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Abstract

The purpose of this investigation was fo study the superionic phase transition

in pure and doped Lal's crystals,

The superionic transition was studied by Brillouin and Raman scallering tech-
+ I T 1 " 1 1 1
nitques, This approach provided an effective means of correlation the change in
the clastic constants and the broadening and shifting of Raman bands, thereby
enabling an examination of various mechanising which could lead to generation

of disorder,

This work reporis the first Brillouin scaltering measurements in Laly doped
with 2.5 and 5 mol % Bal®y and frst Raman scattering teasurements above

phase iransition in Lal'y and Laly doped with 2.5 mol % Bal®,.

By stwclying the change in the phase transibion temperatvrees with incrcasing
Bal", dopant coucentration, thede measurements have added new inlormation
about the mechanism of the superionic transition, The combined results of
these experiments showed that the superionic phase transition temperature

decreases substantially {or relatively low concentrations of Bal'y dopant.
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low 1984) codes. Suceessful defeet caleulations have been earried onl on Lal®

using these codes by Ngoepe ef el (1980} and will be outliued in Chapter 4,

1.3.2 The Monte Carle Method

The prineiples of statist*=al mechanics predict that for a systom of N parti-
clos in thermal equitibriw ab temperature 7, ihie probability of tinding the

configuration in which the positions are &, @y is

P 2o ) e (QuNY) Tt e PRk (1.4)

whore {7 is the potential eteegy as b funetion of condignration, Qx is the vonlig-
urational partition funetion and kg iy Bollaman's cowstant, The Mante Carlo
method, ax developed by Metropolis of el (1953), provides a nicans ol gener-
ating a large sanple of conlipurations in which the frequeney of oeearrence of
the roidigurations is close fo tlial given in g L (Wouod of ol [976, Vallean
1977). Given thix satpley it is then possible to caledate any quantity whick
it be expressed as an average over posilions of the fons, For example, the
averspe spatial distribnition of the jous ih a [ast jon conductor can be ostis
mabed by eonubing the fregueney with which the fous vecupy various volnne
elements tn the muit cell. The method also yiclds results for thermodynamie
functions sueh as inlernal eneegy, prossure, ele, However, dyiunieal guaniz-
ties, suel as diffusion voeflicients, are in principle impassilble o oblajn, sinee

these characterize the time evolation of the systens, which s not deseribe by

12



1L lkas Deen recugnized sinee the early work of Mol and Littleton (1938) tat
the energy of dofeets in jonie erystals s dominated by the dicleettic response
of the latbice to the elfective charge on tie defect, Phis means that i is
important to take o weconnd the relaxation of the fabiiee al large distances
[tom the defect, Tn order o do tho o, the erystal s divided into two regions: an
inner region, which coutains the defeet ilsell and a set of s neighbours and
an ouler region which containg the remaduing jots, Iu the outer region, the
respouse of the labiice i represented by the diclectrie polarisation 17, whieli is

approximated by the macrascopie fovmala

e | ey ,
i - i;(l - JJ':")' (1.4)

whore €2 is the el electeie chiarge on the deleet, ¢, i the dicleebrie constant
ant # i the displacemoent [rom the defoct. Tn the inner region, the cunligira
tion of the system is represented explicitly by the posttions of the jons, The
energy of the system and the forees on the fons for a given conlipuration are
calenlated nwing assined intetjonie potentinls which act helween the fons i
the iuner region and betweon these juns and those i Lhe onter repion. The
fons tn Che fnner regioa are then relaxed iteratively to the equilibvinm condig-
uration, i which the lorees are zevo, These priveiples lave heen etmployed
for eatenationy of defoet formation and migration energion using powerlnl aned
generid cumpater programs eadled HATIES (Norpoett 1974, Catlow 1980, Cal
low and Mackrodt [9582) and CARCADE {(Lewlie 1983} codes,  In adidition,
aleulmtioig of the eohesive propertios of perfect Jalbice stuctsires have been

perfortned using PLIPTG {Callow and Notpett [978) and MITTATOCS (Uil

1]



shaely Tast fon conductors, The figst kind, whiel consists of static equilibrium
simulation, allows one o ealenlade the cuergy of given configurations ol jons
cartespotiding Lo stales of relaxed mechanical-cquilibriung this approach s
maiuly useful for treating a perlect latbice containing isvlated deleets, bus,
as will be noted below, §s olten relovant 1o the study of Tast on coduetion,
Tl second approach abms to provide a atatistical-mechanical simmlation of the
talerial at not-zers, and generally, high teniperalures; there are two enbively
dilferent techuioques here, which ave called Lhe Monte Carlo and the moleenlar
dyuarmies methods, 'The first of these yiolds only the probability of linding the
system in various conligurations, and contaius no dynamieal information, The
moleewar dynamies method gives a fall ropreseatation ol thme evolulion of e
gystem in o state of Lhermal equilibrinm, Being o dynamical mothod, this kind
ol simulation lias the power to caleulate the transport propertios which are of

conlral intorest, in Last don conduetion,

1.3.1 Static Equilibrimn Simulation

The alin of statie oquilibrivm sinulation i o determine the by relaged equi-
librium conliguration aml the associated energy of o defective labtice, Thix
kind of calewtation has been perlomiwd mainly for fsolated poinl defeets or
tlefoet elusters (Catlow aml Mackradt 1982), but, s readily extended o peri.
udieally repeating amrays of deleets and to Hoear or plimar defeets (Pals and
Norgelt 1978, Catlow wal Mackeodt 1982), 'The prineiples of Lhe method will

be suimnarizes] for the case of an fselated defoe,

Ith



wiieh $he foens 18 on the movement primarily of one particle (i, oo the delect)
ar w very [ew particles (e, g the inferstitials) with associnted relaxations and
following movemenis of its immediate neighbours, Whicls defeel movetnents
are likely {s then a question of the foru of the encrgy surfaces in the space
spanned by the tisplacement veetors of these atoms invelyved in the movements,
Clearly, moveinents corvespotding fo passage over regions ol exceptionally high
onergy will be vory nlreguent sinee the tecessary {luehations in energy will
he vory rare, Tl depondence of jamp rate ot encegy barrfer and temperature
ax dedueed rom the application of elassical statistical mechanies has the well

known Artheniug form (Vineyaed, 1957):

0 s 1}("""’""“2 (1.5)

Ilere g I8 the Ciibbs (ree energy of activation (for conditions of congtant 7' and
£}, wihicl can be decomposed indo eutropy and enthalpy terns in the usnal

Wiy

Much of solid-state theory it based on the assimption that the lous are rege
ety arvanged in space and thal their motions are nearly barmonic, The
lramatic breakedown of tise assumptions in the ease of fast fon conduclors
meand Lhal the sinple theoretical methols used for deseribing the thermody
namic sbrueturad wnd dysanical properties of sormal selicds are qal generally
applicable, Because of this, computer simutation is now $he preferred method

ol construeting detadled theatetical wedels of superionic conduetom,

There are two broad kinds of simnlation method which have beon wsed Lo
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Table L1 Members of the tysonite famdly, o and ¢ ropresent the laltice pa-
ratmeters (After Mansmann [965)



