolytes as we d1scussed 1n 

Sect10n 1 2 1S a large value for the rat10 of ava1lable latt1ce sltes to 

the number of charge carrY1ng 10ns It has been suggested (see Chapter 

1) that an appropr1ate value for thlS ratlo, should not be less than 3, 

and a SOlld electrolyte Wl th a rat10 of 2 15 unl1kely However, the 

h1gh- temperature mod1f1catl0n of L1
2

S0
4 

constltutes a notable exceptlon 

+ 
wlth a lattlce slte to Ll 10n ratlo of 1 5, and yet havlng a very h1gh 

+ Ll conductlv1ty 

The h1gh 10n1C conduct1vlty IS closely related to the structure of 

the compounds Also, 1 t IS characterlst1c for superlonlC conducting 

phases that 10ns of the r1ght' Slze are much more moblle than other 

10ns Thus, In {3-alumlna 

+ 

+ 
Na 10ns are more mobIle than the larger 

the smaller LI ions (sep Chapter 1) In contrast to thl~ observat1on 

all mono and d1valent catIons (e g + + , Ag , Na , 
2+ 2+ Mn , Zn etc,) have a 

hlgh mobll1ty 1n the FCC L1
2

S0
4 

phase Thus, 1n ~-phase the d1ffus1on 

coeff1c1ents are of the order of 10-5 S-1 cm2 for monovalent and 10-6 

-1 
S cm2 for d1valent cat1ons[9] Th1S clear advantage 

choice of anode materIals, 1n power source appllcat10ns 

1ncreases the 

4 1 1 structure of ~-L12S04: X-ray Dlffraction StudIes 

[10] 
Forland and Krogh-Moe proposed the fIrst structural basls of 

the hlgh-temperature Ll 2S04 The X-ray pat tern showed a very small 

number of sharp llnes They found the hlgh-temperature structure to 

be FCC wlth a = 7 07 R ancl from space-group conslderat1on, suggested the 

followlng two models 



9 1 

Model A 

5 = (0, 0 0) 

- - - - --o = (x, x x) (x, x , x), (x x, x), (x, x, x) 

Ll = two of the three sets of coordInates 

(1/4, 1/4, 1/4), (3/4, 3/4, 3/4). (l/2, 112 1/2) 

The 5-0 dIstance of 1 SO ~ would result In a x-value of 0 12 ~ A 

lIthIum Ion at (1/4 1/4. 1/4) or (3/4. 314. 3/4) would be tetrahedrally 

coordInated by Ions whIle at (112. 1/2 1/2) would be 

octahedrally coordInated (see FIg 4 3) ThIs cell assumes ordered 

-
sulphate Ion orientatIons wIth non-centrosymmetrlc space group F43m 

Model B -

S = (0, o. 0) 

o = (V2x. V2x. x), (-V2x, -V2x, x), (-V2x. V2x, -x). (V2x -V2x, -x) 

L1 = (1/4, 1/4. 1/4). (3/1\, 3/4, 3/4) 

ThIS leads to LI-O dIstances of 2 06 ~. wIth all lIthIum Ions now 

tetrahedrally coordInated by oxygen and 0-0 dIstances for dIfferent 

sulphate group of 3 18 ~. such a structure IS purely FCC only when there 

IS dIsorder among orIentatIons of groups 

4 1 2 Structure of a-L1
2

50
4 

. Neutron DIffractIon StudIes 

[ 11 ) 
NIlsson et al , used powder neutron dIffractIon (PND) to 

determIne the structural characterIstIc of hIgh-temperature phase and In 

partIcular the spatIal dIstrIbutIon of the 
+ 

Ll Ions and possIble 

orlentatlonal preference of sulphate Ions WIth the aIm of establIshIng 

the IonIC conductIon mechanIsm In the a-phase The PND pattern showed 



• u 

-
Flg 4 3 A schematlc lllustration of the ordered model F43m of FCC 
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Bragg peaks superImposed on broad 'lIquId-lIke' background. consIstIng 

of dtlpa~t three wide humps as shown in Fig 4 4. and was suggested that 

the oxygen atoms are the main source of the background 

The PND study establIshed the a-phase structure as a FCC (a = 7 07 

~) with 502-
4 

Ion sItuated at the orIgin and 

rotationally disordered about the sulphur atom 

the oxygen atoms 

The neutron data 

+ additionally demonstrated the location of LI Ion around (1/4. 1/4. 1/4) 

tetrahedral rather than (1/2. 112. 1/2) octahedral sIte showIng that the 

hIgh-temperature L5 has a structure very closely related to the 

antifluorlte structure It IS to be noted that the antifluorite 

structure-Just as the fluon te structure-also favours fast-Ion 

conductIon (see Chapter 1) 

Several serIes of refInements of neutron dIffractIon data were made 

based on dIsordered models. InvolvIng rotatIonal dIsorder of sulphate 

groups with centrosymmetrlc space group Fm3m Neutron da ta very strongly 

support the model of hIghly orlentatlonally dIsordered sulphate groups. 

WhICh is i llustrated In Fig 4 5 

The neutron dIffractIon experIment also revealed that Li + Ions 

occupy the ± (1/4. 1/4. 1/4) positIons In the unit cell. while the (1/2. 

+ 
112. 1/2) posItIon is unoccupIed by Ll The (1/2. 112. 112) posltlOn 

merely lIes on the transIt path of the dIffusIng + Ll Ion. and the latter 

moves In the vIcInIty of thIS POSI hon for a perIod whIch IS short 

compared to tIme spent In the ± (1/4. 1/4. 1/4) posItIons 

4 1 .3 Structure of Molten L12S0
4 

Ohno[121 examIned the structure of molten L1
2
S0

4 
by conslderlng the 
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2
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F1g 4.5 A stereoscopic illustration of the disordered model Fm 3m for 

o the structure of a-L1
2

S0
4 

at 635 C 
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radlal dlstrlbutlon functlon from X-ray dlffraction and the molar 

volume The eXlstence 2-
of tetrahedral 504 ions WdS demonstrated by the 

analysis of the flrst peak in the radlal dlstrlbutlon functlon 5-0 and 

(J-U di c;tdnCel":> for the sulphate ion in the mol ten state are 1 50 ~ and 

2 4S ~ respectively 

4 1 4 Ion Transport Hechan1sms 1n a-L1
2

S0
4 

Two possIbIlItIes have been suggested for the conductlon of + 
Ll 

lons in FCC-LI
2
S0

4 
The paddle-wheel mechamsm of Lunden[13,14J and 

percolatlon-type 
[15 16] 

mechani sm of Secco • Lunden suggests that the 

strongly coupled rotatlon of 
2- + 

5°4 lons to the L 1 lOns, the cogwheel ' 

or paddle-wheel' mechanlsm IS maInly responsIble for hlgher catIon 

moblllty and thus very hlgh conductivity 

[17 ] 
Brlllouln scatterlng studles reveal plastlc behavlour and low 

transverse sound velocitles, attrlbuted to possible rotational-transla-

tional coupling, 1 e • interaction between transverse model osclllations 

and reorlentatlOns of sulphate ions thus supporting the paddle-wheel 

concept 

The dynamlcs of Li+ ions and sulphate lons 1n the superionlc phase 

of Li 2S04 have been investlgated by analyzing spectral line shapes uSlng 

[ 18] 
Raman spectroscopy The component due to sulphate lon reorIentatIon 

IS separable by comparison of polarized and depolarIzed spectral 

bandwIdths for the symmetrIc (Ai) Internal mode of sulphate group The 

reorientatIon tIme derived thereby, for FCC L1
2

50
4 

corresponds well with 

the value 2 ps reported on the basIs of molecu lar dynamIcs 

" [ 19] 
sImulatIon The ArrhenIUS actl vatlon energy 0 40 eV obtaIned from 
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the temperature dependence of reorIentatIon tIme IS suffICIently close 

to actIvatIon energy for catIon dIffusIon 0 34 cV thus supportIng the 

"paddle-wheel' mechanIsm 

The solid SolutIon of a-Li2S0
4 

with 2 5 mole% L1 2C0
3 

YIelded 

dIminished Li+ conductivity This has been attributed to the replacement 

2-tetrahedral SO 4 Ions wi th 
2-planar C0
3 

groups, thereby reducIng the 

effect of reorientational dIsorder of the group on the + 
LI 

mObllity[20] We would lIke to comment here that only an experIment 

+ 2-
which looks at the Ll and S04 motlons slmultan~ously could reveal the 

+ actual mechanism for Li conductIon 

The second model of Secco, Invokes "free volume' or ' excluded 

volume' avallabllI ty In the structure and easy conduclion paths created 

. + 
thereby for LI motIon, based on results of electrical conductIVIty and 

differential scanning calorimetry (DSC) measurements on Li
2
S04 

2- 2-incorporating W0
4 

as guest ion in S04 sublattice A "gate concept was 

[16) 
recently Introduced in which the rotatIng sulfdte anIons In Ll

2
S0

4 

may contrIbute + to the conductivIty with LI catlon but indlrectly by 

increasing the probability of a successful translatIonal jump, when 

favourable Instantaneous orIentatIons of the S04 oxygens occur at the 

transport 'bottleneck" acting as a gate That is, the gate actIon of the 

percolation mechanism assigns a passIve role for S04 reorientatIon In 

sImply allowIng passage of the catIon WIth no tran~fer of momentum 

Recently the structulal and dynamIcal aspects of a-L1
2
S0

4 
have been 

[21] 
calculated on a model emploYIng 

sulphate-sulphate Interaction potentIal ThE' 

orlcntatlOnally averaged 

+ calculated mobIlIty of LI 



95 

and the structure agrees, well wlth the experimental data indicallng 

that the paddling effect of the + sulphate tetrahpdra on I 1 ion mob1lity 

is less important and that the ion transport process 1S ma1nly through 

the percolation mechanism 

FCC Li
Z
S0

4 
appears to have the best 11thlum iomc conducllvity 

above S7SoC However, this temperature is still too high for its 

practical application as a solid electrolyte 1n lithium batter1es While 

a-AgI has been stabihzed at room temperdture 10 a Ag
2

0-Bz0
3 

glass 

t i 
(ZZ] 

rna r x 1 t 1S worth mentIonIng that no ~uch ambient temperature 

+ 
modification of L1

2
S0

4 
is avaIlable that could impart a high enough Ll 

conduct! Vl ty 

Stablllzatlon of the plastlc, a-phase of LI
Z

S0
4 

at amblent IS thus 

an allurlng prospect from the followlng pOlnts of vlew 

(1) It would offer the possib 11 ty of conven lently characterlzing 

the cublc structure by powder X-ray/neutr'on dlffractlon at room 

temperature 

(Z) It would enable development of an optimally conducting 

super1on1c phase at amb1ent, usable as a battery system 

(3) Most lmportantly, the dynam1cal aspects of the high-temperature 

phase such as reorlentat1onal mot lon, could be 

conveniently invest1gated in the frozen a - phase, and 

(4) A detailed study of FCC phase stab1lized at room temperature 

might help resolve the existing controversy about the mechan1sm 

+ of Ll conductlon In the super10nic phase 
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Only a few reports eXIst on the stabllizatlon of hlgh-temperature 

phases of ionic conductors at ambient tempera tur (' Hooper et al [23J 

succeeded in stablllzlng the high temperature cublc v-Na 3P04 phase at 

room temperature (as characterIzed by XRD), upon additlon of AIP04 Into 

However, 

enhancement of conductivity was not achieved 

[24J + Sigaryov and Vasiulev achleved an enhan< cd Na conduct lon 1n 

o quenching lt from 1211 C, (a tempera lure close to 1 ts 

melt i ng pOlnt), compared to the slowly cooled Na3 In
2

(P0
4

)3 Powrler XRD 

Ylelded a larger cell volume with no difference in theIr structure, thus 

conf Hming a more dIsordered state of the quenched Na
3

In
2 

(PO 4) 3 The 

infra-red (IR) spectral Investlgatlon suggest('d that the statlc 

d d 
(25,26] 

Isor er of P0
4 

tetrahedra IS frozen upon quenchlng from hlgh 

temperature 

In thIs chapter we report the results of our Investigations on the 

melt-quenched LI
2

S0
4 

H
2
0, through XRD, DSC, electrIcal conductlvlty, IR 

and electron spln resonance (ESR) spectroscopy In order to obtaIn 

Information about the structural and dynamIcal aspects of the metastable 

phase(s) lnduced by quenched-ln dlsorder through the comb1ned effects of 

temperature and Internal pressure , FolloWIng upon our lnitial 

ff t
[21] 

e or , the present study focuses on (1) the optImizatlon of the 

CUblC phase, (11) the thermodynamic characterizatlon of the CUbIC phase, 

(111) the molecular disorder as they relate to enhanced + 
L1 conductivlty 

()bt~ tned by quenching and (i v) the role of lOnic/molecular lmpUrl ties 1n 

CUbic-phase stabilization 
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4 2 EXPERIMENTAL 

The quenched samples were obtalned by supC'[«)ollng the melt of 

Ll
2

S04 H
2

0 'Loba' (LSL), (laboratory reagpnt wlth 98% purlty) on a 

stalnless steel slab kept at varlous temperatllrec; (T ) 
q 

These quenched 

bulk samples are lmmedlately transferred to dn anneallng fUrnace 

maintained at a temperature (T ) mentioned below and were isothermally 
a 

annealed for about 4 hours under a reduced -2 pressu[( of 10 

The samples are deslgnated as follows 

QL100 (T = 100°C T - lOOoC) -quenchlng , annealing 

QL
200 

(T - 200°C, T - 200°C) - -
q a 

and QL300 (T - 300°C, T - 300°C) - -q a 

torr 

In order to check the reproduclblll ty of the resul ts of 'Loba 

samples attempts were also made to quench the [nelt of the Alfa' 

to the monocllnic class The melt ° quench (at 200 C) of this sample, 

annealed ° at 200 C, for 4 hours under vacuum is denoted as QAC
200 

(2% 

Quenchlng experimentc; were also carrIed out on pure LSA" from both 

melt and hlgh temperature solld state where thE' c;dmpie was isothermally 

hold at 650°C for 10 hour'. 

The different crystalline phases that are stablllzed In these 

quenched samples were characterized by powder :{-ray dlffractlon recorded 

at room temperature wlth a Selfert X-ray powder dlffractometer uSlng 

Ni-filtered Cu-Ka radiatlon at ° 1 . 2 Imin In the range Data 

.nalysl~ was done using the "POWD" software 
-
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The thermal behavlour of samples was InvestIgated uSIng Du Pont 

9900 differentlal scannlng calorImeter Measurempnls were performed 

under argon atmosphere (In both bulk and powell fPc! forms of quenched 

samples of mass 20 mg encapsulated between aluminum pans The 

temperature was callbrated and cell constant of the instrument 

determlned for a o heating late of 20 Cfmin as mentioned In the Chapter 2 

Two-terminal AC electrical conductivity meabUI("ments were performed 

on monolithic parallelopipeds obtalned by quenching lhe bulk DC 

conductlvlty of these samples were derIved from the complex admIttance 

analysis of the data collected uSlng the instrumcnlrll set up, (FIg 2 4) 

over the frequency range 100 Hz - 120 KHz The conductIvity measurements 

were performed in the temperature o range 30-300 C, 

torr wlth silica gel serving as moisture absorbpr 

-2 under a vacuum of 10 

The IR spectra were recorded Wi t.h a Perk IIl-Llmer double beam 

spectrophotometer (Model No 297)uslng the standard KHr dlSC technIque 

In the frequency 
-1 

range 4000-200 cm FIrst derivatlve ESR spectra on 

X-Irradlated quenched bulk ingot were recorded on a X-band JEOL ESR 

spectrometer (Model FX-3X) o at -196 C, room temperature and at selected 

high temperatures 

4 3 RESULTS AND DISCUSSION 

4 . 3 1 X-ray D~ffract~on 

Melts of LSA and QAC200 (2% of LI
2

C0
3

) quench to a mllk coloured 

product of poor mechanIc II strength, whIle mel t c; of LSL YIeld strong 

smooth yellOWIsh bars on quenching FIg 4 6 comparps the powder XRD 

pattern of QL200 bulk mgot wIth that of LSL powder (wlth monocllnlc 

structure) recorded at RT The pattern of OL
200 

consIsts of a very 
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intense (111) reflection and other very weak reflectIons characterIstIC 

of the FCC (plastic) phase, in excellent agreement WI th the pattern 

obtaIned at 6100 C for FCC L1
2

S0
4 

[28] A few very weak l1nes are also 

seen, IndIcatIng a few percent of a second phase - most probably the 

monoclInic phase On the basis of a careful comparIson of the intensity 

of reflections of FCC phase with those of the weak reflectIons due to 

the presence of monocl1n1c phase, we conclude that the major phase Wh1Ch 

is stabIlIzed by quenchlng is an orlentatlonally dlsordered CUbIC 

structure Flg 4 6c presents the pattern recorded for QL300 - a dlffuse 

background WIth no reflectIons suggestIng that QL300 is poorly 

crystallIne and IS most probably representative of a mlcro-crystaillne 

structure 

Flg 4 7 presents the XRD patterns of (cd LSA quenched from high 

temperature sol1d state (sintered at ~ 650oC), (b) QL200 ground into 

Wh1le quenchIng from the 

high-temperature solid state of "LSA glves a mIxture of very short 

llved (~ a few days) mInor CUb1C phase with major monocllnic phase as 

shown 1n FIg 4 7a, quenchIng from its melt produces a thln glassy layer 

depos1ted on a polycrystalline crust (WhICh as before contalns a mInor 

fractIon of the CUbIC phase) The glassy layer - however, IS not thIck 

enough to permIt us for further characterIzatIon Although QL200 

quenched bulk ingot is predominantly CUb1C, the powder1ng of thIS 

specimen, however gives a complex diffraction pattern as seen from Fig 

4 7b Table I shows the Indexing of the obserw"d 1 In3S. correspondIng to 

the CUbIC phase The unIt cell parameter determ1n~d for the CUbIC phase 

using least square fIttIng program 1S 6 98 R a value slIghtly lower than 

7 07 R, reported for the FCC phase at 610°C The monocllnlc phase (M), 
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TABLE I 

Powder X-ray data of FCC phase (a = 6 98 ~) stabilized 1n quenched 

---------------------------------------------------------------
d 

obs d cal hkl Lld 

------------------------------------------------------- -------

4 0311 4 0311 111 o 000 

3 4930 3 4910 200 o 002 

2 4181 2 4685 220 o 009 

2 0918 2 1051 311 o 013 

1 5703 1 5612 331,420 o 009 

1 4256 1 4252 422 0 .000 

1 2319 1 234 440 o 002 

---------------------------------------------------------------
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appears along wIth CUbIC phase on pulverIzatIon There also remaIn a 

number of un1dent1f1ed I ines WhICh IndIcated lhl' presence of another 

add1t1onal phase (X) Attempts to fIt these lInes to the known patterns 

this phase is Indeed a by-product of quenchIng and pulverIzation FIg 

4 7c shows the d1ffra(tlon pattern of QAC200 (2% of LI
2

C0
3

) 

Slgnif icantly th1s pattern 1S exactly s1m1lar to tha t of QL200 ground 

into powder . 