Jaroszkiowicz and Sirange 1958), dhis prompling the present work concerned
with these type £11 fusl-ion conductors, Such materials (pure and doped
Lal%) ace diseussed i Ahis dissertation, Lal® is reprosentative of he jonic
trivalent halides with the (ysonite steneture (trigonal el class), members of

this faunily being preseuted in Table L1

1.8 Theoretical models for sv .rionic

conductors

ucderlying & great deal of the theory of the defect solid stade s the idea
that defoets, namely vacanclos and inteestitialy, make a sequence of fudividual
thermally activated jumps from one lattiee site (o another, These jumms e
relatively iifrequent by the standards of laltice vibration periods and generally
involve sulliciently large local fuctuations in encrgy Chat suceessive jumps
are dynamically uncoreelated with one another. In kinelie treatments il ja
generally assumed thad vacaneios move direetly only helween neighbouring
lnbkice sites and Whad interstitialg correspondingly jump belween neighbouring
interstitinl sites -though thig case may be mmore conylicaded for two reasona,
One s the oceurrence of cerlain less obviows struelires, the seeand s the
vperation of "indireet” or "interstitial” modes of displacement in which the
interstitial moves by pushing a neighbouring alom off its normal laitice site
inbo ancther interstitial position awel ftsell taking e site so vacaled, By these

asinpbions the potentially siany parkicle problem has been redieed to one in



Type 1 These materials achicve a Ligh conduclivity wie in a coutinuous
manner, Their bigh ionie conductivity is associated with good mechanical
propertics aud their perfermance is close o that of the best alkaline elees
brolyles. Na Buper lonie Conductor compounds (NASICON) awd g-alumina
are representalive of this type of fast-ion conductors (Chawdra 1981, Collin

and Boilot 1989).

Type I These matetials are characterized by a dilfuse plase transition
assorialed with a gradual inerease o the concduetivity, The inunebile sublattice
is thie same in the low and high teniperature phases and the disordering in
the mobile sublattice oceurs gradually with inereasiog temperature, Fluorite
siruetared compoundg ave o prominent position in this class (Catlow 1988),
An anotmaly in the specifie heat was obsorved fu these compoouds (e.z, Calfy,
SrClg) al the transition temperatiure Te, which in these cases is 08Ty,
wlhere Ty 1 the melting temperabure, TlHs anomaly in the speeifie heal is
ansucinted with che development of limited disorder on the anion sublabtice,
being o carrentd canelosion Lhat less than 10 % ol the sullattice i dizordered
(Catlow cf el 1978, Comins of . 1990)  The simplicity of the structure
and bowding in Huorites mace them ideal systems for fundamental theoretical
and experimental sbudies of superionieity (Lidiard 1974, Hayes 1978, Chadwick

1483, Hutehings 1981, Coming of af, 1990).

Fluorides with Quovite stenetnre and Gysonite strueture {eg. rare earth n-
orides) exhibil relatively high ¥~ i conduetivitios {(Vashishta of af, (979),
In comparison with the fluorites there lave been few stadies of fonie teans-

porl in the tysonite Dnosddes (Chadwick e el 1979, Sehoonman of ol 1980,

H



1.2 Types of ionic solids

From the erystallogeaphic point of view o perfeet erystal of an jonic compound
would be an insulator {Lidiard 1957). The presence of defects or disorder is a
necessity Lo sustain significant fonic transport, The two types of deflects mostly
responsible for jou transport in superionie solids ave Schottky and Frenkel
defcets, In Schotlky defoets positive and negative ions leave their normal sites
{0 create vacancies and eventually residing al indernad or external surlaecs while
in Fronkel defoets an ion moves to an interstitial position leaving a vacaney
ab its labtice site, Sote possible transport mechanisms tuvolving these defects

are illustrated by Chadwick (1994),

There are dilferent schemes of classification of supetionic conductors hasged
on various theories (Rice and Roth 1972, Chatndra 1981, Pardee and Mahan
1975, Boyee and Huberman (979),  The nosl appropriate elassilieation for
the purpose of Lhiz work s made according to the nalure of the (ransilion (o
the superionic state (Pardee and Mahan 1975, Boyee and Hubepman 1979),

Following this schemme, tonic solids are of three Lypes:

Type It These are both eation and anion superiouie conductors i which the
superionic slabe is achioved througls a lirst order phase transition of the condue-
Hvity, A change i the lattice symmetry oeeurs al the transition tetuporabure;
in adelition Lo $he disordering of the mobile jon sublattice, She rearrangement
of the inunobile lon sublattice is usnally present. Agl is the most stadied

fast-lon conduetor in Chis elass (Chandea (981),



electiolytes need low clectronic conduetivity to avoid leakage losses, Thisd,
ler oleetrodes for batieries and fuel eells both high electronic conductivity ad

ligh ionie conductivily are destrable,

High power density, high onorgy density and reliability are essential if energy-
storage systems involving fast jon conductors are Lo be competitive, In addi-
tion, une also hopes for structural integrity, for low weight, for stable condue-
Livity not limited by degradation, and for immunity to envivoumental factors
like oxygen or waler vapour, It is especially uselul il the deviee will operate at

room lemper: bure, but will survive healing on charging or discharging,

These general requirements mean thal any jonie conductor worlh serious con-
sidoration should have miie 2 010" em=!, that is, have o diffusion constant
D 2 0% ace, and an activation cnergy for jon conduclivity of 0.1 eV or
logs, These ideals are rarely miel, allhough there are candidates with propertics

close enough to justily large technical investmoents,

In addition to the present applications of solitd elecirolybos, one of the inter-
esting applicationy v likely to be coneerned with the development of cortain
citertits or devices which may be used in new kinds of computers such as bio-
computers in which lvsie transport phenomesa will play an important cole

(Takohashi 1989),



may bo regarded as a sticdy of disorder (Catlow 1994},

Although there are materials which show both high electronic and higl jonie
conductivity stimultaneously, the cmphasia here will be on materials with nege

ligible eloctronie conduelivity.,

Superjonie conductors are attracting much attention becanse of their unique
trangport properties based on the high mobility of lonie defeels and/or on the
tolerance of the siructure for Ligh levels of disurder, whicli may be generated
both intrinsically, Leo ab high tompoeratures, or extrinsically, hy doping or

deviation [rom stoichiomaeiry.