• 

These observatIons suggest that 1t 1S 1mpossible to stab1lIze the 

cubic phase of LI2S04 by quenchIng pure startIng materIal (e g , "LSA") 

e1ther from the h1gh temperature sohd-state or from the melt The 

predomInantly CUb1C phase stab1l1zat1on could be dchleved only by super 

cool1ng the melt of 'LSL', where Li 2C0
3 

which is present as a congen1tal 

Impur1ty acts as the sulphate network mudIf1er,lnCreaqes the V1SCOSIty 

of the melt cons1derably, and thus arrests the CUbIC phase at ambient 

during quenchIng We could not succeed in stabll1z1ng a predommantly 

CUbIC structure, by delIberately 2-mtroducing C03 lnlo LSA, eventhough 

Its powder XRD pattern agreed well with that of powdered QL200 

4 3 2 Different1al Scann1ng Calor1metry 

The DSC curve of nom1nally pure LSL (FIg 4 8a) revealed the phase 

tranSItIon as an endotherm1c doublet peak1ng at 552 and 5700 C But 1f 

LSL was eIther ground very well or slowly cooled from melt. we could not 

notice these double transit10ns for the phase tranqfOrmatlon, and hence. 

we suspect that these two endotherms could be due to the Inhomogeneous 

mixing of LSL at Its preparat10n stage 
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temperature peak In (e) and the growth of dehydrdtlOn peak 

o around 166 C 
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Fig 4 8(b.c,d) shows the thermal behaviour during the DSe scans on 

bulk p1eces of QLlOO ' QL200 and QL300 The quench1ng and anneallng of 

o at 300 e, favoured an almost complete dehydra t lon compared to 

QL lOO and QL200 Also the second phase trans1tlon <)bserved in LSL. has 

d1sappeared, and the fust endotherm due to tl\(' phase trans1t1on at 

5520e. has sh1fted to h1gher temperatures upon 1 ncr (ase of quench1ng 

temperature . It 1S to be noticed that add1 t10na I endotherms have now 

appeared one at 3500e and another in the temperature range 530-5500e 

While the hump Just before the phase tranS1 t Ion In QllOO has almost 

merged W1 th the trans1 t10n o at 552 e, they are (1 f"a r 1 y seen as broad 

humps 1n the case of QL200 and QL300 The areas under both of these new 

endothermic features 1ncrease upon 1ncreas1ng the quenching temperature 

The DSe scan of QL300 powder stored at amb1ent for a few days (whose XRD 

pat tern resembles well that of monocl1n1c Stl ucture). exh1b1ts 

conSIderably altered events as shown in Fig 4 7e The dehydrat10n peak 

of th1S stored QL300 powder becomes very lnten<,(' .lIld the 1ntermedlate 

endotherms at 351 and 53Soe of QL300 , have now dIsappeared completely 

These changes are attr1buted to the inherent instablilty. due to 

pulver1zat1on of the phase stabilized upon quenchIng Release of 

1nternal pressure probably destab1llzes the CUhlC phase while 1ncrease 

of surface area results 1n mOlsture absorption 

[29] 
Recently D1 and Bakker have reported that on gr1nd1ng upto 60 

hours at ambient of the A-lS lntermetaillc compound Nb
3

Au 1n a 

high-energy ball mlll transformed to the high temperature Bee phase 

(ldentlf1ed by XRD studIes) DSe of this sample revPdled an exotherm1c 

peak around 730
0
e, correspondlng to a pha~~ trdnslt10n from the 

meta~table Bee to the A15 structure Such an exothermlc event 

C'hardc.terizlng the trans1t1on from cubic to monod i nlc phase was not 

a 

, 
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observed 1n the present case during thermal treat merIt However, the FCC 

phase stab1l1zed at ambient (by quench1ng) IS a thermodynam1cally 

metastable state and hence, 1t always tends to change to a stable one 

upon heat1ng through certain molecular relaxatlol1ll processes 
[JOa,JOb] 

• 

When QL
200 

was gradually heated upto 6500 C and cooled slowly the 

intens1ty of (111) reflectIon of FCC phase decreased on the other hand 

the 1ntensity of reflectIons belong1ng to thl" monoclInIC phase 

correspondingly increased These changes 1n IntLI1' Ity dur Lng the heatIng 

process along w1th the observation, of the dls~rpearance of the 

1ntermed1ate endotherms at 351
0

C and 535
0

e 10 the Oc,e scan of QL300 

powder aged at ambIent for a few days suggest that the endotherms at 

o and around 530-550 e are llkely to be a~sorldted wlth the atomIC 

m1grat1on tr1ggered by structure Thus these endothprms represent a two 

step destabil1zation of the CUb1C phase, and prov1des unequIvocal 

thermodynam1c characterization of the stabilized a-phase 

4 3 3 Electrlcal ConductIVIty 

4 8 presents the plot of log o-T versus 3 10 /T of QL
100 

and 

QL200 These results refer to measurements madp on ~amples after three 

months of the1r preparatIon QL IOO and QL200 showed a very hIgh 

conduct1v1ty (o-T) ~ 5 to 6 orders of magnitude hIgher compared to that 

of polycrystaillne LS' at 1000e The activatlOn energy of QL
10 

and 

QL200 are calculated to be 0 42 eY, and 0 40 eY respect 1 vely These 

values are very close to the earl1er publ1shed values of 0 . 43 ey[31,32] 

for polycrystall1ne a-L1
2

S0
4 

but much lower compared to 1 2 ey[33] and 

1 4 ey[3J for the monoclImc phase S10ce L1
2
eo! is soluble upto 10 

1 ~ th b h f L1
2

S0
4

[34J 1t mo e,. 1n e cu 1C p ase 0 1S 1mportant to note that the 

high conduct! V1 ty ach1eved by quench1ng 1S not due to the two phase 
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[35,36] 
composIte formatIon The hIgher conductlon md lower actlvatlon 

energy observed In these quenched systems are malnly due to the presence 

of hIghly conductlng a-phase stablllzed at ambient temperature 

InterestIngly, we could also stabilIze the FCC Ll;S04 by addItion of 2% 

Fe2 (S04)3 to 'LSA 

A comparIson of the conducti VI ties meaSUfl d 011 a {I E"shly prepared 

QL300 and on a QL300 stored for about three months revcalE"d that ~T of 

only the former but not the latter I s higher than t hose of QL100 and 

QL
200 

reflectIng that a maXImum amount of cubIc t)l\l~C is stabilIzed In 

QL300 But such an optIma 1 stabllization of cubl c phase at ambIent was 

found to be hIghly unstable and changes to a sta l(' of mIcrocrystallIne 

structure (havIng lower ~T compared to that of freshly prepared QL300 ) 

wIth the crystallIte SIZE" too small to YIeld a dlff.-ac.tlon pattern 

However, sInce no crystallizatIon peak (T ) wa', fOllll:! dur i ng the thf'rmal 
X 

scannIng by DSC, the structure is not truly amorphous eIther ThIS 

microcrystaillne sample with a structure lntermed la te between FCC and 

the non-crystallIne, transforms Into mono~ I In l( c;lructure In a 

non-reconstructIve way through the endotherms at 3500 C and 5JSoC WIthout 

showIng any T 
X 

4 9 shows the relatIon between 
J 

log ~1 versus 10 IT of QLJOO 

The conductl VI ty behaviour of thIS mIcrocrystalline s1.mple shows two 

ArrhenIUS rpglon (actIvation energIes beIng 1 1 J and 0 05 eV 

respectIvely) , the knee separatmg the two shlftlng to hIgher 

temperatures upon prolonged annealIng The lsothermal anneallng was 

performed at a temperature slightly hIgher than th( endotherm at J520 C 

for dIfferent perIods of tlme As a resull, the slope of the hIgh-
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temperature reglon change·, systematlcally from 1 13 pV to 0 18 eV. upon 

isothermal anneallng for perlods upto 24 hours 

By quenchlng the me It of LSL. we freezp bu t h the statlc and 

dynamlcal dlsorders of S02-
4 

sublat tlce at room temper a tur p unllke the 

case 1n Na
3

In
2

(P0
4

)3 compound where only statlc dl"'order 1S 
[24] 

frozen 

upon quenching from solid state (XRD of the~e phosphate samples have 

shown the changes only In the unIt cell volume as d result of this 

frozen-ln statlC dlsorder) Anneallng of QL300 relaxes thls d1sorder to 

produce a configuratlon. which optlmlzes the 
+ 

conduct lOn path for Ll 

ions Th1S opt1m1zatlon upon anneallng results 1n a lowf>r actIvatIon 

energy without changlng the magnItude of conduct1vIty sIgn1flcantly at 

o 
300 C 1 e • the number of 

+ 
LI ions lnvolved In th( (Onduction process 1S 

nearly the same Thus the nature of the conductIon process IS unaltered 

but the bottleneck' for faClle + L1 lon conduct lon, provlded by 

2-
orlentationally dlsordered S04 Ions. 1S removed upon mnealing. leading 

to hIgh conductIon wlth low actlvation energy <)f 0 IS EV 

4 3 4 Infrared Study of Molecular Disorder 

QuenchIng from the melt freezes the local 2-
motIons of S04 and the 

'stabIllzer" C02 -
3 

lons and the extent of tllP re~ultlng statlc and 

[26 18] dynamic d1sorder • would be reflected In the IR spectra Present IR 

spectral features do 1ndeed reveal 1nterest1ng molecular dIsorder 1n 

occurr1ng as an accidental trace Impurlly and 
, 
In the 

sublatt1ce of the FCC pha',e FIg 4 11 shows IR sp('ctra of QL
100 

• QL
200 

and QL300 at RT WhICh feature the internal mot LOn., (rotations and 

VIbratIons of and 

LI 0 

C02- as well 
3 

as the VI br d t Ions of H-OH and 
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Note the sensItlvlty of vI and v
1 

modes 

2-
and v3 modes of [03 to quenchIng 

temperature and the resultIng changes in envlronment Observe 

also the maXImum broadenIng of v3 In sample QL200 lndicating 

anion sublattlce disorderIng In cubic Li
2

S04 This sampl~ 

o quenched at 200 C has the hiRhest conductlvity 

400 
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z-To dISCUSS e0
3 

first, of the 
[37} 

four modes (D
3h 

symmetry) only Vz 
and v3 are predominant (v

1 
and v4 beIng very weak) , The Vz mode at 860 

-1 
cm (sInglet) and the v3 mode - a doublet. are very sensItIve to 

quenchIng condItIons Vz IS sharper and stronger In QL200 than 1n QL100 

and QL300 

1488 cm-1 

The asymmetrIc stretchIng mode V3 IS a doublet 

-1 
ln QL300 and at 1435 and 1480 cm ln QL 100 and 

at 1440 and 

QLZOO The 

last feature lS sensltlve to Tq • Its width lncreaslng as QL300 < QL 100 < 

QLZOO Dissolutlon of . LSL" in dIstIlled water resulted In a small 

Insoluble fractlon which upon analysls by XRD and IR spectroscopy turned 

The v3 band 
Z-splittIng of e0
3 

in the case of quenched 

sample IS qUIte complete (separatIon ~ 
-1 

50 cm ) compared to that for 

LI ZC0
3 

extracted 

[38 39) site-splIttIng , 

from 

or 

LSL. and thus 

perturbation of 

ascribable to eIther 

2-
e03 envIronment by 

(CUbIC) structure, leadIng to 1 ts molecular dlsorder No such di sorder 

was noted In the Raman [40] 0 spectra of L1
Z
e0

3 
upto 69Z e and thus the 

broadenIng of 
-1 

1480 cm component In QL100 and QLZOO IS a very strong 

eVIdence of 2-perturbatIon of the e03 environment by an FCC structure 

z-
stabIlIzed wIth S04 molecular orlentatlonal dIsorder In Q100 and QZOO' 

compared to that In QL300 in which the CUbIC phase IS unstable On the 

other hand, whIle a rIgIdly trapped 2-C03 would gIve rlse to a sharp u3 

doublet, the z-rotatIng c0
3 

radlcal should exhIbIt broadness ln the u
3 

degenerate stretchIng mode The broadenIng 
-1 

of the 1480 cm component of 

the u3 mode observed In QL100 and QLZOO thus reflect the rotatlOnal 

motlon of COZ- ions 
3 

A free sulphate 

(A1) at 981 
-1 

cm ,vz 

[37] 
lon (Td symmetry) has four fundamentals 

-1 -1 
(E) at 451 cm • v3 (T

2
) at 1104 em and v4 

-1 
at 613 cm In' LS the symmetry IS lowered by a slIght perturbatIon of 

Internal VIbratIons that remove the degeneracy of v2 ' v3 and v4 The 
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mtens1ty of v
1 

2-
of 504 1ncreases as QL300 « QL100 < QL200 

Th1S Raman 

actlvP symmetry mode 1n FCC L1
Z
50

4 
- shQ\.J£'d pxC'p ·,s anl"iotroplC 

broadenlng due to both 
[ 18] 

vlbrat10nal and orl~ntatlonal relaxatIons A 

comparIson of band wldth, lntenslty and asymmetl y of the band V3 In 

QL
100 

and QLZOO wlth those In QL300 confIrms the eXl ~ l enee of d i sordered 

2-
50

4 
sublat bee In the former relat I ve to the mlcro r ryc:;talllllL QL300 

supporting our conductlvlty results that QI,oo and QLZOO are 

hlgh-temperature plastIc phases wlth an actIvclllolI I IH rgy of - 0 4 eV 

+ 
for LI conduct1on 

It 1S well known that wh1le the IR band positlon~ are funct10ns of 

atomIC masses, the bandwldths are related to the charge densIty 

fluctuat10ns Ins1de the band region, here L-O and 5-0 bonds The 

increase 
2-

m v3 band-wldths of C03 
2-

and 50
4 

molecular groups as a 

funct10n of Increased conducti VI ty of QL 100 and QL .WO leads 

conclUSIon that the electronic charge dens1ty 1I\<,ld,' the bond reg10n IS 

to the 

+ 
being Influenced by the mobility of the Ll cations surroundlng them 

The h1gher conduct I vi ty of QL
100 

and QL
200 

and hen< e hlgher mobll i ty 

would lead to more broad(ning of co;-and 50~- hilltlw\dths when compared 

to those for QL300 

4 3 5 Electron 5p1n Resonance 

Electron sp1n resonallce 1S a spec1fic mlcroscoJllC probe \llth whlch 

to exam1ne molecular envlronments 1n crystaillne unci disorderpd systems . 

Under favourable clrcumstances, It 1S possIble to credte and stabil1ze 

paramagnet1c radIcals Wh1Ch may reflect certaln aspec ts of dynamICS -

which may be characteristic of the system 1tsetl Pre'senlly we descrlbe 

our efforts to stabilIze and ldentify molecular paramagnet1C' radIcals In 
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mel t-quenched LS, and disl~uss their formatlon WI th specIal reference to 

the CUblC structure and Li+ conductIon In qu('nc..hcd LS' ESR of 

z-C0
3 

(obtamed by the n ac t l on LI ZC03 + 

H
Z
S0

4 
followed by crysta l growth), I LSA" + 0 5 % L 1 i'OJ denoted as 

QAC
ZOO 

(0 5% LI
Z

C0
3

) ,WhlCh is furnace cooled from mel t have also been 

Investlgated for comparIson 

The ESR spectra of QL100 and QLZOO 
o (at RT and 130 C) are shown In 

FIg 4 12 The ESR signals look simllar In quenched samples, suggestIng 

a common orIgin for the paramagnetIc centre(s) involved A closer look 

reveals that the most promInent symmetric slgnal wltll ~ g = Z 0094 • 

IS ~ 

6 G wlde In QL
100 

whIle It IS ~ 7 7 G WIde In QL200 MIcrowave power 

saturatIon and thermal annealIng experiments have stlown that the Intense 

sIgnal In QL100 and QLZOO (1) monotonlcally Increases dnd (11) thermally 

o quite stable upto ZOO C «ompare Fig 4 . 12 (b) and ( ~ ) for QL
200

) These 

observatIons together wlth the absence of such a signal In X-IrradIated 

(41] 
unquenched Li ZS04 allow us to infer that thIS slgnal arlses from the 

CUblC structure stablllzed upon quenchlng 

SInce LIZC03 IS present In LSL as a congenltal 2-lmpurlty, C03 and 

SO~- are the posslble molpcular Ions that could undergo damage Yleldlng, 

in prlnclple, a varlety of paramagnetlc frap,m('nls 

We now submlt our arguments based on (1) 

comparlson wlth ESR spectra of relatetl compound~ and (Ii) probable 

formatlon pathways to identify the ESR spectra of QL 100 and QLZOO 

The ESR spectra of 2-
C0

3 
and furnace 

cooled QAC200 (0 5X LiZC03 ) are shown Flg 4 13 A comparison of the 

• 
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features In these three carbonate contaInIng systems 'WI th those of 

sensItIvIty of the paramagnetIc radIcal (~) I () the CI yc;talline 

enVIronment In WhIch It (they) IS (are) stabili/Id Thl' occurrence of 

two slgnals - one sharp and another weak-In furnarc-(oolpd sample could 

be taken as an IndicatIon of the stabIlizatIon of thc cubic phase along 

WIth the monoclinIc phlse, ~Ith the ratlo of tllelr IntensItIes 

suggestIng their relatIve abundances The present I of a slnglt> specIes 

In Ll
2

S0
4 

co;- and Its resemblance to the less lnten~e feature at 2 005 

In QAC
200

(0 5% LI
2

C0
3

) IS to be noted It IS to br observed that thls 

feature is conspicuously absent In X-lrrddldted L1
2

C0
3 

More 

Importantly, the mtense symmetrlc feature (6H "" 6 G) at g = 2 010 
pp 

compares rather well WI th the mtense feature of 01200 (FIg 4 lOb) 

Note also that QL100 , OL200 and QAC200 (0 5/ 1 I )( () 1) share common 

features around g "" 2 02 This comprehensIve compl! l~on ~hows that 

IS predomInantly Involved In the radIatIOn damage dt thc expense of 

- 2- [42] 
qUIte lIke N0

3 
at the expense of C0

3 
In calcIum cdrtJOnlte Thus one 

has to consIder the possIbIlIty of stabilIzatIon of CO;- based radlcals 

under varIOUS static md dynamIc condi tlon~ In VIew of the 

stabilIzatIon of the metastable CUbIC structure one has to consIder the 

lIkelIhood of the motions of paramagnetIc fragment (e g tumblIng of 

C02-) 
3 in accountIng for the observed IsotropIC LSH spectra of QL100and 

ConsIderIng that carbonate Ions are the mCl<...t S\l~( E'ptlble to X-ray 

contaInIng damage In LI
2

S0
4 

mechanIsms could operate 

as minor/major tmpuflty, the follOWIng 

, 



+ e ---~) C03-
3 

where hv
X 

1S the X-ray photon energy 

-

100 

An alternat1ve mechan i sm for COZ formatIon could be decomposItIon 

of LI
Z

C0
3 

to LIZO and CO
Z 

and subsequent electron capture . Of the three 

-specles, C0
3 

happens to be the most probable to form because of a slngle 

rather ea~y step of electron ejectIon (compared to electron capture of 

3- -C0
3 

and, dlssociation and electron capture for COZ ) 

- [431 While a statIonary C03 would give g-values Z 0058, Z 0084 and 

Z 0146, a dynamIc (rotat1ng/tumbl1ng) one would tend to gIve an averaged 

g-value of 2 009, In close agreement with our observation Furthermore, 

-
1£ C0

3 
IS rotating in Li

Z
S0

4 
matnx, then it is reasonable to expect 

Z- -C0
3 

to behave sImIlarly . The sharp ESR lIne of C0
3 

radIcal exhIbIts a 

broadenIng from 6 G to 8 G as the host Li ZS0
4 

matrlx 15 cooled from 300K 

to 77K, WIth anIsotropic g component conflrmlng the above InterpretatIon 

of "dynamic" C02 - [44a, 44b] 5 h t i i ltd f 1 3 . uc a rna r x so a e, ree y -rotating C0
3 

[45] 
radIcal 1n KCl was observed at 300K wlth a g-value of Z. 0113 WhICh 

upon cool1ng to 83K exhIbIt broadening from 3 . 7 G to SSG and fInally, 

at 77K SpIlt 1nto three an1sotrop1c components due to hindered rotations 

as the host matr1x contracts upon cool1ng That this radlcal 1S 

senslt1ve to quenching condlt1ons 1S seen from the dIfferent line wIdths 

of QL
100 

and QL200 It would be Interestlng to correlate the ESR results 

of X-1rrad1ated QL
100 

and QL
200 

w1th the IR spectra of these mat rials 
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The IR spectra give a well resolved doublet for th(' v
J 

mode of 
2-

CO
J 

(one 

of WhlCh lS optImally broadened showlng sensItIve dependence on 

quenchlng temperatures) indIcating conslderable d l sorder due to CO'?­
J 

motlon It IS observed that ESR spectra also reflect thIS aspect of 

motlon The reasonablE> posslblll ty of s tab1l1z1ng 

hlgh-temperature CUbIC structure of Li 2S04 
at dmbl( r11 wIth enhanced 

the 

+ LI -

conductlon seems to have been strengthened by the present ESR results 

4 4 CONCLUSIONS 

The high-temperature plast1c phase (a-phase) of 11 thium sulph;lte 

with FCC structure has been stabIlIzed at ambIent by programmed 

quenchIng of the melt, alded by a few percent of 1 lthlum carbonate Wh1Ch 

arrests the CUb1C to mOitOclln1C phase transformation The metastable 

phase thus obta1ned has been characterized by X-ray dIffraction (a = 

6 98 ~), d1fferential scanning calorImetry (endothcrml~ humps at 351 and 

o 542 C In QL
200

), AC electrIcal conductIv1ty, Infrar('d and electron spln 

resonance spectroscopy The nature of thIS stablll/Pd metastable phase 

is qUite sensItIve to quenching temperatures (lOa, 200 and 3000 C) DSC 

experIments provIde unequIvocal thermodynamIc characterlzat10n of 

a-phase Electr1cal conductlv1ty of thIS phase l~ ('nhanced by ~ 6 orders 

relat1ve to the insulating monoclinIc phase, wIth an actIvatIon energy 

{)~ 
of 0 4 eV, characterlstlc (. a L1

2
S0

4 
The mlcrocry~talllHe phase obtaIned 

o 
by quenchIng at 300 C shows a two-slope ArrhenIUS plot (1 13 eV and 0 05 

eV) wIth a knee separltlng them The actlvdtlon energy of the 

conductIv1 ty behaV10ur 1n the hIgh-tempera tUT E' regIon decreases 

systematIcally from 1 13 eV to 0 18 eV, upon prolonged Isothermal 

annealIng suggestIve of molecular relaxation Ipading tel the optimIzatIon 

+ of Ll conductIon paths lhe IR spectra reflect Uw qUE.nched-ln dIsorder 



by way of broadenlng peaks 
2-

characteristlc of 504 and the 

111 

stabllizer 

2-
C0

3 
ions The E5R spectra of quenched Li

2
50

4
, upon X-HradlatlOn has 

2-
given lnteresting microscopiC evidence of a dynamically dlsordered C0

3 

by way of an lntense isotropic (g ~ 2 009) spectrum charactenstlc of 

-the tumbling C0
3 

radical 
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5. ALKALI-TELLURITE GLASSES 

A. CRYSTALLIZATION STUDIES 

5 1 INTRODUCTION 

There is much current interest In the study of TeOZ-based glasses, 

because of their low meltIng temperatures, high refractive IndIces, hIgh 

dIelectrIc constants, and absence of hygroscopIC nature which limit the 

applications of phosphate and borate glasses 

Te02 by Itself can be transformed to glassy state only by emploYing 

ultrafast quenching techniques, or by introducing a network modifier as 

a second component Thus Te02 IS known to be a conditIonal glass former 

In the present investigation, a Te02-based glass 1S prepared with LI
2
0 

as a network mod1fIer 

There have been several recent reports on the synthesIS and 

propertIes of binary and ternary Te0
2
-glasses contaInIng + LI Ions from 

the point of VIew of IonIC conduction[l-4] BeSIdes the IonIC 

conductivIty was found to exhIbIt non-lInear varIatIon WIth 

composItIonal changes 
[1] 

glasses due to the mIxed 

former effect . 

Furthermore Te0
2 

readIly forms 
[5-7) 

glasses WIth transItIon metal 

OXIdes (TMO) such as V20
S 

and Fe203 In which TM ions eXIst In dIfferent 

valence states, and shows electrIcal conductl VI ty several orders of 

magnitude higher than s i licate, borate and phosphate glasses contain1ng 

the same amount of TMOs R N Hampton et al [8] have reported the 

dIelectrIC constant of pure teliurite glass and compared WIth those of 
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bInary glasses (33 ~03-67 Te0
2 

and 20 2nCl
2

-80 Te0
2

) It was found that 

the dIelectrIc constant of the bInary glasses are close to that of the 

parent (Te02 ) glass IndIcating that the polarizabiity of Te0
2 

IS largely 

responsIble for the dielectrIc behavIor of bInary tellurite glasses 

Kumar [9) and Mansingh have measured the optIcal and electncal 

properties of amorphous Te02 films The DC conductivIty plot In the 

temperature range 77-500 K exhibits a non-lin~ar behavIour at the low 

temperatures and an Arrhenius behaviour at high temperatures 

In Spl te of such a large number of Investigations on electncal 

propertIes, llttle attention has been devoted to the understanding of 

the crystalllzation phenomena in Te02-based glasses The knowlel b e of 

the crystallIzatIon process 1S Important In the search for glasses wIth 

high resIstance towards devitrification and for fabricat1ng 

glass-ceramIcs through controlled crystallIzation Recently however, 

Kamatsu et al [10] have reported the crystallIzatIon behavIour of 

Te02 -LINb03 glasses by examInIng the phases uSIng X-ray dIffractIon 

after dIfferent thermal treatments 

Cachau-Hernlat et al (11) reported two vanetIes of Li
2

0-2Te0
2 

slngle crystals character1zed by two d1fferent structures one 

monocllnlc and the other orthorhombic . At elevated temperatures, the 

metastable monoclInIC crystals undergo IrreverSIble transformatIon to 

th~ thermodynamIcally stable orthorhombIC phase 

In this chapter the results of our Invest1gatlon on the eutectIC 

glass compOSItIon 30 L120-70 Te02 - a composltlon very close to that of 
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single crystals prepared by Cachau-Hernllat et al (11] are reported 

The Objectives of the present work are (a) to determIne the kinetlcs of 

crystallizatlon using differentlal scanning calorimetry (DSC). (b) to 

characterize the crystalline phases formed In freshly prepared and 

stored glasses subjected to different thermal tn a tments, uSlng powde r 

X-ray diffract i on. and (c) to measure the lonlC conductlvlty of glassy 

and crystalllzed samples ThIs investlgatlon also focusses on related 

issues such as the ease of glass formatlon. thermal stablllty of glass 

and the effects of crystallizatlon on electrlcal conductlv i ty 

5 2 EXPERIMENTAL 

The pseudo-bInary phase dlagram of the L1 20-Te0
2 

system was 

investlgated using dIfferentIal thermal analysIs (DTA) with a home-bullt 

stalnless steel OTA apparatus «-A1 203 powder was used as the reference 

material The temperature changes associated Wl th thermal transitions 

were monItored by a differential. chromel/alumel thermo~ouple The 

apparatus was calIbrated by measurIng the phase trdnsltion temperature 

of LI
2

S0
4 

H
2

0 (S7SoC) The heatIng rate was controlled to lSoC/mln by 

proper adjustment of the power input to the vertIcal furnace and 

the precIsIon of o the temperature measurement was ± 3 C 

Ll 2CU3 (Alfa) and Te02 (BDH) were used as starting materIals for the 

glass preparatIon The mlxture was melted in an electrlcal furnace uSIng 

a hlgh pure alumlna crucIble Sufficlent tIme was allowed for the melt 

to become VISIbly homogeneous and bubble-free The crucIble contalnlng 

the melt was constantly agltated to ensure homogeneous mIxlng The 

greenIsh transparent glass was obtaIned by quenchlng the mel t between 

thick staInless steel plates 

• 
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The thermal behavlour of the gldss was investlgated uSing Du Pont 

9900 Dlfferential Scanning Calorimeter (DSC) Measurements were 

performed In an argon atmosphere on glass powders of mass 20 mg, 

encapsulated between aluminum pans The kinetics of crystalllzation was 

investigated uSing DSC by recording the scans at heatIng rates of 2 S, 

5, 10, 20, and 400 C/mln The temperature was callp rated and the cell 

constant of the instrument determlned for each heating rate on the baSIS 

of onset temperature of the endothermal peak and the enthalpy recorded 

dur i ng meltlng of hIghly pure (5N) Indium 

The products of crystalllzation as reflected by DSC-were further 

character i zed by X-ray diffractlon after subjecting the glass samples to 

isothermal annealing for SUitable perlods at temperatures correspondlng 

to the different stages of crystalllzatlOn Th(' X-ray dlffractograms 

were recorded at room temperature wlth a SeIfert X-ray powder 

diffractometer uSlng Nl fIltered Cu K~ radlatlOn at 1 20 /min in the 

o range 5-80 Data analysIs was done USIng the '·PO\.lO" program 

Two-termlnal AC electrlcal conductivity measurpments were performed 

both o on polished bulk glass annealed at 200 C for about 3 hours, and on 

the slntered glass-ceramics prepared by pelletiz i. ng the crystalllzed 

glass powder 2 0 (p = 5 tons/cm ) and heatlng at 400 C for 10 hours The 

purpose of sintering was to increase the mechanical strength and to 

reduce the intergranular resistances Thick platinum fOils spot-welded 

with platinum wires servlng as blocking electrodes, were attached to 

opposite faces of samples uSlng organa-gold paste which was decomposed 

o and hardened by gradually heating to 200 C 

l 
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The bulk DC conductivItIes of these samples were derIved from the 

complex admIttance analysIS at each of the several te~peratures In the 

range over the frequency range 100 Hz - 60 KHz using 

indIgenously bUIlt AC conductIvity meter (see Chapter 3) 

5 .3 RESULTS 

5 3 1 Phase Diagram 

The phase dIagram of the pseudo bInary system Li
2
0-Te02 obtamed 

from the DTA scans on selected composition is shown 10 Fl g 5 1 One 

deep eutectIc region was identified from the above dIagram and the 

eutectic point corresponds to a composItion 30 LI
l

O-70 Te0
2 

An earlIer 

t d 
[12) 

s u y however, reported the eutectIC pOInt corresponds to the 

composl tlOn 25 L1
2
0-75 Te0

2 
This difference is probably due to the 

dIfference in the purIty of the chemIcals ubed The eutectlc regIon 

observed in our phase dIagram exactly coincides with that In the 

(13) 
system , 

532 Thermal BehaVIOur by DSC 

A typical DSC trace of 30 L1
2
0-70 Te0

2 
glass powders recorded at a 

o heating rate of 10 C/mln IS shown In Flg 5 . 2a Of the four thermal 

events observed, the fIrst one appearing as an endothermlc hump is the 

glass transltlon, aralslng from an abrupt InCreaS(' 1n speCIfIC heat due 

to the lIqUId type long range diffUSIon The three remaining exothermIc 

events correspond to crystallIzatIon processes The powdered glass 

heated beyond thud exothermic peak got completely crystalllzed and dId 

not show any crystallization peaks during subsequent heating scans 
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FIg 5Zb presents the DSC trace taken on a bulk rlass It consIsts 

of an endothermIc glass transItIon peak follow0d by two crystallIzatIon 

eXotherms . The maIn dIfference between the two lhcrmograms (FIg 5 .Za) 

is the dIsappearance of the thIrd, weak, hIgh temperature exotherm In 

the bulk glass Also, the crystalllzation peak". hvJf' now shIfted to 

hIgher temperatures ThIs crystallized bulk sample was crushed to fIne 

powders of 150 mesh SIze and subjected to a second t hf'rrral scan upto 

5000C The DSC trace of thIS sample is shown In rIg 5 2c lo conslst of 

only one exothermIC peak This exotherm appears .Ipaln on rescanning the 

crystallIzed bulk sample after being ground to powder 

533 Crystalllzatlon KInetics 

Fig , 5 3 shows the evolution of DSC exother m". of the first stage 

crystallizatIon upon IncreasIng heatIng rates for the glass powder It 

is seen that the crystallIzatIon temperature Increases WIth Increase In 

heatIng rate and the peak height increases by the same factor 

suggesting that the crystallIzatIon IS an actIvated process The 

actIvation energy of the crystallizatIon kInetIcs of the fIrst 

crystallIzatIon peak was evaluated uSIng non-lsoth0rmal methods 

Many authors have used the Johnson-Mehl-Avrami (JMA) equallon to 

examIne the kinetIcs of non-isothermal crystallIzation process As thIS 

equation was baSIcally derived to analyze the Isothermal crystallIzatIon 

data, several condItIons wIll have to be 
[ 12] 

satisfled for the 

appllcabillty of thIs equallon to the analysis of the non-Isothermal 

crystallIzatIon process One of the condItIons, that the volume fractIon 

of the crystal x transformed at 

• 

crystallIzatIon pc.lk temperature T 
p 

1S 

around 0 60 to 0 63 can be used as a cursory check for the valldlty of 

• 



o 
>< 

w 

3 
o -.~ 
~ 

•• .J 

o 
()) 

:r: 
o 
-0 
C 

W 

270 

10mW 

2·5 

290 310 
o 

Temperature ( C) 
330 

40°CAnin 
20 

350 

Fig 5 3 The exothermal curves of the first st Ipl c rystalli za tlon of 

powdered 30 L1
2
0-70 Te0

2 
glass for variouc., hC''lllng rates 

• 



122 

the 1nterpretat1on of non-lsothermal crystalllzation ddta 1n terms of 

the x at T for 
p p 

the JMA equat10n Slnce In thls present 1nvestlgatlon, 

all heating rates had values outs1de the range 0 60 - 0 63, we decided 

to analyze our crystalllzatlon data based on the following 

[13 14] equations ' _ 

In a = 1 052 mE 
nRT 

- ! In [-In(l-x)] + const 
n 

(1) 

In = - 1 052 
mE 
RT 

p 
+ const (2 ) 

where x, defined above, 1S obtaIned from the ratIo of partial area to 

the total area 1S the heating rate, E is thp activatlon energy for 

crystal11zat10n, R 1S the gas constant, T and T are the temperatures in 
p 

Kelvin, and, m and n are the numer1cal factors depending on the 

crystallization mechanism ExpresslOns (1) and (2) are the so-called 

modified Ozawa and modified KIssinger equat10ns respectlvely . 

Since 1t 1S known that the x at T - In the DSC curves 1S almost 
p p 

independent of heating rate, equation (1) should apply for the peak 

tempera ture a 1 so . Hence the plot of In a agaInst 11 I should g1 ve a 
p 

straight l1ne w1th a slope of (m/n)E F1g 5 4 shows the plot of In a 

versus lIT from Wh1Ch (m/n)E 1S obta1ned as 434 7 kJ/mole To extract E 
p 

from thIS, the rat10 (min) should be known 

-

Flg 5 5 shows the relatIon between In[-ln(l-x)] and In a, for two 

d1fferent temperatures Accordlng to equat10n (1), the slope of these 

Ilnes give the parameter n An average value of n - wa~ found to be 1 3 . 

Th1S value together wlth the observat10n that powdpred glass has a T 
p 

lower than that of bulk glass for aJ healing raU., employed, suggest 
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the poss1ble value of the parameter m to be 1, (from Table I) These 

results thus support a surfac~ nu\leat10~ mechanIsm accordlng to WhlCh 

T IS t Ii 1 

rowth proceeds one-dimensionally into the bulk 

Using these values of m and n along Wl th thf' value of (m/n)E 

obta1ned from the plot of Fig 5 4, E was evaluat(j 10 be 565 kJ/mole 

Fig 5 6 shows plots of In[-ln(l-x)] against liT for varlOUS 

heat1ng rates The plots are llnear over a reasonably large range of 

temperatures with a sllght change in slope at hlgher temperatures for 

all heat1ng rates Such a non-linearity at hlgh temperdtures was also 

[17 18] 
reported for chalcogen1de glasses' Generally thlS break 1n slope 

1S attr1buted to the saturat10n of nucleatlon Slt('S In the flnal stages 

[ 19) 
of crystall1zat1on or to restricted crystal growth due to small Slze 

of the partlcles 
[20] 

The slope mE was calculated from the hnear reglon of the plot 

In [-In (l-x) ] versus liT From the values of m dnd mE obtalned by 

consider1ng all heat1ng rates, the average value of E was deduced 

as 556 kJ/mole 

In (o:.n IT2) lS 
P 

5 7 shows the Modified Kiss1nger's plot ln WhlCh 

plot ted agamst liT 
P 

If the value of n 1S known, the slope of thlS plot 

should glve the activatlon energy £ The value of f lhus determlned from 

th1S plot 1S equal to 549 kJ/mole It 
• 1S seen that the activation 

energ1es for crystall1zatlon k1net1cs est1mkted from the mod1fled Ozawa 
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TABLE I 

Values of nand m for various cryst~lllzatlon 
[17 ] 

mechanlsms 

----------------------------------------------------------------------

Mechamlsm n m 

----------------------------------------------------------------------
Bulk nucleation 

three-dlmenslonal growth 

two-dimensional growth 

one-dimensional growth 

Surface nucleation 

4 

3 

2 

1 

3 

2 

1 

1 

----------------------------------------------------------------------
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and the modified-KIssInger methods are very clo..,e lndeed (average of 

three Independent determlnatlons = 553 ± 6 kJ/molt ) 

5 3 4 Crystall~zat~on Stud~es by X-ray D~ffract~on 

FIg 5 8 presents typlcal powder X-ray dl {f r <1' t 10n (XRD) patterns 

of as-quenched and heat treated glasses under d i ff~rpnt condItIons The 

XRD pattern of glass powder (Flg 5 8a) showed the absence of 

crystalline peaks. characterIstIc of amorphous phase. whlle that for 

glass In bulk or powder form when annealed Isothermilly at the flrst 

exothermal peak temperature for about 5 min (J l~ 8b) revealed sharp 

diffractlon llnes The lntense peak (peak '0') at 2() 
o 3 (28) belongs to 

the orthorhombic phase whIle the remainlng llnes (labeled 'X') are 

attributed to an unknown Intermedlate phase Upon hpat treatment of the 

bulk glass speclmen after the second crystalllzation event of Flg 5 2b 

(annealed at 4100 C) for about 10 hours (Fig 5 8c), all the diffraction 

lines X, have dlsappeared except the peak '0'. suggesting that the 

unIdentIfIed phase asso< lated with the flrst exothermal peak has 

disappeared and a new phase has appeared without affectIng the amount of 

orthorhombIc phase The dIffraction peaks (labeled 'M') correspondlng to 

thls metastable phase could be Indexed In term~ of a monoclInIc 

structure "11th the lattlce parameters a = 10 ?91 ~, b = 4 710 ~,c = 

10 832 ~. and ~ = 1090 57' The Indexlng of the powder pattern of thIs 

phase lS shown in Table II 

The XRD pattern (FIg 5 8b) of glass powder heat treated after 

thud exothermlc peak o 
at 410 C for about one hour suggests tha t the 

metastable monoclinlc phase mlght have transformC'd to the equlll bnum 

orthorhomblc phase But the transformation was found to be Incomplete A 
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TABLE II 