With regard to the diffusion or conduction behaviour, superionie conductors
have some characteristic propertios: (1) very high values and a small temper-
ature dependence of the dillnsion constant £ and the loniec comductivity o
(2) very small values of D, and a,, This implics swall values of the defect

formation and migration cuergios,

Apart from scientifle curiesity, three major technical regaitemen's demand
watertals with high jonic conduction (Tooper 1978). First, there are jon non-
itors in which the presonce of a low concentration of xome specics is measured
electrochenically as a vollage across a suitable eleetrolyte, The important lea-
tures are diserimination and low electronie conductivity, to avoid dissipating
the potential gonerated in driving an electyonic current, Indeed, for electro-
chemical monilors there is no need o draw a caerent ab all, Second, bigh fonie

concductivity can be valuable in electeolytes for batteries and fuel eells, These



is the electromagnetic field, essentially because of the long range of electromag-
netic interactions which gives rise Lo a large variely of phenomena {Birnbaum
1985), T'his is in many cases a severe complication in treating the response of
the system, even if linear response theory has been applied in studying both
absorption and light scaltering equations in the limit of small applied felds.
In spite of this, light seatboring spectrascopy has been increasingly used in the
lagt fifty years to study the dynamics of dense syslems. Phenomenological
and microscopic theories have thercfore been developed in parallel with the

experimental fiudings, in order to oblain the maxitmum possible information,

In .I+ chapter a survey of fundamental and applied aspects of the field is
presentedl. The chapler covers the theorelical tools required for the study
of superionic conductors as well as a Iriel deseription of the experimental

techniques needed {or analysis, particularly applied to pure and doped Lalty,

1.1 Superionic conductors

I general, jonic solids have values of the electrical conductivily o immediately
halow the melling bempoerature 15, aboud four orders of magaitude smallor
than in the mell. However, some types of lonic solids have values of & in
the erystalline state comparable with that in the mell and are referred to as
superionic (or fast-lun) cowrluctors or solid electrolytos, This higl value of ¢ is

a consequence of extensive disorder in a component sublattice of the solid and,

looked at from a fundamental point of view, the study of superionic conduciors



Chapﬁ:er 1

Introduction and general

SUrvey

The stwdy of defects and disordor in solids is & central top’c in solid state
scienee. Up Lo now no gencral theoties exist in achieving a satisfactory de-
scripbion ol atomic motiou in those solids which do not exhibit Lrassiational
invariance of the microscopic properties, Speelroscopic dada are valuable for
obtaining a betéer insight into the problem and a large offort lad been made
by experimentalists in order to improve the bumber and the quality of their

resulbs,

The diffieulties conneeled with the interprelation of experimental data on dis-
ordeted solids can he ecasily understood il one noles that, even in ordered
dense iany-particle systems, a curreel interpretation of the experimental data

is sometimes a diflicult task, This is particularly true when the external probe
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marahd -

chararterized by 1 relatively I orpge valne of # (5 1 per cent).

Crystals contain defeets such as vacnneles awd interstitials (Seetion L atid
these provide meehanisins for jonie movement, The temperature dependenee

of the funie conductivity i given by the Avchenins relationship:

o, .La v
o (.f{',);- Yi (1.7)

'}
where &4 is the activation enersy and s coniposed of fwa parts, £ doterined
Iy the energy of formation of i defoct, and Fy, i aetivation eneegy for motion,
Msally, a plot of Toged against & has three regions with different slopes as

selietatically shown in Figuee 14

At Jow temperatures, comdnetivity arises from defects existing in the erystal
heeause of the presenee of Impritios, so that By v determined priva iy be
the aetivation energy Jor motion ondy (Hayes 1982, Region [T s the region
of intrinsic conduetivity in whicl o is dotinated by defeets ceeated thereally
in the Jattice and there is w0 higher activation energy tnvolving buth the eo
crgy of ereation and of metion. Basieally, [or superionie condnetors, wesioan
i1 terminates with o specilie eat anomaly assoefated with the erder-disovder
teansition (I 1.A6) Region T then represents o highly-disovderol ergstalline

shate with o pelatively fow Ky determinatod largely by Fag.

lor nouinteracting dofeets, the canductivity o 35 relatord to the dillusion coef-

fiefent 73, for the mobile chatge eareving spevies throngh the Nernst-Finstein

|"*
it



Totmd activation caorgios [or the motion of e interstitial fluoride ons {n Bal®,

dogd with Lal’y fn varfous coneentrations.

In the present wark the Raman technicque has heen utilized Lo charneterize the

dilluse pliase trausition in pire Lalty sl Laly doped witl 3.5 mol % Bal?,,

Larlier work of Liarokopis el al, (1985) has reported the temmperasure depen-
tlenee of peak positions and halfwidths of the fivst order Raman spectrim
of pure Lal®y up Lo 800 K, Tu this project, Raman measurements have been
performted bo nineh higher temperaiures (21400 K) covertng the rnge of the
diflnse pliase transition in puee and doped Lal?y for the it Lime, These results

will be outlined in Chapter 4.

1.4,3 Tonic conductivity

loute conductivily, ey in pure and doped Lal®y has been the subject of mueh
work (Chadwick ef al 1979, Schoonman ef al. 1980, Roos of al. 1983, 10814,

184D, 1981e),
11'“1' il Hi"glll lll“h“(l Hl“‘('il‘ﬂ, 1.1[!‘. ttuu(h"l[‘ivitly, u-‘ iH Hi‘,v“ I:y:
as np{de). (1.5)

where @ i the concenlration of the wobile species per wait volutue, g i the

tmubility of the lonie species, and Ze v the junie charge, Superionies ate
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Britionin teclmioues, The theorelical backgrowsd will e onilined in Chapter 2,

wied the experimental details will e presented in Chaptey 3,

1.4.2 Raman scattering

Raman spoctroseopy has widely and Trequently heen used to investigate strue-
Lural and difluse phase transitions in different types of materials, I has proved
to he a very uselul fool lor sbiudying the dynamte propertios which oceur at
phase iransitions assoctated with the anionic or calionie salfattices (Mead and
Witkinson 1977, Habbal of al. 1078, Elliot of al. 1978, Teetors and Preeh 1982,

van dor Marel and den Hartog 1982, Heyns and de Waal 1992),

Fach elementary Ranan sealtering event involves the dealruetion of o pho-
ton of frequency wy, neident from o lght sonree, ‘he ereation of a scatinred
phonon of frequetiey wy, and Lhe creation or desteetion of au oplical phonon

of fragueney w (Fig 11,

The Raman specteam of & erystal depends on its symmetry ag will he presented
in Chapter 2. Deleets indiee madilications of the erystal exeitation spectron
ated from Lhe yomavad of the seleetion vitde for erysial momentin comservadion
allow il direel alservation of pew modes. Such modes fnelude he broadeniug,
of the A, and Fy, peaks in the spectinm ol Lal% whicl are assoeiated with
anharmonieity and disorder (Liarokapis of el 1985), A similar behaviour
b noted for the Ty, mode in erystals with Qoorite stenelure,  Sturdying e

luewidibs of Ty, me de (Mg, 13), van dee Marel and den 1artog {1982} have

a0
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dues notl vary signilicanily in order to change olfeelively these froquencies,
Botla cf el (1993), lowever, deseribe an optical interferometry mothod based
on & laser Jamin inteferometer for determining the hehaviour of the refractive
imdex as a funeiion of temperalure, l?aitlﬁ; an oplical flal, the laser heam is
split into two parallel beams, one above the other, and directed throngh an
oplical Mrnace which hag inside Uhe encapsiated erystal, The erystal is placed
in the path of one of two beams, Wlen the two heams are superimposed on
a gereen, an interference pattern appears, The dilforonee in the optical path
depends on the lenghh and the velractive index of the erystal, and so heating
ol the erystal causes the inforference pattern to aller, The latlice parameter

is found from elassical Xeray moeasurements,

Much of the offort up to now has related fo hulk waves in bransparent sin-
gle eryatals, In the contexi of superionie conductors, Figure 1.2 shows Lhe
hehaviour of different, combinations of elastic constants for Lal'y with tem-
peratnre using the Brillonin techigue (Ngoepe of el 1986), These kinds of
investigations are providing invalnable information on phase transitions aed

other pliysical processes in solids,

Inereasingly Brillounin seattoriug is beiug used to addrvess problems of tech-
nological relovanee, suel ax the propertios of fast jon conductors (Coming eof
al, 1990), snbaurface damage induced hy polishing (Mendik o ol 1992), the
elastic propertion of diamond and other Hin-im coatings and semieonduetor

heterostretures (DI 1982, Nizzoli and Sandereack 1990},
The reslis reporbed fu Chaplor 4 ate based on a cojbination of Raman and

t¥
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1.4.1 Brillouin scattering