X-ray powder dlffractlon data for monocllnlc phasl 

deal ~ h k 1 

-
4 133 4 133 75 1 1 1 

-
3 597 3 610 36 103 

3 220 3 232 5 3 a a 
-

3 137 3 179 11 212 

3 048 3 048 11 1 1 2 

3 013 3 005 20 2 1 ] 

-
2 730 2 738 100 213 

2 . 495 2 481 5 1 1 3 

-
2 449 2 439 12 J 0 

-
2 309 2 312 4 214 

-
2 151 2 153 3 122 

2 132 2 133 2 3 1 2 

1 870 1 873 6 015 

-
1 824 1 821 8 323 

-
1 781 1 780 5 106 
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prolonged heat treatment at 4100 e, mlght assist complete phase 

mod1f1cat1on ThIS phase transformation 1S favour! donI y when the heat 

treatment was performed on powdered glass, but nol on the bulk glass 

spec1men . The reason, for thlS phenomenon is not cl~ar at present 

In order to obtain some lnformat1on on the stab11lty of glJss upon 

long-term storage at ambIent, calorimetrIc and di ffr clctlon experiments 

were carrIed out on 30 LI
Z
O-70 Te0

2 
glass stored for sbout 10 months at 

300 e In a des1ccator Fig 5 9 represents the Dse trdce recorded w1th a 

heatlng rate o 
10 e/mn and FIg 5 lOa, the XRD pattern of this aged glass 

isothermally annealed for 5 mIn at the flrst cryc..;tclll1zatlon peak 

temperature 

Upon annealIng o thIS aged glass crushed Into flne powder at 410 e, 

for about 10 hours the metastable to stable pha<>f' transformatIon was 

complete The XRD trace of thIS fully crystalllLed product is shown In 

Fig 5 lOb All reflectIons can be indexed on the baSIs of an 

orthorhomb1c cell w1th lattIce parameters a = 5 178 ~ b = 8 142 ~ and c 

= 23 939 ~ Table III presents the Index1ng of t.tle diffraction pattern 

of thIs orthorhombIc phase 

The lattice parameters obtained for the monocl1nlc and orthorhombIc 

phases crystalllzed In tellurl te glass agree well with those reported 

[ 111 for Li 20-2 Te02 single crystals 

5 3 5 Conductlvlty Measurement 

Flg 5 11 presents the effects of crystall17cltion on the electncal 

propert Ies of the glass by compar ing the tempera ture dependence of 

• 
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TABLE III 

X-ray powder dIffraction data for orthorhombIc phase 

h k 1 

-------------------------------------------------------------------
4 375 4 369 100 110 

3 486 3 515 34 1 a 5 

3 414 3 420 22 007 

3 069 3 092 14 122 

2 921 2 946 27 116 

2 811 2 809 5 018 

2 . 571 2 569 8 033 

1 914 1 917 8 1 2 10 

1 866 1 862 7 1 0 1L -
1. 814 1 815 5 1 1 12 

1 748 1 745 10 235 
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conductIvIties of glassy and crystallized samples The crystallIzed 

specimen wIth orthorhombIc structure used In the measurement was 

obtaIned by o annealIng the glass powder at 410 C for about 10 hours the 

XRD pattern of WhICh is shown in FIg 5 lOb 

5 4 DISCUSSION 

The eutectIc composItion 30 L120-70 Te02 determIned from the phase 

dIagram exhIbits lower mel tlng pOInt, WhIch possesses more resistance 

towards devltrIflcation than other compOSItIons, away from the eutectIC 

When the molten liqUId IS transformed to solId by quenchIng, the 

possibIlIty of formatIon of glass, however,rests entIrely wIth the 

process of crystallIzatIon The preCIpItation of crystals Involves 

nucleatIon and growth, as a result of rearrangement of partIcles (atoms 

or ions), requir ing suff ICIent thermal energy to overcome the energy 

barrIer WhICh Impede these rearrangements 

A quantI tative measure of thIS thermodynamIC barrIer for 

crystallization IS provIded by the relatIon ~S = ~U IT where ~U 

enthalpy change ~s 
m 

[21 ] 
melting , WhICh 

the entropy change 

ImplIes a hIgher 

m m m m 

and T -the temperature 
m 

reconstructIve entropy 

IS the 

of the 

at T 
m 

(lowest) for the eutectic compos 1 tion Hence a larger kInetIc barrier 

eXIsts to nucleatIon and crystal growth leading to a more favourable 

condItion for the eutectIC compOSItion towards glass formatIon 

The thermal behaviour of the glass correspondIng to the eutectIC 

compos I tion is revealed by DSC to have a three-step crystallI7atlOn 

process for powdered glass (FIg . 5 2(a)), and a two-step crystallIzatIon 

process for bulk glass (FIg 5 2(b)) When the crystallIzed bulk glass 
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IS ground and rescanned the thIrd hIgh temper~ture ~xo t herm (Flg 

5 2(c) appears agaln (see later) . 

The extensIve analysIs of the fIrst stage non-Isothermal 

crystallIzation kInetIcs by three different melhods has yielded a 

value 556 ± 6 kJ/mole for the activatIon energy (E) for crystallIzatIon 

ThIS value of E IS much larger than those reported for slilcate glasses 

330 kJ/mole for L1
2

0 SI0
2

{22] and 249 ± 10 kJ/mole for 1120 25102[23] 

When a glass IS heated beyond the glass trtln..,ltlon temperature, It 

becomes ki netlcally capable of crystallIzIng through a 

nucleatlon-and-growth process Usually the nucleatIon rate in glass 

reaches a maXImum at a temperature somewhat higher than the glass 

transition temperature and then decreases rapidly with temperature The 

rate of nucleatIon IS observed to be maximum at a temp~rature well below 

the temperature at WhICh the growth rate reaches maximum In addItIon, 

due to the rapId rIse In temperature and the large dlfference between 

the latent heats of nucleatIon and growth, 
[24) 

It was suggested that the 

crystallIzatIon exotherm In a non-Isothermal measurement maInly 

characterIzes the crystal growth Thus the calculated E represents the 

value of actlvatlon energy for crystal growth The rate of growth, 

however would be controlled by the rate at WhICh the glass particles are 

beIng sorted out and alIgned to form growIng crystals 

The growth rate u can be expressed [2Sa.2Sb] as 

u -- const exp (-E/RT) [l-exp(~G/RT») 

= u exp (-E/RT) 
o 

where fjG IS the bulk free energy of crystalllzdtion and E IS the 
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act1vat1on energy for crystal growth If the crystal growth 1S 

controlled by dIffusIon at the temperature range ,tudled, 1 t wIll be 

Influenced by the coeffICIent of VISCOSI ty 1) and Its dependenc.e on 

temperature Hence the actIvatIon energy E for crystal gro~tp should be 

related to that for viscous flow over a SlmIlar temperature range The 

ViSCOSl ty again depends upon the structure of glass network Ac; the 

temperature Increases from T , 
g 

the ViscoSIty decreases In a dIfferent 

manner for dIfferent glass systems Thus the hlghpl actIvatlon energy 

for crystal growth in the 30 L1
Z
O-70 TeO

Z 
glass ImplIes the hIgh 

actIvation energy for VIscosIty around the crystallIzatIon temperature 

Unlike 1n borate and sl11cate glasses, the addltlon of the network 

modIf1er such as L1
2

0 to Te0
2 

1ntroduces non-blldglng 
[26,27] 

oxygens 

(NBO's) leadIng to the d1sruptlon of the glass-form1ng network, thereby 

reducIng the viscosity From a structural point of view, therefore, the 

present hIgher actl va hon energy for crystal growLh than for silIcate 

glasses, explains such a decrease 1n ViSCOSIty and thus the tellurlte 

glass tends to be less stable, that is more prone Lo crystalllzatlon 

than sillcate glasses, 1n hne with the resulls obtaIned on ZBL 

glassec.., (28) 
where 

the modIfIers (AlF3 and LIF) reduced the activatton energy of the parent 

ZBL glass leading to more stable ZBLALi glass Introduct1on of another 

modIfIer such as A1
2

03 Into the 30 L1
2
0-70 Te0

2 
glass may Increase the 

stablll ty, by Increas1ng the VISCOSIty 1n the crystalllza tion 

temperature range to some extent, because of IonIC 3+ bondIng of Al to 

NBOs leadIng to a decrease i n the number of NBOs 
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The temperature gap flT=T -T 
c g 

observed as 47°C - a conslderably 

lower value than for (100-x) Te0
2
-x L1Nb03 

[ 10 J glasses wlth x = 20 and 

3D, havIng T In o the range 150-170 C also suggest a lower stabillty of 

the present glass system 

The comprehens1ve X-ray diffraction studles (Flg 5 8(a,b,c,d)) on 

freshly prepared glasses subjected to var10US heal-treatment procedures, 

have establ1shed three d1stinct crystall1ne phases at d1fferent stages 

of crystal hza tion Thus the flrst exotherm of DSC spectra represents 

thE' slmultaneous growth of a minor orthorhomb1c phase, and a mInor, 

unknown Intermed1ate phase The second exotherm 1S as~oc1ated w1th the 

d1sappearance of the unknown phase grown dUrlng the flrst stage of 

crystall1zat1on, and the appearance of the metastable monoclinic phase 

F1nally, the th1rd exotherm1c event refers to the irreversible phase 

transformat1on of the metastable monocl1nIc phase to an orthorhomblc 

structure Wh1Ch 1S thermodynamically more stable 

The DSC and X-ray diffraction results (Figs 5 9 and 5I0(a,b)) on 

glass samples aged at amb1ent and subsequently heat-treated under 

different cond1t1ons have thrown 11ght on structural and thermal 

stabIh ties A compar1son of the amount of orthorhomb1c phase 

crystall1zed due to fIrst exothermIC peak in FIg 5 lOa and the ratIo of 

the areas under the second and the fIrst crystal hzatlon peaks In the 

DSC spectra of FIg 5 9 obta1ned for aged glass • speCImen to those 

presented for freshly prepared glass samples 1n F1g 5 8b and FIg 5 2b 
• 

leads to the SIgnIfIcant conclusIon that prolonged sLorage of 30 L1
2
0-70 

Te02 glass speCImen favours a structure, induced by relaxatIon, WhICh 

can preCIpItate a major, stable orthorhombIc phase along wIth a mInor, 
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unknown Intermediate phase, compared to freshly prer>ared 30 LI Z0-70 

The bulk lonic conductivities deduced from the admlttanre 

measurements on both the glassy and the crystallized ~amples exhlblted 

ArrhenlUS (log (]' versus 10
3
/T) behaviour The polycrystaillne sample 

exhlbl ts lower conductl vi ty and hlgher actl Vd t lon energy compared to 

those of glassy sample While the actlvation energy In glass can be 

+ attrlbuted only to the migratlon Ll ions, in polycrystaillne samples It 

includes the energy necessary for 
+ the mlgration of 1 1 ions as well as 

for the creation of defects in the orthorhomblc crystallIne phase 

5 5 CONCLUSIONS 

The eutectic composltion 30 Ll
Z

O-70 TeOZ in mole ratio Identlfied 

from the phase diagram of the system LI
2
0-Te0

2 
is prepared as glass and 

1 ts thermal and electrIcal behavlours are Invest IgatE'd In detall The 

essentIal conclusIons that may be drawn from thIS InvestIgation are 

(a) The thermal behaviour of this glass studied lhrough DSC reveals two 

and three stages of crystallizatlon for the bulk and powdered 

glasses respectively, 

(b) The study of non-lsothermal crystalllzat Ion k wet 1 cc; suggests a 

surface nucleatIon mechanism for the devitrification process 

(c) The hIgher activatlon energy for crystal growth estlmated for thIs 

glass compared to sIlicate glasses suggest thdt the former IS less 

stable and more prone to crystallIzation, 

(d) The main crystallIne phases emerglng out of the glass upon heat 

treatment as Identifled by X-ray dIffractIon ~tudies are the 

IntermedIate unknown phase, the metastable monoclInIc and the 
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stable orthorhombic phases The final cry~lalllzed product was 

found to possess a monocllnic structure when lhe heat treated glass 

was In bulk form but an orthorhombic structure when the glass was 

crushed into fIne powder, 

(p) Wlth reference to the freshly prepared gl" ....... the aged glass 

contains larger fractions of the orthorhomblc phase precipl tated 

durIng fIrst stage crystalllzation glvlng some clues about the 

effect of prolonged storage on the stabIlity of the glass structure 

and 

([) The crystalllzed product exhIbl ts lower cond\Jct 1 v 1 ty and hIgher 

activation pnergy compared to those of the uncrystalllzed glass 

• 



B MIXED-ALKALI EFFECT STUDIES 

5 6 INTRODUCTION 

Many physIcal properties of oxide glasses show non-lInear behaviour 

as a function of alkali content, if one alkalI type IS gradually changed 

for another alkali ion type This behaviour IS referred to as the mIxed 

alkali effect It has also been called the I neutrallza tlon effect or 

"poly-alkali effect ·, This mIxed alkalI (MAl effect is found to be more 

pronounced for properties associated with alkali Ion movement such as 

electrical conductIvIty, IonIC diffusion, dlelectrlc relaxatIon and 

internal frlctlon[29,30] In marked contrast, other propertles such as 

bulk density, molar volume and refractive Index show such small 

devlat i ons that theIr varIation with composltion can be consIdered 

"normal' For example Fig 5 12 shows the change In molar volume of 

[30] glasses to be nearly 'normal', but the 

departure from addItlvlty for the electrlcal conductlvlty of these 

glasses, is nearly fIve orders of magnltude exhlbltlng a minimum at 

LI/(K+Lil ~ 0 5 The actlvation energy and the pre-exponential factor 

(FIg not shown), both rise to maXImum values correspondIng to the 

minimum in the conductivIty 

This behavIour for propertIes related to alkall lon movement IS 

essentIally independent of the glass-forming oxide, belng observed In 

sillcate, borate, borosilicate phosphate and germanate glasses Further 

more the changes In propertles typical ot MA effect In glasses have also 

[31 32] [33] been observed in mol ten salts ' ,porcelaIns and crystalllne 

[341 materials contalnlng mlxtures of alkalI Ions Thus the presence of 

dissimIlar alkali ions appears to be more Important than whether the 

structure IS vItreous or crystallIne . However, no data are avaIlable on 
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single crystals conta1ning a mixture of alkalIs 1n SOlld Solut1on It 1S 

also not un1que to only m1xed alkalI systems Indeed It IS observed In 

+ + . [35] --mixed glasses containing Ag and Tl catIons and also F and Cl 

anIons 
[36} 

The object of understandmg the MA effect is to determ1ne what 

relatlonsh1p(s) - If any - eXIst between the observed anomalous phYSIcal 

changes and the glass structure 

5 . 6 1 IonIc DIffuSIon 

Slnce propertIes whIch show largest departure from addItIv1ty are 

d1rectly related to alkal1 Ion movement, It IS more Important to 

understand the alkali dlffuslon as a function of compOSItIon 

The magnItude of the change In alkali Ion mobIlIty In mixed alkalI 

glasses. varies dIrectly with the second alkali One of the most 

significant features of MA effect is the "mobility cross- over at some 

part i cular alkall rat10 TYP1cal dIffuSIon data for (1-x)Na
2
0-x Rb

2
0-3 

[37] 
5102 glasses are shown In Fig 5 13 As a result of the cross-over 

the mobillty of the more mobIle lon passes through a minlmum. whereas 

the mobIlIty of the less moblle lon goes through a maximum . Whlle the 

indlvidual alkalI Ion diffusion coefflclents do not exhIbit large 

departure from additivIty. as shown by the da~hed Ilnes In FIg 5 13. 

the departure from addltlvity for the mobIlIty of eIther the faster or 

slower movIng Ion IS qUIte large 

The alkali ratIo corresponding to the cross-over pOInt. where both 

alkali ions have the same mobllity (dlffuSlon coefflclents) IS usually 



u 
o 
C> 
C> 
~ 

•• o 
, .. 

.. ,. 
• 

u: 
l..u 
o 
u 

z 
o -
If) 

::J 
LL 
LI_ 
-o 

-
.....J 
<{ 

~ 
.....J 

<1: 

-8 

-9 

-10 

-11 

-12 

a 

/ 
/ 

/ .. 
/ 

0.2 

/ 
/ 

/ 

'\ 0 ~ 
~ fast / 

/ 
/ 

" > 
X 

0.4 0.6 

Rb 
0.8 

Na+Rb 

to 

F~g 5.13 Composi bon dependence of tracer dlffusion coefflcients at 

400°C ln [(l-x) Na
2
0-x Rb

2
0]-3 5i0

2 
glasses Cross-hatched 

[37] 
curve dpnotes lon havlng larger diffuSion coefficlents 



134 

not found at equal concentratlons of the alkal1 ions but 1S a funct10n 

of 

(1) the type of alkall lons present, 

(2) the total alkall concentratlons, 

(3) the glass former, and,ln certain cases,and 

(4) temperature 

[38] 
In (Na

2
0-K

2
0) -35i0

2 
glasses the cross-over occurs at Rbi (Na+Rb) = 

o 73 

5 6 7 Electrical Conduct1vity 

The property which shows the largest MA effect IS the electrIcal 

conducti vi ty Electrical conduction IS of course due to alkal i lOn 

migration and is a measure of the alkali ion mobility The mInImum In 

conduct1vlty and the maximum in 

[39] 
glasses 

actIvatIon 

are shown 

energy for 30 

1n 5 14 The 

conductiVIty mInImum was observed at Na/(Na+Ll) = 0 6 and the actIvatIon 

energy also exhIbIted ItS maXImum at the same compos1tl0n A systemat1c 

t d 
[40] f s u y 0 the electrIcal conducti VI ty of 

(R; Li, Na, K and Rb) glasses revealed the follOWIng typIcal features of 

the MA effect In electr1cal conductIVIty 

(1) the magnItude of the departure from addlt1vlty IS a functIon of 

the alkalls present, increaSing as the SIze dIfference 

Increases and 

(2) the POSItIon of the maXImum is usually not located at the 

compOSItIon contaInIng equal concentratIons of the two alkali 

ions, and is also a functlon of the c,17e dl fference of the 

alkalis 
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Qualitatively, the mInImum In electrIcal conductIv1ty follows the 

dIffuSIon coeffiCIent of the more mobIle 10n d~ shown by the 

CI oss-ha tched curve in FIg 5 13 In the compos 1 tion regIon near the 

Cross-over point, both lons contr ibute to the conduct 1 v i ty but Wl th a 

much lower moblllty than In the end-member glasses Thus the dependence 

of the magnl tude of the mlnlmum in conduct 1 vlly upon the second alkalI 

can be accounted for by the composl tIonal dependence of the alkall 

dIffUSIon coeff1clents 

5 6 3 MechanIcal RelaxatIon 

EVldence of 10nic decoupllng 1S graph1cally 1llustrated In the 

internal frlctlon (delayed elastlcity) effects FIg 5 15 shows data for 

141] 
Li/Na trislllcate glasses Upon the addltion of a second alkal1 to 

the fust type, (1) the smgle alkall peak present onglnally becomes 

rapIdly smaller and the peaks shIft to hIgher tempE'ratures, thereby 

lncreaslng its actlvatlon energy ThIS change as illustrated by the peak 

5 15 IS conslstent wlth th~ reductlon in alkali 

mobllity and the lncrease In actlvation energy for alkall dIffUSIon that 

occurs wlth the addltlon of a second alkalI (2) A new mlxed alkall peak 

appears for low concentratIons of the second alkall WhICh rapldly 

increased In magnltude (note the o peak at ::;: 100 C 5 15) UnlIke 

the slngle alkall peak WhlCh correlates well WIth the moblllty of the 

more moblle alkalI lon, the mIxed peak 15 pr1marlly dependent upon the 

moblllty of the less moblle lon 

The slngle alkali peak seems to lnvol ve the motion of the host 

callons, whereas the mixed alkali peak have beell attributed to the 

[37,18,42] 
cooperatlve movement of dissimllar alkall lons 
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5 7 THEORIES 

Several theories have been proposed, but no sIngle theory IS 

universally accepted nor fully accounts for all fCdtures of the MA 

effect Of the many theories of MA effect, thos< r'roposed by Weyl and 

Marboe 
[43] , Sakral 

[44] 
and Oaka, 

[ -15 I 
and Mazurln ar (' based on the 

cono:;ider'atlon that the strengthening of the bond between oxygen and 

alkali ions play an important role in MA effect 
[ 41] 

Shelby and Day also 

suggested a similar ldea from their mechanical relaxallon experiments on 

Ll/Na sillcate glasses Weyl and Marboe's lheory attrIbuted the 

Increase/ decrease In the bond-strength of alkalI-oxygen to differences 

in atomic mass and their asymmetrical (anharmonic) thermal VI bra t Ions 

WI th no special structural differences between s lngl e and mixed alkall 

glasses and thus IS not quantitative Sakurai and Oaka's theory gives 

conductiVity values which are considerably different from the observed 

ones Mazurln explains the MA effect in terms of lhe polarizability of 

the non-bridging oxygen Ions The mobility of the ~maller alkali ions IS 

decreased by weakly polarized oxygens introduced by larger alkali lonv 

His explanation IS applicable to the case when smaller lons are replaced 

by larger Ions, but not to the reverse case 

St I 
[46] 

eve s assumed that In the random nelwork structure of 

glasses, such as 5i04 unlts In silIcate glass, the geometrical 

Incorporation of different sized Ions (mIxed alkall) ~ay be easier than 

that of Ions WhICh all have the same SIze (single alkalI) Hence the 

binding and consequently the activatIon energies necessary for the Ions 

to mlgrate are greater In thIS theory the alka 11 Ion binding energy 

varies from site to site and the conductiVity IS obViously determined by 

the less firmly held Ions In a single alkalI glass the SubstItutIon of 
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some prlmltlve (less held) lons by a dlfferent slzed alkall causes a 

more stable geometrical configuratlon and a reductIon of alkall 

conductlvlty (higher bindlng energy) This effect lS more eVldent, the 

greater the lonlC Slze dlfference Stevels' theory suggests a h1.gher 

density for MA glasses due to a more efflclent packlng of the alkali 

lons of dlfferent Slze Dependlng upon the composltlon of the system, 

however, the density of MA glasses shows elther positIve or negatlve 

deviatlon from addltlvlty, and the molar volume shows no eVIdence of 

hlgher atomIC packing, belng a nearly perfect function of composItion 

and thus do not allow a comparlson with the experlmental data 

The electrodynamlc lnteraction model of HendrIckson and 

[47a 47b] Bray , attributes the MA effect to the mass dlfference and the 

lnteractlon between dIssimilar alkali ions By treating the catlons as 

harmonlc oscillators vibrating in local osclllating electric flelds, 

they show that an lnteraction energy develops between adjacent catlons 

of unequal masses They account for the lower conductivl tles of mlxed 

catlon glasses, by Including this addltlonal lnteractlon energy In the 

total actlvatlon energy 

Thls theory attracted a much attention and enjoyed some 

t 1 t [47a, 47b, 48] H f experlmen a suppor owever, recent lnvestlgations 0 

electrIcal [49] conductlvi ty and NHR spectra[SOl, l.n borate 

glasses, Wl th varying 6 7 
Li ILi ratlos do not show the expected mlxed 

lsotope effect Also, the size of conductlvl ty anomalles In glasses 

+ + contalnlng Tl (and also Ag ions) seems to lndlcate that the magnltude 

of the conductIVIty anomaly is not controlled by a sLngle lonlC 

parameter such as mass or lndeed ionlc radIus 
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The MA effect was explained by Dietzel [51) on the baSIS of 

difference between the cation field strengths 6Z/a
2 (or 6F), where Z IS 

the charge and a is the radius of the ion The larger lhe value of 6F ' 

(1) the more the formation of Rl 

sl11cate glass 

51 

o R2 15 favoured in a MA 

(2) the stronger are the bonds wIthin these groups, 

(3) the more is the energy needed to remove a ca t lOn from the 

group, 

(4) the nearer IS the cross-over powl of the diffusIon 

coeffIcIents to the sIde of the weaker cation, and, 

(5) the more pronounced is the MAE, where ion mobIlity IS 

concerned 

Thi s theory requi res pai ring of unlIke a 1 ka I 1 ions, about a non-

bridging oxygen, 1 e , It predIcts that no MA effect wIll occur, In the 

absence of NBOs 

However, earlier studies on glass transformatIon [52J temperature 

and 
[53] 

electrical conductIvIties of glasses of the general formula 

ZOCNa,K)ZO-x GazO-(SO-x) SiOZ deMonstrated that the NAO content of the 

glasses have no signIficant role in the mechanl~m responsible for the 

MA effect 

• 
The present study is devoted to an examInatIon of the MA effect in 

tellurlte based alkali glasses While a large number of In\ estlgatlons 

[39 54] [Z9 30 40) have reported on MA effect In borate ' and sILIcate " based 

alkali OXIde glasses, no attempt was so far mad(' to the best of our 
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knowledge, to look at the MA effect In tellurll(' p I asses Compared WI th 

silicate and borate glasses, the structure of th( lpllurlte glasses 1S 

somewhat extraordinary 1n the sense that the basic ~tructural un1t of 

the glasses IS an asymmetrical Te0
4 

trigonal b1pyramld wIth a lone pair 

of electrons in an equatorial position and the coordlnat1on number of 

tellurium ion wIth respect to oxygen lOns changp<; upon the Incorporation 

of network modIfYing oxide such as L120 or Na20, eventually leading to a 

Te0
3 

trigonal pyramid wi th the formatIon of NBOs 

concentrations of NBOs in tellurite glasses can b(' <.yc:;tematlcally varl£d 

Slnce the 

by ~ontrolling the alkali content these gldsses also present an 

opportunity to test those theories which require> NBOs for the occurrence 

of the MA effect 

5 8 EXPERIMENTAL 

30 [(1-x)LI
2

0 - x Na
2
01-70 Te0

2 
glasses where x = 0, 0 2, 0 4, 0 6, 

0 . 8 and 1 0 were prepared by meltIng in an ele,lr1c furnace wIth 

appropna te quantities of LI
2

C0
3 

(Alfa) Na
Z

C03 and 1 cOZ (DOH) - reagent 

grade, taken In a high pure alumina crucibles for 10 mInutes between 

SOO-600oC depending on the compos I tlOn and then quenching the 

homogenized, bubble-free melt by pouring on a stalllless steel plate kept 

at ambient These quenched samples were lmmpdlately transferred to 

another furnace, and annealed for about o 0 6 hour~ at 200 C [- so C < T 1 
g 

to remove the residual stresses If any X-ray dlffractlon analysis was 

carried out In order to ascertain whether thp sdrnr)lp~ were aMorphous or 

not. 

The bulk DC electrical conductivIty of these glasses are extracted 

from complex admittance measurements on thp ..,ymmetrical cell 
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Pt/glass/pt. at selected temperatures 1n the r Illg! 
o 

10-200 C USIng a 

home-bullt AC conductlv1ty meter (see chapter J) and lock-ln ampllfJer 

(PAR model 5210) over a frequency range of 100 Hz - 1)0 KHz 

The lnfrared spectra were recorded at RT. by KBr pcl let method on a 

Perkin Elmer double-beam spectrophotometer (Model 297) operating In the 

-1 
range 4000-200 cm 

DSC scans wlth heatlng rates of 10, 20 and 40
o

( Imm, were obtained 

from Du Pont DSC 9900, by heating ~ 15 mg of unIformly granulated glass 

powders hermetlcally sealed in an aluminum capsules with an ldentical 

empty aluminum capsule as the standard 

temperatures T . 
g 

were measured uSlng the 

11)(> glass transition 

intercept method and are 

reproduclble to wi thin ± 20C Th t f 1 f th h t e correc lon or eae 1 ° e ea 1 ng 

rates was applled by callbratlng the temperature wLlh the melt i ng pOlnt 

o of high pure Bismuth (211 3 C) metal . 

5 9 RESULTS AND DISCUSSION 

FlgS 5 16 and 5 17 show the temperature dependence of the bulk 

eleclrlcal conductlvity derlved from the complEx impedance plane 

analysls for the slngle alkall tellurl te and mlxed alkal i tellurite 

glasses respectlvely The conductiVIty (~) of these glasses can be 

expressed uSlng the Arrhenius relation ~ = ~ exp (-F IRT) FIg 5 18 
o a 

displays the conductlvlty lsotherms i e log ~T (at 1500 and 200°C) and 

the activation energy E as a function Na/(Na+Li) The dIstInct feature 
a 

of the MA effect lS eVldent ln this flgure as a strong min1mum 1n ~ and 

a shallow maXlmum ln E at Na/(Na+Ll) = 0 6 
a 
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These results mean that many alkali ions in MA glasses are be1ng 

stopped, dur1ng the1r transport wh1le their counterpart 1n single alkal1 

glasses conduct w1thout any excessive stoppage It 1S important to note 

that (1) the magnitude of deviat10n in ~ (2-3 orders) is nearly the same 

as that [39] 1n borate glasses , Oll wh1le a deep m1n1mum occurs 1n 

electrical conductiv1ty at Na/(Na+Lil = 0 6, as in borate glasses, the 

pos1t1ve deviat10n 1n E 
a 

(wi th a maX1mum at Na/ ("la+L1 ) -- a 6) is 

relat1vely shallow, in the present case The compar1son, particularly of 

the act1vat1on energy, suggests that the structural differences between 

tellur1te and borate glasses m1ght provide certain clues to understand 

the MA effect 1n the present system Thus there is a need to carefully 

exam1ne the structural aspects of the former and compare 1 t to the 

lat ter especially with reference to (1) the reduced V1SCOSity of the 

melt (v1sual observation) and the glass structure as a result of hav1ng 

more NBOs compared to borate glasses, and (2) the bond strengths 1n Te-O 

polyhedra compared to the B-O group 

[55] 
It 1S considered that the 02- in Te-O bond of Te0

4 
network 

eq 

1S fully lon1zed when they are formed as a result of the add1tlon of 

Because of Its h1gher negat1ve 2-charge 0 

can donate many electrons to Te through the Te-O 
eq 

bond Since Te IS 

orig1nally rich 1n valence electrons, due to its lone pair of electrons, 

excess donatIon of electrons from the Te-O bond causes much electron 
eq 

transfer from tellur1um to oxygen, 1n the Te-O bond, resulting in a ax 

weaken1ng of Te-O bond ax It I s thus expected that the Te-O ax and 

L1-0-Na bonds undergo drastlc changes (weaken1ng/strengthenIng) 

dependlng upon the nature (e g, size, mass) and the electron1c 
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structure of the alkali Ions involved In the dIffusIon process leadIng 

to a non-linear electrical behaviour 

The maIn structural units making up the telluflte glasses are Te-O 

polyhedra As we discussed above, if the MA effect is related to the 

changes in the bond strength, of the Te-O structural network, of MA 

glasses, WhICh In turn are related to the changes in the shape of the 

polyhedra, then it was thought approprIate to look for the varIatIons In 

the stretching and bending frequencies of Te-O molecular groups 

Infra-red spectra of 30 [xCLi 20)-Cl-x)Na201-70 Te02 glasses were found 

to exhibIt one maIn peak around 
-1 

615 cm aSSIgned to the assymmetr i cal 

vIbration of Te-O bond of the trigonal bipyramidal, ax i t 
[56) 

un s 

Interestingly, as shown in Fig 5 19, this vibrational mode of Te-O ax' 

exhibIts a significant deviation from linearIty, wIth the minimum 

occurrIng at Na/(Na+LI) = 0 6 This is expected to be due to dIstortion 
. + 

of Te0
4 

units by the substitution of a second alkali ion Na , leadIng to 

a SlIght decrease In the Te-O couplIng constant A SImIlar non-llnear ax 

varIatIon in the bendIng and stretching frequencies of the vibrational 

[57) modes observed in MA borate glasses was found to be relatively less . 

The glass transitIon temperature (T ) is one of the fundamental 
g 

properties related to the viscosity of the glass, - not dnectly 

dependent upon the alkall mobility Nevertheless T exhIbits the MA 
g 

effect Fig 5 20 shows the plot of glass transition temperature versus 

mole fraction Na/(Na+Li) for three different heating rates, namely, 10, 

o ?O and 40 C/min The mInimum in the non-linear vanatlon of T occurs 
g 

tor .11 heating rates at Na/(Na+L1) = 0 6 The MA effect seems to be 

sensltlve to heating rates, implying significant changes in structural 
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relaxatlon tlmes qui te akin to changes observed m electrlcal and 

mechanical relaxation lS8 ,S9] which also result in the MA effect 

The observed negatlve deviation of the transformatIon temperature 

could mean that the MA glass with Na/(Na+Li) = 0 6 would attain a higher 

glass vIscos i ty compared to single alkali glasses The vIscosity could 

increase as a result of reduction in the concentration of NBOs Thus the 

additIon of Na
2

0 to 30 Li
2
0-70 Te0

2 
brings about slgnificant changes tn 

the number of NBOs, leadmg to a non-linear variation of T wlth 
g 

compositlon . 

The negative deviation of T with Li-Na 
g 

tellurl te glass 

compOSItIons may be understood as follows . The presence of two alkalIs 

Increases the entropy of mixing thereby depressing the meltIng 

temperature (T ), WhICh results In reduced T SInce generally T ~ 0 66 m g g 

T Thus one could also use the entropy model of the glass transition, 
m 

to argue that the Increase in configuratIonal entropy of the mlxed 

alkalI melt has resulted in a decrease in T 
g 

5 10 CONCLUSIONS 

Several theories for the MA effect have focused on an increase in 

binding energy of alkall Ion to Its slte In the glass structure, when a 

second type of alkali ion is introduced Such theorles have examIned the 

strength of the bond between the alkalI and NBO Ions In the glass In 

the llght of the present results on the MA effect In Li20-Na20-Te02 

glass the scope of these theorles must be increased to include the 

effects of dIfferent anion types, ( such as Te04 and Te03 ) of structural 

networks In the alkall glasses 
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6. SILVER-ION CONDUCTING GLASSES 

6 1 INTRODUCTION 

The 
+ 

first Ag superionic glass was accidentally discovered by 

[1] 
Kunze In 1973 while trying to stabilize a-AgI at amblent by melting 

various mixtures of Ag! with Ag2Se04 1 e , by modifying the iodide ion 

matrix with an oxy-anlon of similar size and shape, followed by rapld 

quenching of the melt 

Slnce then many such glasses have been made and Investigated, 

i f hi h h b i b T 11 
[2a,2b] Hi (3a,3b] rev ews or w cave een g ven y u er ,naml , 

Angell[41 and Rao(S] These glasses include AgI mIxed 1n varIOUS 

proportlons w1th oxy-salts such as Ag2Mo0
4

, Ag
2

Cr0
4 

and Ag
3

As0
4 

whlch 

are by themselves not glass formers AgI-based glasses have also been 

developed by comblnlng AgI, Ag20 and glass formIng oX1des such as B203 , 

Among these AgI based glasses, AgX-Ag20-B203 (X = I,CI, Br) 1S the 

+ most investigated Ag -lonic conductor due to its lnterestIng electrlcal 

properties coupled with ease of preparation, high stab1l1ty, and facile 

glass forming ability Indeed these AgI-based and other glasses may be 

considered as model systems for exploring the general quest10n of 

structure-property relationships in glasses the hIgh Ag + 

conductivity in these glasses appears to be related In a fundamental way 

+ with the coupl1ng between Ag translational degrees of freedom and the 

two level systems (TLS' s), typical of glassy 
[6 7] 

materials ' 

Interestingly, the TLS's occur at as high as 100 K 1n these superlonic 

glasses compared to < 10 K In 1nsulatIng glasses In the slIver borate 
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glass systems, the Ag! addition results In an increase in co~ductlvity 

of four order of magnitude (from ~ 
-6 -2 10 to - 10 ) at room temperature, 

accompanied by a reduction in actIvatIon energy (I-) for lonlC 
a 

conduction 

Th~se investigatlons - carried out mostly with samples contalning 

Agl-1ndicat~ that the silver halide is mainly responsible for the high 

conduction even though the oxy-anions playa non-npgllglble role Slnce 

glasses show the highest values of ~RT at the maximum content of Ag! and 

fast ionIC conducti Vl ty was observed in a-AgI, it 1'> argued tha t the 

enhanced conductIon in AgI-based glassy electrolyte IS due to the 

formation of a-Ag! microdomains embedded in the host glass matrix This 

approach is generally referred 

[SI (especIally Manglon & Johari 

to as the cluster mvdel Some authors 

and Tachez [91 et al ) have described a 

cluster-pathway model, where + Ag ions can percolate through the glass 

[10 ] 
Ingram from one Ag! microdomain to the next Alterncltlvely, 

consIdered the cluster-bypass model with the ml,lucry&lalllne part i cles 

concentrated in a "connective tissue" which provldes preferential 

+ pathways for Ag migration Both these approache<., ca,n be regarded as 

extenSIons of theorIes of glass structure previously proposed by various 

workers [ 11I IncludIng Rao & Rao and 
[12] 

Goodman ,and wh LC.h presume some 

sort of granular structure of glass 

Malugani and coworkers obtained experimental support for the 

cluster model from quaSi-elastic and inelastic neutron scattering and 

Raman scattering exp~rlments The coefflclent of self-diffusion of 

silver ion in (AgIlo 5 (AgP03 )o 5 superIonlc glass, was calculated as a 

function of temperature from the quasi-elastl( neutron scatterIng 
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(13 14] experiment' The activation energy for this motIon is very close 

to that obtained for a-AgI from electrical conductlvity The Raman 

(17] 
t f A I b d b t 

[15,16] 
spec ra 0 g - ase ora e and phosphate glasses revealed 

new bands, appearing in the low frequency region upon the addItIon of 

AgI whose band Intenslt1es evolve linearly wIth the AgX concentratIons 

Th1s mode observed 1n AgI-doped glasses is qUI te slm1lar to those 

seen in a-AgI and 
(18] +-

RbAg415 compounds reflecting that Ag and I are 

tetra-coord1nated Malugani et al suggested that the tetrahedrally 

coordinated AgX (X = I,Cl,Br) microdomains contribute predominantly and 

play a major role 1n the lon1C conduct1on, and cla1med that the 

structures of glasses containing AgBr - and AgCI - are different from 

the1r low conduct1ng crystalline counterparts 

Bor Jesson et al [19] observed that the velOCI ty of tt-e acoustic 

waves, calculated from the frequency shifts of the transverse and 

longitudinal components of the Brillouin spectra (hypersonic velocities) 

and certain mechanical properties such as elastic moduli1 for some AgI 

doped borate and phosphate glasses vary with the Agl concentrat1on and 

extrapolate to the value corresponding to a-AgI 

Another model contradicting the cluster model was proposed in which 

it was suggested that AgI is rather highly dispersed 1n the glassy 

matrix in pOSItions controlled by the ionlc groups, such as B03 and B04 

in the borate glasses 

M1nam1 et al [20,21] b d ase on conductiv1 ty and 1nfrared resul ts 

proposed that in AgI-based borate glasses, strong partial covalency 

f'Xlsts between + 
the Ag ions and non-br1dg1ng oxygens of B03 groups whlCn 
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while the Ag + ions 

interacting weakly with B04 groups and those surrounded by hallde lons 

+ 
and B04 groups represent the mobile Ag populations The observed halIde 

concentration dependence of conductivi ty is explained In terms of the 

polarizability of the different halide ions 

conductIvIty behavIour of these glasses observed by 

The high pressure 

[22] Senapatl et al 

is readIly interpreted in terms of this model based on the eXIstence of 

"mobile" and + "immobile" Ag cations According to Ingram et al [23] thIs 

model is a special case of the cluster-bypass model, wi th the AgI 

microcrystalline partIcles concentrated in the "tissue reglons" 