In Brillouin scatbering, light is seattered by thermally excited long wavelength
acoustic phonons, and the freguency shift is measured for varions seallering
meomebrios to oblain the phase velocity of aconatic waves in dillerent diree-
tions. For each scatioring geomelry, under certain selection rules which will
be reviewed in Chapler 2, there are maximum 3 Stokes and 3 anti-Stokes com-

ponents as shown schietmatically in Pigure 1.1 with frequeney shifts (Redssland

1973):
Ly, .
Apy = W 51112, (1.5}

wliuru n d8 the refeactive index of the medium, v, ave the three directionally
dependend acoustie phase veloeities, Ay is the wavelongth of the incident light,
and § ix the seattoring augle, These veloeities are Tunetions of the bulk elastic
constanis, and this has led to Brillouin seattering beeoming one of the more
fmportant methods for measuring the auisotrepic claglic constants of crystals

Lvery 1994).

This method has the advantage that it can be used on speciinens of the order
of fow min in size or less, wuder variable conditions of prossure, lemperature

and magnetic field, ele

According to liq. 1.5 | 14 §s necessary Lo know the refractive index and the
lattice parameter in order to calenlate the clastie constanis,  Usually, high
temperature measuremients merely report acotistio-mode lrequencies as an ap-

proximation to the hehaviowr of the elastic constants, becatse the faclor pfa®



of the clecironic charge clouds and the London dispersion energy. In order to
achieve a fully satislactory descripbion n'[_' dieleetrie prapertios, i is necessary
also to take account of the electronic polarizalility of the ions, This is genevally
done using the shell model of Dick and Overhauser (1958), in which cach ion

iy representod as a charge core and shell coupled by a harmonie spring,

The parameters of the polentials may be obtajned either by quantum mechan-
ical calenlation (Kim and Gordon 1974, Mackrodt and Steward 1979) or by
einpirical fitting to bhulk erystal properiies {Vashishta and Raman 1978), or by

a combination of the two {Catlow ¢ al 1977).

While there is no probiem in using the full shell-model deseription in static
equilibrium shnulations {Cablow and Mackrodt. 1982), it demands boavy com-
putational Jabour in moleeular dynamics calenlations (Sangster and Iixon

1976}, which liave alinost always been performed using the rigid-ion model,

1.4 Experimental technigques for superionic

conductors

Various technigques are empluyed o study superionie conduetors, The impor-
tant features of the main technigques used o the presest projeet, Brillonin and
Raman scattering, will be outlined, This will be followed by a brief review of

glher methods, which have assisted o inlerpretiog the present resilia,



{liat for every time stop the force on every jon be caleulated by summing the
contributions from all the other jons. In the initial period of evolution, the
system relaxes to thermal equilibeium, This period is of no use for caleulating
experimental observables, since it retains memory of the special initial condi-
tons, In addition, it is generally necessary in this phase to add or subtract
energy in order to bring the system to the required lemperature, Onee thermal
equilibrium has been established, the system is allowed to evolve undisturboed
long cnough for a satislactory quantity of information to be generated: for
example if it is wished to calculate a dilfusion coeflicient, a reasonably large
number of elementary dilfusive events must be allowed to oceur, The position
and velbeitios of all the ions in the comse of the simulation are stored for

purpose of analysis (Sabgater and Dixon 1976).

1.8.4 Interionic potentials

Whalever simulation method is used, the validity of the interionic potential is
of crucial importanece, For's  tely, a large body of evidence suggests that a
rather simple functional fou -+ Lhe potentials is entirely adequale fur a wide
range of ionic materials {Catlow and Mackeodt 1982). The lovm conmonly
axsuined for the energy of interaction ¥ between jous of types ev and # consiats

of three terms:

’ ¢ r st
Vo == 3«%‘? + A«m!mp(-«m) - (1.4}

whicli ropresent respectively the Coulomb ener gy, the repulsion due to overlap

14



lie probability funetion 1%,

1.3.3 'The Molecular Dynamics Method

The satisfactory caleulation of dynamical queniiiics demands that the Lime
evolution of the system is simulated. This is what the molecular dynamics
method does (Rabman 1964, Brpenbeck ot el 1976, Sangstor et al. 1976) . B
s known froms Boltzmann's J-theorom that il a many-hody systom is starbed
in any reasonabie initial condition and allowed {o evolve [reely according to
Newton's equations of meolion, it will attain the most disordered stale characs
teristic of thermal cquilibrium. In this state, it should resemble rather closely,
both in its structural and its dynamical properties, the real material studied
experimentally, provided only thal the forces hotween the ions are modetled
realistically, To practice, there is another proviso, which is thal sue can handle

a la-ge enough number of fons to reproduce the properties o the bulk malerial,

Tle course of a molecular dynamies simulation is typically as lollows, A cor-
tain number of ions {typically a lew hundred) is faken in s box iu some initial
conliguration (bt of the porfeel crystal, {or instance) and with random ve-
locitics; in order to eliminate surface efleets, this basie system is periodically
repeated, The system is then made to evalve it bime under the action of the as-
sunxt interionie potentials, For numerical purposes, the dilferential equations
of motion are approximated by nite difference equations, with some charae

teristic time gtep length Af . The implementation of these oquations reguires

13



the incident electrie ficld induees an oseillating dipole of the satne equency
al cach point along its pati. Mach oseillabing dipole radiates serss i all
ditections. Thus, Lie net feld ) any poind fu space §s the veelor « v of the
fndduced dipole Helds, In this calenlabiou, the dicleetrie wedimm s cousidered
a conbimune (Cha, 1974), Classieally, cacli lattice vibration {K, w} porturbs

Whe dielectrie constant ¢ so hat

€tk Do g XP LA F o wil) = g e (2.0)

The seattered eleetrie fold &, can be comprded by summing the induced dipole
fields reaching a particular poiut in such a way so a8 (o jnelude the relative
phase between waves oviginating from spatially sepatated pomts in a seattoring

voluine,

Using hin approach, when o field B(# 1) == i Rt (Fig. 2.1} fa {nefdent un
a oryatakiine mediut, the fae-lekd seattored amplitiede ab o poiut ¥ s readily

foutid o be of the forim (Cnounins, 1969):