The radial distribution functions of and 

[24-26] 
Ag! -Ag20-P 205 glasses , shown in Fig 6 1 are domina ted by the 

large peak centered at the distance (2 80-2 85 ~) expected for Ag-I 

pairs The shoulder appearing on the left side, in the range 2 30-2 40 ~ 

comes from the Ag-O distances WhICh gIve a prominent peak in the 

Ag20-B203 radial curve (not shown) This seems to be a direct structural 

evidence against the hypothesis of a-Ag! microcrystalline clusters 

and 

The structural details by the EXAFS studies on AgI -Ag
2
0-B

2
0

3 
[27] 

[28] 
AgI-Ag20-V20S glasses did not reveal any contributions from an 

ordered I-I second-shell coordination In crystalline Ag!, each Ag-atom 

Is surrounded by 12 silver atoms at 4 5 ~, and each I-atom is surrounded 

by 12 iodIde atoms again at 4 5 ~ For a-AgI clusters to exist in these 

glasses, large peaks due to Ag-Ag and I-I correlations should appear 

between 4 and 5 ~ The absence of such peaks In the EXAFS resul ts of 

these glasses exclude the presence of mIcrocrystalline clusters of Ag! 

in these glasses 
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Despite many such concerted efforts, no general agreement has been 

reached on the nature + of the Ag ion conduction mechanlsm A defmite 

choice between different proposed theories is prevented by the lack of 

sufficient microscopic information connecting the structural aspects 

wlth the lonlC moblilty In particular, a comprehenslve knowledge of the 

local envlronment of the movlng ions and their interaction with network 

tOlmpr lG hjghly desirable Nevertheless the high mobility of ions in 

t h(;1~c super ionic glasses probably blurs the actual si tuation and asks 

for more reflned experiments 

Magnetic resonance experiments sample local motlons of mobIle 10ns 

and their coupling to network building units (NMR) , as well as, the 

chemIcally dlstinct static environments around moblle lons (ESR) WhIle 

[29a 29b] NMR experiments ' have established that the addltlon of metal 

halldes has only a mlnor effect on the short range structure of the 

borate network, ESR active specles stablllzed accidentally/dellberately 

in superlonic glasses may provide valuable clues to the local structures 

of the glass network and possibly assist In the elucidatlon of the 

conductlon mecilanlsm In these glasses 

Wlth the above ideas, we report, In thls chapter on the 

conductlvlty and ESR studles of ternary SlIver borate and silver 

tellurlte glasses, and discuss these results on the basis of structural 

[20) [28] models suggested by Mlnami and Seshasayee and coworkers 

6 ~ EXP~RIM~TAL 

6 2 1 Sample Preparation 

The glass COllpOSl tlons chosen for the present lnvestlgatlons are 
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lIsted In Table I 

Two separate procedures were adopted to prepare these glasses for 

the present study 

The glass samples numbered 8, 9, 10 and 11 were prepared uSIng high 

pure chemicals AgI ('Alfa'), Ag20 (tAlfa') and B203 ('BDH') 82°3 was 

o dried under vacuum at 200 C for 3 hours The mixture of the weighed raw 

materials, whose total weights were about 5 grams were taken in a silIca 

tube (OD = 10 mm) with one 
o end open, and melted at 500-800 C depending 

on the batch composition The melt was kept at the approprIate 

temperature for about 2 hours and repeatedly stIrred to ensure 

homo gene 1 ty of the melt Finally the resultant melt was quenched by 

immersing the silica tube in an Ice-cooled water bath upon cooling to 

room temperature, the tube was broken and the glass ingot retrIeved 

All the remainIng glasses were prepared USIng nomInally pure 

chemicals AgI (BDH) , Ag20 ('Loba t ) and 8
2
0

3
/Te0

2 
('BDH') Nearly fIve 

gram batches of these were thoroughly mIxed and then mel ted In an 

tluJnincl/~ll ka crucible at a temperature slightly hIgher than their 

,",vi r espuudlng melting points The melts were then quenched by pouring 

between two polIshed stainless steel plates kept at ambIent condItIon 

These quenched glasses were immediately transferred to an annealing 

o furnace and annealed for about 4-5 hours at a temperature ~ 50 C less 

than theIr glass transItIon temperature predetermined by DSC . 

6 2 2 Characterizatlon by XRD, DSC and IR technIques 

fh,> X-I dy diffraction measurements, using Cu-Ka radlatlOn were made 



Table I 

NomInal CompositIon (In mole%) of the glasses prepared for the 

present study 

-----------------------------------------------------------------------

A Borate Glasses 

No 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

AgI 

-
-
-

30 

40 

40 

40 

60 

60 

70 

80 

B Tellurlte Glasses 

12 

13 

14 

15 

16 

17 

18 

-
-
-
20 

30 

40 

50 

Ag
2

0 

20 

25 

30 

21 

18 

30 

40 

30 

20 

15 

10 

20 

25 

30 

24 

21 

18 

15 

82°3 

80 

75 

70 

49 

42 

30 

20 

10 

20 

15 

10 

80 

75 

70 

56 

49 

42 

35 



155 

on all the samples in order to ascertain whether any crystalline phase 

is included 

The calorimetric experiments using DuPont 9900 differential 

scanning calorimeter, at o selected heating rates (10, 40 and 60 C/min ) 

were used to determ1ne (a) the glass transition temperature (b) the 

rry~tallization temperature and (c) the temperature ranges of any other 

endothermic or exothermic events 

The infrared spectra were recorded at RT, by KBr pellet method on a 

Perkin-Elmer double beam spectrophotometer (model 297) operat1ng 1n the 

-1 
range 4000-200 cm • 

623 Electr1cal Properties 

(al Ionic Conduct1vity 

The ionic conductivity measurements were performed on bulk glass 

specimens using complex admittance spectroscopy The design of the 

sample holder used for the measurement has been described in Chapter 2 

Both the parallel faces of the disc shaped glass specimens were pollshed 

flat uS1ng sil1con carblde (1200 #400 and #600) paperb, ~nd subsequently 

pa1nted wlth gold paste, which served as electrodes and was baked at a 

temperature slightly less than 

to remove organic ingredlents 

their T values for 15 minutes in vacuum 
g 

n\t~ L.omplex ddml t tance was measured over a frequency range 100 

Hz-1Z0 KH~ by connocting the sample in series with the standard 

capacitor and measuring the voltage drop across the capacltor using the 

lock-in amplif1er The AC conductlvity meter described In Chapter 3 was 
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incorporated for current boostIng In the CIrCUIt as shown In FIg 2 4 . 

The DC conductIvItIes were obtaIned from the analysls of complex 

adml t tance plots In the 
o 

temperature range from 50 C to the one nearly 

o 30 C below the glass transl. tlon temperature The actual l.nvestlgated 

frequency range was narrowed down In some casE'S dependIng on the 

conductance of the samples InvestIgated 

(b) Electronlc Conductlvlty 

The electronIC conductIvIty of a few selected gldss compOSItIons 

was measured by Wagner's polarll;atlon method (30 ) USIng the cell 

confIguratIon 

- Ag electrolyte graphIte + 

The electrodes were formed from fIne graIned s 11 ver and graph 1 te 

powders A constant DC vol tage of - 350 mV IS app l Ied to thIS cell 

confIguratIon and the current under steady-state condItIon IS measured 

USIng a KeIthley 195A DMM and/or a KeIthley 642 electrometer 

When the DC voltage IS applIed SlIver Ions mIgrate InItIally from 

the graphlte electrode (anode) towards the SlIver electrode (cathode). 

whIle electrons mIgrate 1n the OppOS1 te dl rect Ion Under the 

steady-state cond1tlon the mlgration of SlIver lons due to the electrIC 

f1eld gradIent 1S balanced by the dlffuslon due to the concentratlon 

gradlent and the current IS carr1ed excluslvely by excess electrons or 

electron holes At each temperature 1t took nearly 60 mlnutes to carry 

out a measurement durlng WhlCh the temperature remaIned constant to ± 
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624 Electron Spin Resonan~e 

Fir~l derivative ESR spectra were recorded on a X-band (9 3 GHz) 

JEOL ESR spectrometer (Model FE-3X) at amblent temperature on both 

unirradiated and X-irradiated glasses To simpllfy the features observed 

at RT, the ESR spectra were also recorded at selected hlgher 

temperatures 

6 3 RESULTS AND DISCUSSIONS 

6 3 1 Borate Glasses 

(a) Glass Formation and Characterization 

The borate glass compositions prepared for the present study are 

identified In a ternary constitutional diagram AgI-Ag
2
0-B203 (Flg 6 2) 

The boundary surrounded by a dot ted hne is the glass formlng region 

Open circles represent glass forming composltions whIle trlangles 

represent compositions that are only partially glassy under the metal 

plate quenching 

The X-ray dlffractlon patterns of these quenched samples confIrmed 

that they are amorphous matenals Fig 6 3 presents a typlcal XRD 

pattern, at room temperature, of 60 AgI-30Ag
2
0-10 82°3 glass showing 

only dIffuse structure typical of 1 ts glassy nat ure However, the 

diffraction pattern of 60 20 20 glass sample has shown a few weak lines, 

characterIstlc of ~-AgI crystalllne phase The lntenslty of these llnes 

increased In the case of the 70 15 15 and 80 10 10 samples, ie, WIth 

Increasing AgI content 

(b) Glass Transition 

The beglnning of the glass softenlng process, or glass 
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transition is associated in a DSC experIment with a Shift of the 

baseline in the endothermic dlrectlOn Table II presents the glass 

transitlon temperatures (T ) of the borate glasses investigated While 
g 

the T was well defined and reproduclble for all ternary glass 
g 

composl bons, they could not be identlfled clear ly ln case of blnary 

glasses and are thus not included in the table 

The peak due to the well known ~-a phase transltion In AgI occurs 

o at 151 C only for 60 20 20, 70 15 15 and 80 10 10 glass composi bons, 

whereas for the remalnlng compositIons thIS sIgnal was not detectable 

The lntensity of thlS endothermlC phase transitlon peak lncreases wIth 

Increase of the amount of AgI as shown in Fig 6 4 ln accordance with 

the XRD results 

Flg 6 Sa presents the variations of T against the molar ratio 
g 

Ag
2
0/B

2
0

3 
wlth a constant Ag! content (= 40 mole%) Flg 6 5b shows the 

[20) IR spectral features reported by Minaml et al where the composItIon 

dependence of relatIve IntensitIes of absorption bands characterIstIc of 

B04 and B03 groups are plotted against Ag
2
0/B

2
0

3 
ratio keepIng AgI 

content at 40 mole% The IR spectral study and molecular dynamics 

. [31] 
calculatlons have establlshed that the non-bridging oxygens (NBOs) 

are present only ln B03 group and not in B04 Increasmg the ratio 

Ag20/B203 for a constant AgI content (40 mole%), reflect the essentlal 

role of Ag20 in the formation of B04 group leadIng to a decrease in the 

number of B03 groups In the glass network 

The T is known to be quite sensitlve to the structural changes g 

C\1l<'h as B04 to BOl converSlon and Vlce versa, occurring as a result of 

t Pl1Ipo<:;; t 10n.\J changec; A comparison of Fig 6 . Sa with Flg 6 5b reveals 



TABLE II 

Glass transition Tg and the phase transition Tt (In case the sample is 

crystallized) temperature data of the ternary borate glasses studied 

------------------------------------------------------------------------
Compositlon T °c (peak temp ) 

t 

------------------------------------------------------------------------

30 21 49 365 0 

40 18 42 339 1 

40 30 30 269 6 

40 40 20 200 2 

60 30 10 110 3 

60 20 20 192 8 151 5 

70 15 15 150 1 

80 10 10 151 4 

------------------------------------------------------------------------

--
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that the Tg decreases ... nth lncreaslng Ag
2
0/B

2
0

3 
ratio, represent1ng a 

decrease in the concentrat1on of non-bridg1ng oxygens Thus the 

structural changes of these glass matr1ces are well reflected 1n the 

composit1onal dependence of T 
g 

(c) Electrlcal Propertles 

(1) Ionlc ConductIvIty 

The curves in Fig 6 6 represents the complex adm1ttance plots 

(Y' versus Y') for the binary glass 30 Ag
2
0-70 B

2
0

3
, at varlOus 

temperatures Typical frequencies are indicated in kHz It is seen that 

the data at low temperatures are nearly pelfect semi c1rcular arcs 

passing through the or1gin at low frequencles whereas a stra1ght hne 

flts data at hlgh frequencies, as expected for an ldeal Debye 

i it
[32] 

c rcu The semicircular region corresponds to the Interfacial 

(electrode-electrolyte) processes resulting from the completely blocking 

nature of the electrodes whereas the stralght line reg10n represents 

bulk relaxation due to the long range + diffuslOn of Ag ions In the glass 

sample The correspondlng equivalent Clrcult is also glven In Flg 6 6 

implying the presence of the bulk res1stance R, the geometr1cal 

capaci tance C and the 1nterfaclal double-layer capac1 tance C 
Int 

The 

effectlve bulk conduct1v1ty could therefore be obtalned from the 

intersect10n of this stralght llne on the real axis (Y ) 

The frequency at WhlCh Y" 1S maXlmum shlfts to higher frequenc1es 

upon increase of temperature, indicating a shift in the 'lnterfac1al 

relaxation" Slightly elongated, asymmetric semlcircular plots are 

obtained at higher temperatures The interfaClal relaxation process 1S 

qU1te sensltlve to the pohshlng of the glass surfdce pr10r to the 
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application of electrodes and so this non-circular behaviour which seems 

to be 

Debye 

[33 341 a common observation ' 

[32] 
relaxational process of 

could be attributed to the non-Ideal 

the double-layer capacItance formed at 

the electrode/electrolyte interface 

fhe temperature dependence of DC conductivIty values extracted from 

the complex admittance plots are generally analyzed using the well known 

expreSSlon for the diffusion-controlled process 

~T = ~ exp(-E /kT) 
o a 

(1) 

where ~ is the pre-exponentlal factor, and E IS lht' activatlon energy 
o a 

for ion mIgratIon From (1) 

log ~ = log (j -
o 

log T - E /kT 
a 

(2) 

Since log T does not vary much over a small temperature range, a SImpler 

expression can be used 

log ~ = log ~ o 
~ E IkT 

a 
(3) 

The slope and intercept of the log ~ agalnst 1/[ plot gIves E and 
a 

(j Thus in the present analysis we have adopted the ArrhenIUS equatIon 
o 

(3) Moreover Just as In the present case, Eqn (3) has been shown to 

gIve a better fIt for the DC conductIvity data 

[36) 
and alkali phosphate glasses 

[35] 
of alkalI silIcdte 

FIgS 6 7 and 6 8 show some examples of the temperature dependence 

of DC conductivity for both binary and ternary glass systems For 

samples WIth hIgh conductance the complex admIttance plot analysIs 

Introduced slgnificant errors while deducIng the bulk conductIvIty 

because of the poor resolution of the semicIrcular arc The reason for 

thIS IS not yet clearly understood . Hence the upper temp~rature lImIt of 
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the conductivl ty measurement on samples WI th high hallde content was 

o restricted to only 50 C. 

[,til I e 1 T I summarizes the bulk DC 
o conductlvl ty data at 50 and 

loooe, along with the activation energy for ioniC transport Our data 

agrees well with those 
[37a 37b] 

reported earller ' for slIver lodo-borate 

glasses It IS clear from the table, that for a constant AgI content 

(= 40 mole%) the conductivity increases, as we increase the molar ratlo, 

Ag
2
0/B

2
0

3
, Also the glass composition with 60 mole% of AgI, attaIns a 

maximum value of conductivity 

Cii) Electronic Conductlvlty 

Ih, plprtroni( ronductlvityof a few select(>d glass samples were 

ubt~ll1ed t.hrough polariol:atlon measurements carrIed out uSIng the 

Wagner's method 

Assuming that C' 
e 

present glass system, 

(conductlon due to electrons) dominates In the 

compared to C' (conduction due to holes), 
n 

the 

electronlc conductlvity of Wagner's polarization cell can be estImated 

using the relation 

I = 1-exp (-EF/RT) (4) 

Fig 6 9 shows the plot of electronlc conductIvIty versus 

temperature, for the 30 70 and 40 18 42 glass samples The temperature 

dependence of C' looks lInear for the blnary glass and exponentIal for 
e 

the ternary glass sample The C' data 
e 

o at 50 C, of a few glasses are 

listed in table II I , It is clear from thIs table that C' of 60 . 30,10 
e 

glass is nearly fIve orders of magnitude smaller than the total 



TABLE III 

Total conductlvlty and the electronic conductivlty data of borate 
o glasses at 50 and 100 C 

------------------------------------------------------------------------
CompoSl tion (j t (S 

-1 
cm ) E 

a 
(eV) 

(± 03) 

(j 
elec 

------------------------------------------------------------------------

20 80 

25 75 

30 70 

30 21 49 

40 18 42 

40 30 30 

40 40 20 

60 30 10 

2 29><10-5 

2 51><10-9 

5 50x10-8 

2 82x10-6 

1 82><10-4 

8 71><10-5 5 50><10-4 

2 70><10-4 

6 20><10-4 

6 10x10-3 

o 75 

o 69 

o 56 

o 44 

o 38 1 50x10-7 

------------------------------------------------------------------------
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conducti vi ty obtalned by AC measurement However, the remaInlng glass 

samples prepared from nomInally pure chemIcals, exhlbit electronIC 

conductIvItIes WhlCh are only one or two orders of magnItude lower 

compared to total conductlvity and are attrIbuted to larger 

concentration of ImpuritIes such as Fe
2
03 present in these glass 

samples The electron hoppIng from Fe2
+ 

3+ to Fe could also SIgnifIcantly 

contribute to ~ Interestingly we have seen ESR slgnals attrIbutable to 
e 

Fe3
+ In all these glasses, except in the 60 30 10 glass prepared from 

(d) Electron Spin Resonance 

FIg . 6 10 shows the ESR spectra of 60Agl-30Ag
2

0-10B
2

0
3 

glass 

recorded at RT and at 140
0

C Nearly identical axially symmetric patterns 

were obtaIned, both on unirradiated and X-Irradlated glasses However, 

the spectra of latter are less intense The paramagnr'llC speCIes In the 

glass are probably created and stabIllzed In the mel t and/or dUrlng 

quenching There appears to be two hole-type centres ' "centre I and II' 

both of which are attributed on the basis of the ESR features and their 

t d Ag2+ tempera ure- ependence, to (4d
9

, S = 112, I = 1) In two dIfferent 

chemical surroundIngs The observed spectra could be generally 

represented by the axially symmetric SpIn HamIltonIan 

S H + All I S + g ~ [S H + S H 1 z z z z ~ x x y y + A [1 S 
1 X X 

+ 1 S ] 
Y Y 

where (gil' g.l.) and (AU' Ai) are the principal-g valuec, and princIpal 

nuclear hyperfine coupllng constants, whIle S 
x' 

S y' S and I x' I y' I z z 

are the components of electron and nuclear spin vectors, and, H x' H y' H z 
I J I Ih..., .)111pl'np n t <; nf rf magnpti~ field However, Au is not resolved In 

rtllY ul UI{, ~W>I.. t I ,.\ ·lhe & d.nd A ten~or par ametel s of these two centres I 

and II, at RT and at a few elevated temperatures are lIsted In table IV 

" , 
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TABLE IV 
Z+ 

Ag ESR parameters in silver iodo-borate glasses and other systems 
------------------------------------------------------------------------

sample --------------g--------------------~--------- ref 

------------------------------------------------------------------------

60AgI-30AgzO-

10B
Z

0
3 

(n) 

Centre I 

Centre II 

30AgzO-70B
Z

0
3

(n) 

Centre I 

Centre II 

Centre I 

Centre II 

AgzO-B
2

0
3

(n) 

X-lrradla ted 

Z 495(Z) 

Z 373(Z) 

Z 503(Z) 
Z 388(2) 

2 493(Z) 
Z 389(2) 

2 310 

Z 060(2) 

2 054(2) 

2 065(2) 
2 059(2) 

2 070 

Z 040 

Silver actlvated 
phosphate glass 2 350 
X-irrad at 300 K 

2 050 

(3-Alumina 
X-irrad at 77 K 

Centre I 

Centre II 

(3-Alumlna 
X-irrad at 77 K 

Centre I 

Centre II 

AgCI Cu 

r l I ('J 

AI~..l.1I1\" d\ o ' 

phenanthrDltne 
persulphate 
(Ag(Prn)2)S2oS 

at 290 K 

2 2730(5) 2 OZ30(2) 
Z 0678 (15) 

Z 2335(4) 2 0150(4) 
Z 0580(15) 

2 240(3) 

2 240(3) 

2 135(3) 

) 193(,) 

2 lS0 

2 026(3) 
2 083(3) 
2 005(3) 
2 06S(3) 

2 048(3) 

2 035(3) 

2 040 

not 

resolved 

18(3) 

- do - 56(3) 

- do - 20(3) 
- do - 65(3) 

- do - not resolved 

- do - - do -

not not 

resolved resolved 

31(5) Z1(5) 

18(2) 3Z(2) 

Present 
work 

- do -

- do -

38 

39 

40 

41 

42 

43 

44 

------------------------------------------------------------------------
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to be d with Ag2+ compare in X-Irradiated A 0-8 ° [38] 
g2 2 3 and 

[39] 
silver-activated phosphate glasses and other related and relevant 

+ systems, where Ag is reported to trap an electron or a hole to 
o form Ag 

2+ 
and Ag respectively Significantly. In the prcc,l'nt case, no other 

+ 0 Ag-based centres such as Ag2 and Ag were formed as reported earlIer by 

[45-47] varIOUS workers in silver and alkali borate glasses Furthermore, 

in an earlIer study on ~-alumlna by 8arklle el al [40] 2+ 
Ag were 

produced by X-lrradiatlon at RT using a tungsten target It IS pertinent 

t t t h that Ag2+ tIl d d o pOln ou ere cen res were exc USlve y pro uce In 

X-lrradiated (at 77K) ~-alumina samples 
+ 

In WhIch Na Ions were 

+ + 
completely replaced by Ag , whereas partlal replacE.ment by Ag Ylelded 

o d Ag2+ both Ag an centres 

Of the two Ag2+ centres, I Centre I" is thermall y more stable than 

'Centre II' The Ag (I = 1/2) hyperfine g! components arE fully resolved 

In this glass composltlon , The origin of these' centres I and II' are 

considered based on the structural model of these AgI-based borate 

glasses proposed by Mlnami [20] 
and coworkers JIll Y pre-suppose the 

+ existence of three types of Ag ions in the ternary glass network Type 

I Ions are covalently bonded to the non-bridgmg oxygen of 803 groups 

and type II are lnteracting weakly wlth brIdgIng oxygens of B04 groups 

while type I I I are surrounded by iodide Ions only In view of the 

unresolved All and rather small A of "centre I" 
.L 

reflectIng conSIderable 

covalency, we think that this arises from hole-trapPIng + of type I Ag 

from the B03 groups with non-bridglng oxygens ThE. good thermal 

stabIlIty of these type I centres suggests that they do not diSSOCIate 

and get 
+ converted as Ag Ions upon lncreaslng the temperature and thus 

may not have a major role In lonlC conductIon 
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On the other hand' centre II" has a rather poor thermal stability 

to The relatively large Al. value tends to make it more vulnerable 

dissoclation These facts suggest that the 'centre II could form by the 

hole-trapplng of type II 
+ Ag ions from the B04 groups When the 

temperature is increased beyond 120
0

C, the "centre I I' starts decaYlng 

but the "centre I" persists even up to i80
0 C The decay of "centre II" 

Ag
2+ + 

which leads to the conversion of the to Ag at higher temperatures 

may be lnvolved more In ionic conduction compared to those origInating 

Ag2+ from "centre I" paramagnetic ions . 

[28] Seshasayee and co-workers In thelr structural Investlgation by 

EXAFS of AgI-Ag
2

0-V
2

0
S 

glass observed two Ag-O distances at 1 93 and 

2 30 ~ Indicatlng respectively strong and weak interactions and an Ag-I 

Interaction at 2 86 ~ Based on these results, It IS establlshed that 

+ whIle some Ag lons remaln bonded to the non-brldglng oxygens of vanadyl 

groups, some Interact weakly Wl th vanadIum polyhedra Wl th bndging 

- • oxygens and some are surrounded by I lons These Ag-O dlstances 

observed in vanadate glasses are close to the values reported for 

[27] silver-borate glasses and hence this structural model would apply to 

the case of AgI-Ag
2

0-B
2

0
3 

glasses as well 

Correlating our observation of two 2+ Ag centres, ' centre I and II' , 

wlth the structural detaIls of Minaml (from conductlvity measurements) 

and Seshasayee (EXAFS study) models, + it IS clear that only Ag ions of 

-type III surrounded by I lons have a higher mobillty than those of type 

I {f\rt r J ~iv'ng rise to superlonic conduction in these glasses even at 

-lmbiPllt rhh. int.erpretation agrees well WI th MinamI's suggestlOn that 

+ Ag lons of type III have maXlmum mobilIty and contrlbute slgnificantly 
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to lonlc conductlon, and also are in accord wlth the Auger studles on 

" [48) the s11 ver lodo-phosphate glasses where AgI appears to provide a 

+ 
highly polarizable environment for Ag, P and I , thus promoting hlgh Ag 

lon conduct1v1ty 

The 1nfrared spectra of 60 30 10 glass shown In Fig 6 11 reveals 

characteristic features ( in the 
-1 

region 1310-940 em ) corresponding to 

the v3 modes of 803 and 804 structural unlts The ratio of the areas of 

804 and 803 peaks 1S found to be 1 8 lmplYlng that 803 groups wlth NBOs 

are relatlvely less in number compared to 804 groups In the 60 .30 10 

glass compositlon This lower number of 803 groups refers to the 

formatlon of less concentratlon of 'centre I' . It is known that the 

total number of slIver ions (calculated from chemical composl tlon aDd 

molar volumes) remain constant for all 
[49 50] the glass composItions ' . 

Thus the lower concentrat ion of "centre I ' + reflects that more Ag lons 

are derived for the lonlC conductlon from the sllver ions of type III 

and type II (due to conversion of 2+ Ag .. Ag + upon ralslng the 

temperature) Thus the observed higher (ionic) conductlon of 40 40 20 

glass compared to 40 18 42 glass may be explained as due to the fewer 

803 groups formed in the former composition compared to the latter (see 

Fig . 6 Sb) 

We also suggest another posslbllity for the Orlgln of these two 

centres, based on the rather unusual DSC results and the temperature 

dependence of ESR results Fig 6 12 shows the DSC ~pectra of 60 30 10 

glass recorded at different scan rates of 40 and o 
60 C/mmute The 

Qhs~rvatlon of two glass transItIons and two crystall i zatlon 

t pl1\l't'rtilUI ~<., tndiLc.ltp thE" c"-nc;tence of two distInct glass networks . Each 

netwotk may lnturn be Lonsldered to stabilize a centre arising from the 
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+ hole-trapplng of type I Ag from the B03 molecular groups WI th NBOs 

Thus the present Ag2+ ESR results provIde a direct experlmental eVIdence 

for the co-exIstence of two dIstInct glass net~orks Very recently 

the glass composi tion 75 L1 20-20 

82°3-5 As20 3 obtalned by twin-roller rapid quenchIng exhlblts maXlmum 

[51] 
et al established that Chowdarl 

conductlvl ty and exist as two glassy phases WI til lhe lower T belng 
g 

2100 C Thus the eXIstence of two glass networks In a sIngle homogeneous 

glass, appears to be a special feature of the sUperlOnlC conductlng 

glasses 

It is noteworthy that the ESR spectra of 60 30 10 glass when 

prepared from nomlnally pure chemIcals, have shown very weak sIgnals 

unlIke the one obtaIned for the glass prepared from hlgh purIty 

chemIcals RelatIvely weak ESR signals are also obtalned for the blnary 

glass 30 Ag20-70 B203 (dIscussed later) However, the hyperfine features 

In the perpendlcular components are better resolved In the ternary 

glass, ImplYlng a more covalent Ag-O bond In the bInary glass network 

We expect that th i s could be because + of the compet i tion between Ag and 

2+ 
Fe Ions (from Fe203 lmpUrlty) to trap the holes from B03 and B04 

groups, thereby suppresslng the Ag2+ formatIon and creatIng Fe3+ 

centres . 
3+ 

The Fe centre is clearly seen as a axially symmetrlc SIgnal, 

with an 'IsotropIc' g-value of 4 27 which may be attributed to Fe 1110
6 

octahedra WIth a rhombic distortIon 

Ag2+ 
A further quant! tative analYSIS of correlatIng concentratlon 

(obtalnable from the area calculations of ESR and IR spectra) WIth the 

enhanced conductIon 

because of 

+ due to Ag Ions was not posslble In the present case 
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( i ) overlappIng of g signals due to 'centre I and II 
.1 

(11) observed g-anlsotropy, and 
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(Ill) weak sIgnals obtaIned due to the presence of ImpurItIes 

632 Tellurlte Glasses 

(a) Glass FormatIon and Glass Trans1tIon 

The tellurite glass compositions studIed are shown In FIg 6 13 

Open circles represent the glass forming compositIons while the closed 

circles denote part1ally crystallIzed glass XRD experlments have 

confIrmed the amorphous nature of all composItIons except the one wIth 

the compos1t1on 50 15 35 where a few faInt lInes were observed due to 

the ~-AgI crystallIne phase 

The thermal behaviour In the DSe experlment Wlth a heat Ing rate of 

o 
10 elmln was realIzed from the plot of the f1rst derlvatlve of heat flow 

versus temperature For all the glass samples, a dIstInct glass 

transition at the temperature T was observed and the data 1S summar1zed 
g 

1n Table V In the case of ternary glasses, T decreases upon Increasing 
g 

Ag! content The glass samples containing 50 mole% of AgI exhIbit 

another endothermIC maXImum o at 150 e, due to ~ ~) a phase transformation 

of the Ag! constItuent 

Upon 1ncreaslng the sllver iodIde content. but keepIng Ag
2

0 Te0
2 

ratIo fIxed at 30 70, the T decreases 
g 

Such a decrease of T 
g 

IS similar 

to the trend observed previously In bInary alkal i oXIde and sulphIde 

glasses, upon halIde incorporation This implIes a less rIgid glass 

network structure as predicted earl i er[S21 to explaIn lonlC conductIvIty 

enhancement upon dIssolvIng halIde 1n Inorganlc glasses The 
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AgI 

80 

6 0 ~-..... -....., .--~ --

20 

20 40 60 80 

ComposItIon (In mole%) of the glasses Investigated in 

tellunte system (0) denote glass samples whIl e (11) 

partially crystalline sample 



TABLE V 

Glass trans1tlon temperature and the conductlvlty data of slIver 

iodo-tellurlte glasses 

----------------------------------------------------------------------

Glass Composltlon -1 log ~ (S em ) at E (eV) 
a 

----------------------------------------------------------------------

----------------------------------------------------------------------
20 80 223 -7 84 o 73 

25 75 206 -6 40 o 75 

30 70 178 -5 . 48 o 59 

20 24 56 143 -4 20 o 51 

30 21 49 130 -3 82 o 46 

40 18 42 116 -3 32 o 40 

50 15 35 89 

----------------------------------------------------------------------



composItIonal dependence of 

these tellurite glasses 

T 
g 
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thus hIghllghts the thermal stabIlIty of 

The correlation between structure and T ha~ been establ1shed 
g 

through Mossbauer 
[53] 

studles In tellurite glasses 57Fe Mossbauer 

experIments on Fe
2

0
3 

doped K-, Mg- and Ba- tellurl te glasses show 

Interesting changes in the quadrupole spllttlng (~) parameter upon 

add1 tlon of the mod if ier oxide 
3+ 4+ As Fe subst 1 tute Te these resul ts 

reflect contInuous changes in the matrlx glass ~tructure wIth the 

alkali-tellurite glass eventually assuming chain network structure and 

the alkal ine earth tellurite glasses adoptlng a 3D network structure 

Furthermore a lInear correlatIon between T and~, 
g 

suggest that T 1S 
g 

prlmarlly determIned by the magnltude of the dlstortlon of Te0
2 

trIgonal 

bipyramlds 

(b) Electrical Conductivity 

At any given temperature, the conductance G as well a~ the 

capacitance C, of these glass sample seems to be strongly frequency 

dependent To determine the bulk conductlvi ty of these glasses, free 

from electrode mterference the real (Y') and imag1nary (Y') parts of 

• the complex admittance Yare plotted as Y' agalnst Y' at each 

temperature TypIcal plots for the glass 30 Ag20-70 Te0
2 

glas3 are shown 

in Fig 6 14 Each plot consists of a low frequency semIclrcular arc and 

a hlgh frequency straight llne splke These low and hIgh frequency 

l P c.,pnnc;pc; R.rp, duE" to electrode and bulk polarizatlon processes 

1",)"" I \Vf-'ly rhp bulk conductivity of these glasses are obtaIned as 

usual, from the Intersection of hlgh frequency spike on the real (Y') 

aXIS 
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The values of DC conductivity of these b1nary and ternary glasses 

wpre determ1ned by the complex admittance technique As the 50 15 35 

(ompo~ition was partially crystallized we did not measure the electrlcal 

conductivity on this sample All the conductivity data can be 

approxlmated by 

log cr = log cr 
o 

- E IkT 
a 

Table V presents the conductlvltles and actlvatlon energies of the 

sllver-tellurlte and SLIver iodo-tellurlte glasses An 1ncrease 1n 

conductlv1ty was observed by Increaslng the AgI content from 0 mole% to 

20, 30 and 40 mole%, with the Ag
2

0 Te0
2 

ratio kept constant at 

30 -70 When the AgI content 1S increased, the Ag
2

0 content 1S decreased 

proportionately Therefore Ag 
+ ion concentration due to Ag! 1ncreases, 

whereas that from Ag
2

0 decreases The add1tIon of 40 mole% Ag! to 30 

Ag20-70 Te02 glass has Introduced a signif1cant change In conduct1vlty 

of nearly 3 orders of magnitude It is not clear whether the enhanced 

conductlvity IS due to increased concentration of + Ag Ions or else due 

to enhanced mob1ll ty of Ag + ions, upon addl hon of Ag! However, the 

tellurite glass structure is to be thoroughly understood, before a 

proper InterpretatIon of these conductivlty results IS undertaken As a 

first attempt at gettlng an insight into the structures of these 

tellurlte glasses, the E5R spectra of blnary tellurlte and borate 

glasses are compared and discussed in detail 

6 3 3 E5R of Ag2+ t d in Bora e an Tellurite Glasses· A ComparIson 

The E5R spectra of AgI -Ag20-B
2
03 , Ag

2
0-B203 and Ag

2
0-Te02 are 

all characterlstlc of the Ag2+ (1=1/2. 5=112, 4 d9 ) i on 1n an axially 

symmetrlc ( such as distorted octahedral or tetragonal) enVIronment 
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Following are the common features 

1 The presence of one Itwo unresolved parallel component(s) 

2 The eXIstence of well resolved (ternary borate), partIally 

resolved (bInary borate) and unresolved (bInary tellurite) 

perpendIcular components 

- -1 The absence of any other paramagnetic centres such as 0 and 12 , 

even upon X-irradiation 

It IS to be noted that unlike ln most cases of 

paramagnetIC centres In the present case are 

2+ Ag EPR, the 

(a) created at the time of glass preparatIon ( In the melt or 

during guenchlng), and, 

(b) a natIve part of the glassy network and not a "guest 

lon' substItuting some "host ion' of the network 

Thus the spectra could provide a direct microscopIC clue as to the 

nature of the short-range order In the glass 

A compar 1 son of ESR spec t ra of the common compos It Ion name 1 y 30 

Ag
2
0-70 B

2
0

3 
and 30 Ag

2
0-70 Te0

2 
would be InterestIng from the po!nts of 

VIew of glass structure and chemical bonding effects (FIg 6 15) On the 

basis of the temperature dependence and the saturation effects of the 

spectra, one could conclude that the two 'parallel" features represent 

two distinct gil components correspondIng to two chemIcally distInct 2+ Ag 

centres in the glass network The non-resolutIon of the All resonances 

could be due to the rather small overlap of the d-wave functIon at the 

nucleus and the lIne 107 broadenIng effects of Ag and Isotopes of 

Ag possessIng nearly 107 equal abundances (Ag = 51 84% , = 48 11%) 

and the rather small nearly equal magnetIC moments (-0 1135 ~N'-O 1305 
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However, th1s is not an uncommon feature 0 f Ag2+ ESR 

t 
[44,54] 

spec ra 

The perpendicular components are four 1n number for the borate 

glass whIle they are not at all resolved for the tellur1te glasses even 

at 77K Two each of these four components must r~present the two 

chemically dist1nct 2+ Ag species, assuming that the isotop1c resonances 

due to 107Ag (I=1/2) and 109Ag (I=1/2} are not resolved as in the parall~l 

case Thus one could identify A and g correspondIng lo the 
1. 1. 

two 
2+ 

Ag 

species, I and II A check on whether the perpendicular components do 

not indeed represent isotopic hyperfine components 1S provided by a 

comparison of the ratio of the separations between any two palrs of 

lines wIth the ratIo of magnetic moments of the two isotopes 

Therefore, Ag2+ the spectra of In the borate glass could be 

represented by the SpIn Hamiltonian 

H = gil (I) (3 Sz Hz + g (I) (3 [S H + S H] + A (I) (S 1 + 5 I] 
1. xx yy .1 xx yy 

+ gll(ll) {3 5 H + g (II) (3 [5 H + 5 H) + A (11)(5 I + 5 I ] 
ZZ.l. xx yy 1. xx yy 

The g and A - parameters are given In table IV 

A distInctive feature of these spectra (for borate glasses) IS the 

rather large deviatlOn of gil from free spin value 2 0023 Indeed t.g
ll 

= 

o 500 for centre I and 0 . 386 for centre II to be compared wIth Ag2+ in 

phosphate glass and in crystallIne superlonlc conductIng matrIces such 

as {3-alumina 2 240-2 002 = 0 238 (for the two centres) Compared to the 

E5R spectra of crystallme halides, for example AgCI Cu where t.g
ll 

= 

o 133 or KCI Ag 9 where t.g u = 0 191 the 4d hole In the present case is 

strongly localIzed with consIderable spin-orbit couplIng 
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the tellur1te glass -by contrast- the g feature 1S unresolved 
..L 

9 
implY1ng even further delocalizat1on of the 4d hole and probably the 

same in-plane' oxygen coordInatIon for the two cenlre& 

The quest10ns that need to be asked and answered are 

1 

2 

What are the "enVIronments" for the two 
1+ 

Ap centres I and II ? 