4 w*"‘ [‘:u!iill -!‘ 4 e ilb 1 oy ER
fog ”"Zf",}q;’.fi{ iy epli(hd i wii)] f‘ Cexpli(kub - R, (L2
where
wl b wy
"k '«J"}' e 4 PLIN
pho e LR (2.3)
t fr

L - 1 g 1] . ! .q 1]
The volue indegral in Mg, 23 gives w o-Deetion in (& 4 i k',,} wlich



anel deepened the range of materials propertios aceessble to measurements by

light scattering spectroscopy.,

This chapter eovers the common ground of Brillonin and Raman seattering,
The main goals are to vhtain the basie foruulas, in order to assist in the
interpretation of the results in Clhapter 4. Blasticity will alse be reviewed in

order to explain the Brillonin spectra,

2.2 Light scattering theory

Brillonin and Raman effedts involve the inelastie seattoving of an incident pho.
tan beam with a materinl so that elementary exeitations (phoanons, polaritons,
plasmons, efe,) are created or anuibilated, therefore, cansing o change in the

ploton froguemey.

In superionie vonduetor, the Hght s seattered by phonons and this theoretieal

cae will be ontlined in the present chaploer,

The iprantity linking light seattering theory aid experiments is the scatioring,
vrosa seetion,  The magnitinle of (e seattoped inteusity i determined by o
ariety of factors, Only the main results will be quoted, a il aceannt on this
subiject betng the subjoet of standan] teves meh an Tondon (18973) and Haves

atgd Taundon (13178,

Wlien i beam of linearly pularized light i passed theougls o divleeteic wmedbion,



Chapter 2

Theoretical background of light

scattering and elasticity

2.1 Introduction

A fuelaentad probdem of solid atate physies B lo juterpret the mweroseopic
belwviutr of erystals in terms of the constants clinracterising the lattiee strue
tre and the mubual interactions hetween pairs of ntoms of the eeystal, Light
stattering apeetroseopy is a feasible method to achieve tlis tack, Muels of the
formal theory of lighl seattering is common ta all varietios of mesretnent.
Ita vilue an a toul for investigating the propertices of matior, iowover, was fully
realized] only with the interpretation and olservation of inelastic ght seattoy

ing liy Brillonin and Raman in 19205, The inveation of the Lsee bay extendod
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1.5 Motivation for this research

The desirability of extending knowledge of the type of transition, the defect
species involved, the natire and configuration of defect interactions, the nwshil-
ity of defects and the extent of disorder at and abeve the superionie iransition

to pure aud doped Lals has prompted the present light seattoring stucios,

From the experimental point of view, the results of Brillouin and Raman stud-
tes will be used to analyse different superionie mechanistus proposed in the

liternture.

The conelusions of this research program will add new infortation alwut the

opset of disurder for this class of superionic conductors,
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the study of Cheethamy ef ol (1978) did not in itsell completely diseriminate
botween the P3el and PBaem space gronps, However, all the ndivect evidenee

pointed to 123c] as the most favourable space gronp,

1.4.8 EXAFS

Fxtended Xeray Absorption Fine Stracture (FXAIH) 4 relatively a new tech-
nique which reflects loral steietural ordering witlin condensed materials, be.
ing able to deteet subtle changes in the local stenctural environment of spocitie
aton types. Ther are, it is potentially tsefd in the study of disorder in jonie

golids (Cutlow 1085).

The variation of a crystal’s Xeray absorbanee as o buwetion of incident Xeray
energy i attel hoyoud the absorption cdge i measneed o these experiments,
Lixtracting quantitative information {from EXAFS data nsually invelves the
ealentation of a theoretieal spoctenm from & proposed steaetnee, For this reason

cotnputer simulations are used as complenontary techudogues (o provide very

detailed models of the Toeal structural enviromnent of partienlar atoms,

These two combined techniques weee suecossblly nsel by Catlow of al. (1985)
to prove the existenee of difforent types of eisters in eeystals withe Onorite

stencture,

SR



and noted small anomalies in their data,

1.4.7 Neutron scattering

The diffraction of neutrons by erystals has been the subjeel of much experi-
mentel and theoretical studies sinee 1940s. Thermal nentrons have a de Broglic
wavelength of the order of the interatomie spacing in crystals and cnergies of
the order of the energies of the lattice vibrations so that they can be used in
diffraction studies, A distinetion between the coherent and incoherent seats
tering of neutrons is made, Coherent juelastic seattering of thermal neuttons
is of partieular interest sinee from a study of the envigy change of the seat-
tered neutrons for a given momentum transfer the phonon dispersion eurve,
the relation betwesn the lrequencies of modes of a given polarization and wave
veetor & can be obtained. Incoliorent inelastic seaitering i also of consider-
able interest, since the energy distribution of the seattored neatrony is related

to the froqueney specteum of the erystal.

Neutron seattering experiments can wonitor the relative position of the jons
in u given crystal, Shoet-lived straetures known as clusters which wodify the
vibrational propertios of a ceystal s s preoeed for Quorites by Hutehings of

al, (1984) using these technigques,

De Range of al. (1860) and Cheetham of ol (1975) porforied neatron seat
toring on Laly. The fist group suggested the spave group Playctu, while the

secans] proposed the spice group MBel as sosulis of thefe aalyses, In Guct,
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1.4.6 Ultrasonics

This is the most widely used approach for determining the elastie stiffness
constants of anisotropie solids and the variation of these constants with tem-
perature, pressure, efe (Mvory 1084). 1t is acenrate to deseribe it ay a funily
of techniques, which have in common that they involve the transmission of
plane acoustic waves in various (usually high symmetry) directions through
the solid, and the determination of the elastic stilfness constants from the
measured phase velocities of these waves, Tulsed as woll as cuntinuons wave
methods ate used. The generation and detection is nsually done with plezo-
electric teansducers which couple throngh faces of the sample which are ent
normal to the required propugation directions, By making use of reflection, a
single transducer can serve as bath source and detector, Some approaches use

buffer rods to filter vnt misleading ochooes,

There have been numetous approaches developed that Ly means of phase inter
ference or pulse ovorlap allow high aceuracy to be achieved, particularly with
rogard to the measurement of clanges in elastic constants with temperature
s prossure cfe, Among these techniques are a doible pulse phase mﬁnpnrixun
wethod developed by Williams wnd Lamb (1958), and a pulse snperposition

method developed by Meskimin (1061).

Over the years there has been a considerable ammount of work done on fluerite
crystals wsing these methods (Manasrell aned Pederson 1084, 1985), The fiest
soud velocihy data for Laly luve heen peported by Keiseler (1068), Aliev

ef ol (1984) measired the avonstic mude veloeitios botween 350 and 10 K

B}
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T T

high gyro-magnetie ratio which means the NMR signal is large. The one disad-
vantage of the technigue is that the samples must have a low concentration of
paramagnetic impuritios, sinee they will cause relaxation and mask the effects
of diffusion (Hogg et al. 1977, Gordon and Strange 1978). The precision of an
NMR, data point is around £:10% and parameters are obtai ned from Arrhenius

energies.