Ag
2+ 

What 1S the ground state of 1n these two glasses ? 

3 How do the Ag2+ t t b 1 d th t d t lons ge sal lze , even Wl ou lrra la lon 

in these glasses ? 

The general shape of EPR spectra and the magnltudes of Spln 

Hami 1 tonlan parameters suggest a highly axial symmetry for the 'Ag2
+ 

Ag
2+ 

complex' which may be thought to cons1st of coordlnated to oxygen 

atoms from the modlfled network bUllding blocks BO
J

/U04 and TeO
J

/Te04 

In the case of ternary glasses there is the additlonal posslblllty 

-of I beIng one of the neighbours for espec ially 1n view of the 

large concentration of AgI In the 60-30-10 composition 

WhIle the exact identificatlon and locatIon of the neIghbours of 

2+ 
Ag would reqUIre additIonal lnformation - by way of addItIonal 

hyperfine structure in EPR spectra due to magnetic ligands (non-existent 

in the present case) and/or structural data (average number of oxygens 

around 2+ Ag In the glass and the apprOxImate Ag-O distances), 1t could 

be lnferred from the resolved ( perpendIcular) ErR spectra in borate 

glass that, slnce the 9 unpalred 4d hole denSIty IS better 

locallzed In the equatorIal plane In the case of tellurlte glasses, 

however, and A are nearly zero, 
1. 

whlch would Imply near 
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9 complete delocalization of 4d hole density and also an identical 

equatorial plane neighbourhood for 
2+ 

Ag 

As far as the 
2+ 

Ag centres in borate glasses are concernpd one could 

conclude, from the thermal stability and saturatIon behaviour of 

2+ Ag centres, that the centre I has an aXIal oxygen derived from B03 

while that of centre II originates from B04 As for the Ag2+ centres in 

tellurite glasses, both the centres have nearly the same thermal 

stabi 11 ty WhICh could mean that both the Ag-O bonds In the tellurite 

glass are equally strong and that the Te0
3 

and Te0
4 

produce non-bridgIng 

f i il h 1 character
(SS1 

oxygens 0 very s m ar c emica However, the differences 

In gil values of the two centres once agaIn pOInt to the dIfferences in 

9 the deiocalization of 4d spin densities 

In the absence of any ligand-hyperflne structure, and In VIew of 

the strongly axial character of the spectrum, the ground state of 
2+ 

Ag 

in these glasses is essentially free-ion like 2 The D ground state of 

2+ 9 Ag (4d) is split into a lower doublet (d 2 2, d
3 

2 2) and an upper 
X -y z -r 

triplet (d d, d ) by an average cubIc/octahedral electrostatic xy' yz zx 

field of the neIghbors In the glass network Further dIstortion (e g , 

tetragonal compression) remove the degeneracy and make the ESR ground 

state non-degenerate This ground state could eIther be d 2 2 or 
x -y 

d 2 2 In view of the fact that gIl > gJ. • the coordInatIOn around the 
3z -r 

?+ [40] 
Ag ion could be a prolate octahedron i e • the symmetry would be 

tetragonal 

Furthermore, 

tellurite glasses 

tJ.g" > tJ.gJ. > 0 for both the cases of borate and 

2 2 and thus the ground state is Ix -y > A similar ground 
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state was derlved for 
2+ Ag 

[40] 
In ~-alwnlna 

Ag2+ 
The quest10n of formation of 1n the present glass 1S Important 

because neither AgI nor Ag20 has any native Ag2+ lons 1n them nor has 

any external means (e g , X-irradiat1on) been employed by us, unl1ke all 

the previous investIgators to produce the 
2+ 

Ag centres In fact, 

X-irradiation has brought about a slight d1m1nutlon of Intensity of ESR 

spectra, indicating partial 2+ Ag + 
---+) Ag conv€'rs1on, and, more 

Ag
2+ importantly, the 1nherent stabllity of the centres against electron 

r .-l.ptUf"l" Unl tke in cases (e g , metaphosphate glass or (3-alum1na) where 

AgO UI iOlmed along with Ag2
+, there are no ESR active complementary 

electron-trapping centres in the present case Furthermore, the purer 

the starting matenal, the more intense 1S the Ag2+ spectrum m our 

case 

The formatIon and the stabilization of 2+ Ag In binary/ternary 

silver borate and silver tellurite glasses could take place in one or 

more of the following ways 

(a) Incomplete breakmg of bonds There are t.wo types of bonds 

involving Ag Ag-I and Ag-O A complete breakage of bonds in 

the melt would gIve rise to + "almost free" Ag , -
I , 

2-o ions 

WhlCh could "momentdrl1y" reor1ent themselves by formlng Into 

molecular groups such as AgI
4 

or Ag06 but then there are the 

glass-former bonds B-O, Te-O which would be formlng and 

breakIng In view of the considerable VISCOS1 ty of the melt, 

these bonds would not break completely In case of incomplete 

dlssoclatlon, there IS the posslblll ty of hole transfer from 

+ HlI ~ unci R04 moie("ular groups to Ag and a sudden freez1ng of 
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2+ Ag upon quenching This dlScuss10n - speculat1ve a~d sketchy 

that it is - nevertheless underlines the need for a 

full-fledged experimental i nvest1gation on 
2+ 

Ag formation 

+ 
Direct M!. 2+ 

--~ M!. converS1on As all our glasses are made 1n 

+ 2+ an oxidlzing atmosphere, a direct Ag ~ Ag transformation 1n 

the melt cannot be ruled out Such a conversion could inItiate 

at the surface and gradually proceed to the bulk of the melt 

Even in this case, quenching stabllizes the converS1on 

Thus we bel1eve that Ag2+ ions detected 10 the ESR spectra of 

borate and tellurl te glasses are formed In the melt and stabl11zed 

during quenchlng 

6 4 CONCLUSIONS 

SlIver lon conducting glass systems Ag20-B203 , Ag20-Te02 , AgI-Ag20-

B
2

0
3 

and AgI -Ag20-Te02 are investiga ted through AC admit tance 

spectroscopy, DSC and X-band ESR spectroscopy from the pOlnts of Vlew of 

+ 0) Ag conductiVIty (11) thermal stability and (lit) mobile catlon 

environment The prlnc i pal results are 

(a) the optlmlzed glass composition 60 AgI-30 Ag20-10 B203 has hlgh 

IonIC conductivIty (~ 10-3-10-4 5 cm-1 ) at ambIent wIth 

neglIgIble electronIc contrIbutIon 

(b) Decrease in Tg wIth increase of Ag
2

0 content, reflectIng the 

composItIonal dependence of T 
g 

(c) Two paramagnetic hole-type centres based on Ag2+ as detected by 

ESR These centres formed durIng glass preparatIon are 

thermally more stable In tellurlte glasses than those In borate 

glasses 
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strong 

mIcroscopic support to Mlnaml's model that there are three types of 

silver ions type I strongly interacting with 803 groups, type II weakly 

-interactIng wIth 804 groups and type III surrounded by I lons Our ESR 

results strengthen the suggestlon that only II and III types of Ag + ions 

are responslble for lonlC conduction, but not the I type 

rpmp~r~turp depend~nce of Ag2+ ESR spectra together wIth DSC 

results (whlch show two glass transition and two crystalllzation 

temperatures) that go with 2+ 
two Ag centres, provIde dIrect microscopIC 

eVIdence for the co-exIstence of two dIstInct glass networks, WhICh 

appears to be speclal feature of super ionic glasses 

Ag2+ ESR spectra of 30 Ag20-70 8
2
°3 and 30 Ag

2
0-70 Te0

2 
binary 

glasses are compared in view of (a) the enVIronment of thIS paramagnet~c 

specIes and (b) the origin and ground state of Ag2+ in these glasses 
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CHAPTER 7 

SUMMARY AND SUGGESTIONS FOR FURTHER WORK 

1.1 SUMMARY 

1.2 SUGGESTIONS FOR FUTURE WORK 



7. SUMMARY AND SUGGESTIONS FOR FURTHER WORK 

7 1 SUMMARY 

A reasonably successful at tempt has been made - as is probably 

evident from preceding chapters - to study thermal, electrical, 

structural and kinetic aspects of quenched-in disorder in alkali and 

silver-based super ionic conductors The major conclusions of this effort 

are as follows 

An electronic system based on quadrature oscillator, current-to-

voltage converter and phase sensitivIty detector (PSD) has been 

speclally desIgned and constructed for the measurement of AC electrical 

conductivity and complex ~mpedance/admittance on ionic and superionic 

conductors at several frequencies upto 60 KHz The design Incorporates a 

CMOS FET SWl tch controlled by two antl-square reference signal for 

rectificatlon and a dlfferent1al amplifler for summatIon and impedance 

matchlng The performance of the system has been demonstrated uSlng test 

samples and the posslbi1lties for complex permittivity measurement 

dlscussed Our system obviates the need for an impedance transformer -

usually employed to overcome mismatch problem ln lock-in amplIfier based 

circui t Wl th hlghly resistive shunt loads The deflni te advantages of 

th i s instrument such as effective n01se rejection, slmp11ci ty and low • 

cost facl1itate development of the equipment even 1n a small researcn 

laboratory 

Quenched 11 thium sulphate (LS) have been investlgated from the 

point of view of (a) long term, ambIent stabl11zatLOn of the plastic 

ph'l se , and. 
+ (b) the mechanlsm of L1 conduct LOn Programmed quenchLng 
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from the melt was employed and XRD, DSC, IR and ESR spectroscopy were 

employed for characterIzing the phase stabilized by quenched-in 

disorder The prIncipal results are 

(1) while pure LSA (Alfa) quenches from melt/hlgh-temperature solid 

state to an extremely short-llved FCC phase. LSL (Loba) 

o quenched to 200 C produces the hardened plastic phase which has 

a 5-6 order hlgher conductiVlty compared to the lnsulatlng 

monoclinlc phase, 

(2) XRD pOInts to orientatlOnally disordered cublc phase (a = 

6 98 ~), 

(3) The endothermic humps in DSC (~ 351 o and 535-550 C) provides 

unequl vocal thermodynamic characterization of the metastable 

phase, 

(4) A strong, structure-sensItive microscopic eVldence for the 

stabillzation of cubic phase comes from the ESR of X-Irradiated 

melt-quenched Li
2
S0

4 
containing L1

2
C03 , by way of a motlonally 

-averaged g-tensor characterIstic of tumbling CO) ions occupying 

the dIsordered lattice, and 

(5) Direct IR spectroscopic evidence of orientational dIsorder 

involving and is provIded by the consIderably 

broadened v) vibrational mode of the former, and, broadened v3 

and intense & sharp v
2 

modes of the latter 

The correlation between the structure of the mptastable phase and 

ESR features on the one hand and between vIbrational dIsorder and high 

+ LI conductIvity on the other, is discussed 
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The eutectic composltion 30 Li
2
0-70 Te02 (in mole X) identifIed by 

the phase diagram of the pseudo binary system L1
2
0-Te0

2 
IS prepared as 

glass and its thermal and electrical behaviours are investigated i n 

detail The thermal behaviour of 30 L1
2
0-70 Te0

2 
glass studled through 

DSC reveals two and three stages of crystallizatIon for the bulk and 

powdered glasses respectively The non-isothermal kinetlcs of the flrst 

stage crystallization of powdered glass has been analyzed In terms of 

the modified Ozawa and the modified Kissinger methods and the 

crystallization products identified by XRD Surface nucleatlon appears 

to be the dominant mechanism for crystallization wi th an actIvation 

energy barfler of 553 ± 6 kJ/mole, a value higher than for sllicate 

glasses indicatlng the lower thermal stability of the tellurlte glasses 

Three products of crystallization - an intermediate unidentified phase, 

a metastable monoclInic phase and a stable, final orthorhombic phase -

are revealed by XRD The crystallized (orthorhombIc) phase exhlbits 

lower ionIc conductivl ty and higher activation energy for conduction 

compared to the glass 

The mixed alkah effect is investigated in the tellurite glass 

system 30 [(I-x) Li
2
0-x Na201-70 Te0

2
, (where x = 0, 0 2, 0 4, 0 6, 0 8 

and 1 0), through (1) AC conductlvity (ii) DSC and (ill) IR absorptlon 

The Isothermal conductivity, actlvatlon energy for the conduction 

process (E ), 
a and Te-O stretching frequency of molecular groups ax 

Te03/Te0
4 

- all showed nonlInear behaviour upon gradual substltution of 

one alkali lon by another, wlth a minima (in ~ and T ) 
g 

at Na/(Na+Li) -

o 6, as in borate glasses A shallow positlve devIatIon in E 
a 

characterlzes thls system 
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In the llght of theories, based on the interaction between alkali 

ions and the glass structure, an examinatlon of our results reveals that 

the effect and the nature of dIfferent structural networks (such as Te0
3 

with NBOs and Te04 ) must be included to fully account for all features 

of mixed alkali effect 

Glass compositlons are optimlzed in the systems AgI-Ag20-B203 and 

+ respect to Ag conduction, so as to realize high 

ionic conductivIty (- 10-2 to 10-3 S cm-1 ) at ambient with negligIble 

electronic contribution ESR of Ag2+ in 60 AgI-30 Ag
2
0-1O 8

2
°3 glass 

provldes a strong microscopic support to Minami's model to the AgI-based 

borate glass structure and have strengthened the fact that the mobile 

+ Ag ions responsible for superionic conduction in these glasses come 

from both AgI and Ag20 constituents The temperature dependence of 
2+ Ag 

ESR spectra together wi th DSC resul ts also reveal the co-exIstence of 

two glass network in AgI-Ag20-8
2
0

3 
super ionic glass 2+ 

Ag ESR spectra of 

30 Ag20-70 B20
3 

and 30 Ag
2
0-70 Te0

2 
glasses are compared in the light of 

short range order existing in the two networks 

7 2 SuggestIons for Further York 

Based on the results of the present investigations, and the 

conclusions there of, the following suggestions could be made, for a 

better or deeper understanding of the systems and phenomena 

1 (a) The AC conductIvity meter frequency range could be upgraded to 

1 MHz 

(b) Digi tlzation of output and interfacmg the lnstrument WI th a 

computer 
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2 (a) Neutron diffractlon study on QL200 for the confirmation of 

structural model of a-Li
2

S0
4

, lncluding carbonate lon posltions for 

further interpretation of ESR results . 

(b) Estlmatlon of frozen-in entropy in quenched LlZS04 through 

speciflc heat measurements 

(c) Identiflcation of the unknown lntermediate phase In quenchf'd 

Li
2

S0
4 

(d) Mlcrostructure of QL300 through transmission electron 

microscopy 

(e) Stabillzatlon of a-Li
Z
S0

4 
ln a glass matrIx such as LiZO-TeO

Z 
Z- 2-

(f) Partial replacement of S04 by Cr0
4 

and ESR study of its 

quenched melt to probe dynamlcal disorder 

(g) Role of in stabilization of a-Li SO -
Z 4 

a mixed 

conductor - and an electrode materlal to go wlth quenched 

Li
Z

S0
4 

3 (a) IdentIflcation of the unknown crystallized product in 30 Li
2
0-

70 Te0
2 

glass 

(b) The lnfluence of surface area upon crystalllzation (thlrd 

stage) 

(c) VlSCOSlty measurement in the range T ~T ~ T and 
g m their 

correlatlon wlth crystalllzation kinetlcs 

4 Ca) Structural relaxation around T by DSC studIes to probe the 
g 

5 

mixed alkali effect 

(b) Mixed alkali effect in the system Ll
2

0-AgzO-Te0
2 

uSlng 

as probe to Investigate the role of non-bridging oxygens 

z+ Ag ESR 

(a) + 
Optimizat.ion of Ag conduction In AgI -Ag

2
0-TeO

Z 
glass system 

for the use as a battery material and elucidatIon of conduction 

mechanism 
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( ) f Ag2+ 
b A dedlcated study of the formatlon 0 paramagnetIC species 

in AgI-Ag20-B203/Te02 glasses 

(c) A study of crystalllzatlon kinetlcs of optImized AgI-Ag20-B20
3 

and AgI-Ag20-Te02 glasses to confirm the eXlstence of micro­

crystalline a-AgI 

(d) Optical studies (absorptlon and luminescence) of 

AgI-Ag20-B203/Te02 glasses, for a complete understanding of the 

Ag2+ environment and for a simulation of ESR spectra 

• 



IJSr OF RBLIrnTIOOS 

1. "calOr1metrlc and electrlcal studles on quenched L12S04 .H20", 

P. Balaya and C. S. Sunandana, Solld State Collllun. 70 (19 ff3) 581. 

2. "A PSD-1:ased electronlc system for AC response studles of superionlc 

conductors 1~ 

P. Balaya and C.S. Sunandana, Pramana-J. Phys. 33 (19 ffi) 627. 

3. 
++ 

"ESR of Ag ln 60 AgI-30 Ag20-10 B
2

0
3 

glass", 

P. Balaya and C.S. SW1a.I1dana, Solld State Ionlcs, 40/41 (1990) 770. 

4. tl ESR of X-lrradlated melt-quenched L1
2

S04
1
: 

P. Balaya and C. S. Sunandana, I€cent advances ln fast lon conductlng 

materlals and deVlces, BVR chowdarl, et al. (Etls.) World SClentlhc 

( 1990) 535. 

5. "Mlxed-alkall effect ill the L1 20-Na20-Te02 glass system ll
, 

P. Balaya and C.S. Sunandana, Iecent advances In fast lon conductlng 

rraterlals and devlces, BVR Choltrlarl, et al. ([{is.) World SClentlilc 

( 1990) 5:B. 

6. "81ectrlcal and thermal stud1es on sll\~r tellurlte glasses", 

P. Balaya and C.S. Sunandana, lIRecent advances In fast lon conductlng 

rraterlals and devlces ll
, BVR Chowdarl, et al. (Etls.) World SC1ent1ilc, 

( 199 0) 543. 

7. tlMetastable superlonics", 

C.S. Sunandana and P. Balaya,- accepted for presentatlon In 3rd Aslan 

Conf. on Solld State Ionlcs, Varanasl-1ncha, Nov. 1992. 

8. "SpectroscoplC, electrical and thermal studles on s11 ver tellurlte 

"mti ~11 VPY-lOOO tellurlte glasses 11 , 

[. 14.:1. l .. t)'c1 d1\d ~'. c.,. Run;::mdana, accepted for presentatlon In 3rd Aslan 

l Yilt. ~u ....wJ...ltJ ~t.~1,.\J lQlu.c~, Vd.ranasl.-IndJ.a, Nov. 1992. 

9. I1Crystalllzatlon studl.es of 30 L120-70 Te0
2 

glass l1
, 

P. Balaya and C. S. Sunandana, carmunlcated to J . Non-Cryst. SOllds. 

10. "Quenched llthH.Iffi sulphate l1
, 

P. Balaya and C.S. Sunandana, comnunlcated to J. Phys: Conden. Matter. 