Several NMR studies on Lal's have been made at te nperatures below T and

will he ontlined in Chapter 4,

1.4.5 Specific heat

The analysis of the jsobaric specific heat, (%, data of solids iy one of the
oldest methoils of showing the existence of point defects and of providing es-
timates of the shermodynande parameters for defeet formation (Lidiard 1957,
Chadwick and Glyde 1077). Close to the melting potat % for Hluorite com-
pounds rises rapldly above the vahie, Cp,y expeeted for a perfect, tlefort-{ree
erystal (Figure L6a). The latter s usually obtained by extrapolation of the
low-tetperature data points, The peak of the anomaly normally defines the
transition temperature to the superionic state (Catlow ¢f ol 1978). Another
type af belmviour was observed for Lal's by Lyon ef ol 1978 (Figure 1.6b)
This stitdy will be reviewed and nsed to explain the hehaviour of pure Lal'y

jn Chapter 1.



presented in Chapter 4.

1.4.4 Nuclear magnetic resonance

An elternative method of obtaining information on the jonic transport in ma.
terials is nuclear magnetic resonance (NMR). This ix 4 powerfud technigue
which, in addition to providing a mictoscopic probe of the material, preseuts
some advantages over bulk conductivity measnrements in superionie condue-
tors {Whittingham and Sithernagel 1977, Richards 1979). It van be used on
singl-crystal, polyerystalline and powdered samples, although more informa-
tion can be ebtained from studies on oriented single erystals, NMR also works
well on both electronically conducting and insulating materjals, As a resuli, it
provides a means of measuring the jonie contribution to the conductivity when
the eleetronie component ix non-negligihle, In addition, since NMR monitors
all the fous of a given element in a material, it can distinguish between cases
where the conductivity is dominated by fonie motion along the surface of the
sample, along grain boundaries or through the bulk of the materials, Sinee
NMR does not depend on the jump distance, however, it eannot ecasily dis-
tinguish botween o local motion and the long range wotion aeeded for good
DO onie conduetivity, On the other baml, it provides a direet measuee of the

fonie hopping rate without a knowledge of the jump distance,

NMR i iu principle an execllent methord for studying Auorine fon motion in

Huoeides. The ¥ isotope is of 100% natural sbumlance, has spin 1 and has

£
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relation (Hayes 1982):

o DenlZe)t | v uZe):

TT g A (1.8)

where n and Z are defined as in Equi won 1.6 aud »7! s the time it takes an

ion to hop an average distance [,

The Haven ratio, Iip, was introduced 1o classify diffusion mechanisms when
tracer diffusion measurements for independent and identifiable tracer atoms
are made and can be corroborated with ionir conductivity experiments (Haven,
1978). Hp is defined as the ratio of tho tracer - iffusion coeflicient to the diffu-
slon coeflivient obtained from ionic data. In general each diffusion mechanism
has a unigue theoretical value for Iz and consequently careful measurements

of Hg have proved valuable in identifying diffusion mechanisins,

Although many studies Lave beeu ditected towards the collection of experi-
mental data, the models proposed for onie conduetivity in LaFy are subject of
much confroversy (Jordan and Catlow 1887) becanse of the high experimen-
tal error caused by many factors which adversely affect the measured data,
A main disturbing factor iv the reactivity of LaFs towards oxygen and water
vapoutr which interferes strongly in the experimental characterization of thu
lonie transport (Chacdwick ef al, 1979). The main conciusion of these analyses
is that the gross features of Jonie comduetivity can be explained fu ternw of the

defect interactions,

The fowie condnetivity studies on Laly assist in the jnterprotation of the data
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melting tempetature of these materials (After Boyee and Huberman 10749),



b - st e

m, [100]
n, {010]
., [601]

%, =
j100} 1/

Fipwe 24 Coordinade systom for o hesagonal crystal nstug ondugenal axes
{After Tonell f of, 1950

4N



[({“iil 4 (*‘.“)H,l H;;] ul,’ -+ [((-'1_-; -+ (-‘,;.I)n.-,;n..,]u[H-
{("-l-l{”-f f ﬂi) -t (':1:1?{-":', (tf’“]ff;',' v (3113

Using the coordinate sehete of Fignre 2.4, it bs seen that wave teansiuission
along tlo 2y axis s given by oy o< 1y g s = O Tlds st of conditions yields
the eqations:

(€< prin < 0,
Ligs y a0
[5(0 700 == ) o prihadg we U,

(€04 o prhay o 0, (212)

which tnvis that o compressional wave propagating along ry axis will have s
velority given by

P = Oy (2.13)

aued transverae woves propagating along oy witl have velueitios piven by
F”'ﬁuuj i (g (&b
with puliarization i the ey or [B01] divection, or
# Lo J 9|8
T RS LS TR G PO (15}

with puliedation in the wy or [010] direction,
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chaose £, aned sobve Fogo 110 for the three velocitios p, (212,38} For carl
v, the three displacoment voetors @@ can then be found from the equations of

mution.

The & may be vomputed directly i the elastic constants arve knpown, Con-
vorsely, the elastic constants may be dedieed from measurements of the vo-
locity nsing ultrasonie methods, vr equivalently from moasurements of the

Brillottin shifts.

2.3.2 Solutions of Christoffel’s equation for

hexagonal crystals

Solntions of Christoffels equetion for a hexagonal erystal will now he cousid-
eretl, In the hexagonal systeny thore are five iudepotdent elastie constanls;
(oo Clgad Oy Oy Oy Clig Clyg o0 Ot Ol o :_l,((-'u e 0 e Usitg e
tion 4.9 Lugother with the elastie comstant sehiote leads to the following three

syuations:
4. 1 4 e 2 . 1, ,
(¢ -'nn‘f t E-}-(r:‘u - ('m)ng A4 g pv‘]u'l’ 4 [-.2[(.” gl ngjuipd

[( { -‘1;; A tu}ﬂiﬂ;l]llf:‘ | N
]' rE ] 1] [ 1 v d 1 P 1 P} 41 N
[ A0+ Crdnpnafuy 4 5(C0 0 Cadn b Cung 4 Cang - prijaly

Tk Oy dmgnaady < 1y

IH



1 er 1482 w23 38w 332,82 o d 5 13,31 -2 55 1221 2 6,

Thus, the matrix of vonstants for a triponal ceystal (classes 32, 3y, 3i) may

he written (Pollard 1977):

( (i C Cw O O 0 \
(ha (g Oy =ty U 0
Cha w C 0 B i)
(', =t {1 { i
¢ 0 u0 oty
000y §l0n = M)

The elastie vonstant mateix for o hexagoual eryatal (] classes) 1y as follows:

(hy (g O 0D 0

(yp My O 0B 0

(ha (3 Ca 00 0

b 0 (" 0 0

[T T ' R | A S i
\ 000 u Hn «r'u)J

Thi last, matrix of olastie constants is relevant to Lalsy for roasons to Iee

disenssed in Chapter 4

In any given ervstal class, bepinning with a suftably redueed sot of €5, oue can

15



-t

cotslanty,

Fguation 2.7 was first published by Christoflel i 1877 and has sinee hoen

discussed by mnnerons wathors (Love 1944, Musgrave 1070, Fvery 1980),

One seeks plans-wave solutions

= e, (2.8)

‘Tuking w?/ =¥, and considering the unit veetor ite{ogna,) normal o the

L) B

wavelront, Ui equation of wotion 2.7 hecotes:

cigf gy = poteg, (2.9)

Fquation 2.9 i a solution of the Christoflel oquation if

el Leigimtngng = 03| o O, (2,10}

For vach erystal elass, the mumber of olastic conslants e are resirictod by
symmetry and many of them vanish ideobically whi-* conaiderably simplilics
the solution of the seeular cqgiidion, Tor the most peners] anisolrapic body,
e number of independent elastic conabauts is 21, Depemling on the erystal
lograjthie elass, there are 7 or § jwdependent, constants Tor o Srigonad systen,
The mumber of elastic constauts ix § for o hexaponad erystal, I i customary
to 1se an abhroviated notation (sometimes reforred to ax Voigt’s notation) i

place of Lthe full tensor notadion, The folfowig sehenw iy adoploed:

14



speetrum iy restricted to a ve W spectral region less than 1 em™!,

Sinee the long wavelength acoustic modes involve in-phase motion of all the
afoms in the unit evll, the atomic displacement are pearly constant over dis
tanees on the order of A100 unit cells, so that oue may disenss these modes
in terms of an elastic contimmm Dobye modcel. In this case, the relations of
s, 2.4 are readily derived Iy considering Bragg seatbering from a sonnd wave
el computing the resultant Doppler shift, Brilouin{1922) was the first to nse

this approach and showed that the (requency shifts were given by g, LS,

Prioe to discussing the Brillonin tensors, a brief review of elasticity ls yinder-

taken.,

.1 Theory of elastinity

Al solid bodies are characterized by Lheir ability to carry longitndinal as wol
an tranaverdse elastic waves, The veloeilios of propagation of thoese waves are
dilferent in dilferent direetions and are defermined by the elastie roustants
of the golid, Therefure, in urder to aualyse the Brillowin spoetea, the normal

aconstic modes of the erpala) must e known,

Iram the classical theory of elastivity (Landan and Lilshitz 1970}, the equa-

tjony of molions are:
P,

) ]‘i'l‘.‘.‘ ] e s
1 157 Skt i, ¥

where #zs{u ) is the loral displacemient veelor, and e, are the elastie

11
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selection tules, however, can be found directly fram the symuetry properties

of the crystal {Loudon 1981, 1965),

2.3 Brillouin scattering in crystals

Brillouin (1022) predicted that there would be components in the spectrum
of light seattered by Honids and solids whase frequency would be shifted from
that of the incident tght by interaction with thermally excited sonmd waves
in the scattering medium, This eifeet was lirst observod by Gross (1830) who
was wsing a mercury discharge lamp as the sonuree of exeiting light, With
the advent of the gas lasor, Brillovin scattoring experimonts acqnired an sleal
suures of exeitation and sinee the frst reported experiment by Benedek awd
Tritsch (1966) there las been continned interest in this teclimdoque, As ean be
seen in IIi‘igurv 2.2, thie throe branchos for which @ «o 0 as & - 0 start off with
constans slope, the range of K in the dispersion cueve (lirst Brillowdn zone)
botng iypieally ~10% emL In the light-seattoring regime (B~ 3510 e 1)
the aconstic dispersion i given by the welation

wal 1) =1 (KK, (2.6)

TEEN I

In this case the jndes g, comnonly ealled the polarization index, denotes
the possibility of one longitdind and two fransverse aeoustic modes of the
medit associabed with the wave veeter K. Bovanse the frogueacies -

tical mudes are very mieh smaller thag those die to vptie mades, the Brilloniy

BW



are ol involved in lipldt seatboring so that the monentum couservation law is

elfectively exnet (D4l 1982),

The momentun zelection rules l1?| w [fg - Zr',-[ resteied lirst ordor light scat-
bering spectroscopy bo a very small fraction of the modes fying elose to e
couter of Brillowin zone, In seeond opder scabloring light fs scattored by 2
phonons, and Bgs, 2.4 apply to tle sum of momenta and energy for the 2
phonons together, Second order scatiering arguments have beon used by Kle-

mens (1966} in order to explain nelastie seatiering by phonons, Tlis model

will be prosented in See 2,4.3,

Various quantities have been introduced Lo represent the inteusity of the come.
ponents in the seattered speetrum, A vory uselul quantity is the Rayleigh
ratio, or differentis) eross seetion per anit volume, For incident light polarized
i & direction 4, and seatiered light polarized in the direction a,

[de e

roages g ¥ e o 2‘!-
Vagt oy (5)

I ft yi =

where V' i the seatboring volume [rom which light ix belng collected and »r s
blie distance from the seablering volame 1o the detectar, The Rayleigh vatio

hay the ditensious of an inverse leagih,
iy

Iar Brillouin scaltoriog Bug can be specitied completely in terms of imacro-

seapie parameters of Ghe erystal ax 3 will be shown in Seelion 203,48,

For Raman seatlering, the cotmputation of e magnitmle K (& 100% eny o)

fa extremely complivated and has only heea considered inoa fow cases, T'he

11
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Figure 2.2: Schomatic dispersion curves for lattice vibrations showing optical
and acoustic branches in the Hest Brillouin zoue for a partieular direction.
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imposes wave voctor conservation. Thus, of 3V normal modes in a crystal,
kinematically only 3s of them (one from each branch) can produce scattering
of lisht of frequency w, in any given direction 8. The scattered field will ths
consists of components at w, twy where wy are the 3s frequeticies at whieh

B~ fc‘st R 2|i:,-lsin -;-0 jntersects the 3s branches of

a vertical line at If-{l =
the dispersion curve {Fig.2.2). The same results are readily obtained from the
second-quantified theory of lattice dynamics (Born and Huang 1962). Each
normal mode { K w} is described in terms of & number of quaunte (phouons) of
energy fiw and erystal-momentum /(. A light scattering eveut is produced by
the ereation or annihilation of & phionon as indicated in Fig, 2.3, Conservation

of energy and momentum between the photonrs and phonons yiclds:

W™=
Stokes svent,
Bl K,
(2.4}
Wy =Wy Swlpy
Antistokes ovent,

The momentum conservation law s not absolute beecanse the Hamiltonian of
the erystal is ot invariant nuder all translations, bat only nnder translabions
through discrete lattice vectors, However the vases wliere momentum is not

conserved ((Fmklapp processes), vory important in eloctron or x-ray scattoring,

B
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Figute 2.1: The geometey of a light scattering measurement
(After Hayes and Loudon, 1878)
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Figute 3.1; Experimental arrangement for Brillouin measurements using the
Burleigh 3-pass cpectrontetor
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3.1 The optical systems

A light scattering optical system consists hasically of the laser, a spectrometer,
the focussing, eollection and filtering systems, the collimator and the detection

gystem.

Three optical systems were used in this project. The schematic diagrams of
the complete experiments are shown in Fig. 3,1, Fig. 3.4, and Fig. 3.3
The two Brillonin systems used have several features in common but have
differeut operativnal principles for the respective interferotueters. One system
wyes a classienl Burleigh 3-pass Fabry-Perot interferometer, the other a state-
of-the-art Sandercock G-pass tandem Fabry-Perot interferometer, the latter

also employing an acousto-optical chupper to minimise the Rayleigh peak,

The optical equipment was mounted and aligned on special spectroscopic tas
Mes, The weehunieal stability of this tables must be gueh that the image of
the foeal apot at the sample never misses the spectromoter’s entrance, slit ov
piuhole, Two massive s wore degigned jn our lub and were made from con-
erebe, The other table was bought from Newport (TTSA) being a researeh grade
high porformance speetroscopie table amd was wsnd to support tlie Sandereock
tandem interferometer. These tables isolated the optical systems from fluor
vilirations in the range of 50 b0 200 Iz, Furthernnoore, the delicate Sandercock
tandewn intorferameter was monnted on a compact modnlar dynamie antivi-
bration aystem offering dynamical isolation against all six translational and
rotational vibrations in the range of [ Tz to 100 iz, In this system, the

inertial feedback is nsed via olectromagnetic transdurers to provide not only



Chapter 3

Experimental apparatus and

techniques

This Chapter deseribes the apparatus used in thdy work and the techniques
employed Lo measure Brillouin and Raman scattored light by superionic con.
ductors ad liigh temporatures, The opticad systems ave preseated in Section 3.1,
The vacuum optical furnace used for healing samples to bigh iomporatures fol-

lows i1 Seetion 3.2, The sanple preparation systemn s oudlined in Section 3.3,



sotue time ago.

Different mechanisms of broadening will be analysed in Chapter 4 in order
to explaiu the extra-broadening which ocenrs at phase transition m pure and

doped Laky.

e
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nite peaks rather than delta-funetion singularities which ave shifted relative
to those predicted in the harmonie approximation at the temperature noder
congideration. At higher tomperatures, the anharmonieity of the potential
will lead to inereased phonon-phonon interactions that resull in scattering atd
shorter iffetimes of these uptical phonons with a concomitant increase in the
poptlation of aconstical phonots Menee, the effects of cuergy shift and width
will be functions of temperature, This problem has, in the past, heen the sub-
jeet of agtensive theoretical {(Maradudin and Fein 1962, Cowley 1905, Klemens
1866) and experimental (Temple and Hathaway 1973, Balkanski ef ol 1083)
studics, The wost commonly nsed model assumes decaying of the phonon
with harmonie frequency wy to two ad theee phonons of frequencies wy /2 aud
oiof3, respectively. The relovant expression for the temperature (T) dependent

broadening of the Raman lines is (Balkanski #f of, 1983):
ir! 3 1 1 2 1
(1) &= o+ Al -+ 5]+ Bl(na + 5 + -i';;], (2.24)

where 2y antd 2 are the phonon ocenpation nubers ab wy/2 and wo/3, A and
B are pusitive constants and 4y is a terin representing a residual broadeniug
due to Tastice fmperfections, An expression similar to B 2.21 deseribes the
frequency shifts
. l T, 1 213t
el i B NI T I TRl [ Wl RN
2 2 £ (eg 2} D+ 3] + 1:51] LI {2.25)
where €7 and 1) are non-negative constants, In spite of recent progress and
interest in e two-phonos speetra of solids, the theory of these processes

continues to be an upen problem as already pointed ont by Cardona (1975)
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the possible destructive interference and lead to a contbined cross seetion that
is N times the single-atom cross seetion, This simple theory exolains ouly the

clagtic light scattering,

Raman scattering is an inelastic process beeause energy i exchanged between
the photon and the crystal, As predicied by harmonie theory the scatiered
Raman spectrum should consist of a number of pure lines or delta-function
peaks superposed on a continwons harkground. The peaks correspund to the
so-called one phonon processes in which the ploton excites or de-exeites a
single plionon i possing theough the ceypstaly the location of the peaks follows
frotn conservalion equativns 2.4 for energy and momentum, The background
of the inclastic speeteumn §s produced by the multi-phonon processes in which
the photon excites or de-excites more that one phonon poer single scattering

avent,

When anharmonie forees age prosent they will manifost in o most significant
way in the above mentiosed ohe-phonoen peaks, The temperature dependened
of the shift and width can be understood in termis of an osciliator that re-
arty to the anharmonie potential within which the atoms wove, Aubarmonie
forees, if sinall, can be interpreted as eansiug an interaction betwoeen phonons,
as o vesull of shiv phonon-phonon interaction the phonons get a finite lifetime
while the energios are shifted with respect to the undistuehod valies, these
altes being the values ealenlated for a hammonic lattics w.it.h pacameters ad-
Justed st the temperature under consideration, thus including the offects of
thermat expansion amd self oneegy shift that avises from phonon conpling st

that temperature, As a ronsequence the inelastic specttum now exhibits fi-



&, Thon the Rayleigh ratio is given by
Rur, = Aldn T 8.0 (2.22)

These principles were used by Bauman and Porto (3967) in order to identify

the yymmetry of the scattered light in the Raman spectra of Lals.

2.4.3 Raran shift and linewidth

Using the Lorentz model, the diff -ential cross soction for a single atom for
scattering in which the electric veetor £, uf the seattered light has the direction

of & unit vector &, is

de st

— AT g
hit) [w‘ﬁ -w'd)'.!+w2?2 (€1 6)%, (2.23)

where v iy the oscillator damping constant, #; iy a nuh veetor parallel to £,
and the quantity 7. i the classical electron radius (=2 2.0 x 107%m), Averages
of K, 223 over the two independent directions of ¢ and &,, correspond-
ing to unpolarized ineident light and a detector that loes not diseriminate
hetwoen the scattered polarizations, give the sante expression for differontial
cross section up tu a term ’l.i(] + cox#0), B being the angle between ineident
and seattered light, The seattering by N idertieal atomy is obtained wpon
multiplication of the cross sections given above by ¥, Laudaw and Lifshitz
{1980} has shown that there s nu contradiction in this operation because e

spatial hietuation in the density of a vandom distrilntion of atoms diminish

5



does indeed have multiple components, which can be attributed according to

this scheme (Bauman and Porto 1967).

2.4.2 Selection rules

The transformation properties of the Raman-active lattice vibrations may be
used to construct scattering tensors relating the polarization of incident and
scattered light, The Raman tensors for the trigonal point group P3cl, which is

the most probable description of the Lal’y structure, are (Bauman and Porto

1067):
a 0 0 gy Q5
A 0 o 0 Iy PR (TR e
0 0 e ag oz 0

The Raman scattering selection riles can be determined by the following pro-
codure: Suppose that a given lattice vibration perturby the polarizability ey,
Then an ineident light wave polarized in the g-direction will produce an ex-
cesa polarization £, in the pedireetion which will re-radiate, However, v, can
be non-zere if and only if its repredentation coinehdes with that of the lattice
vibration (Ifamermesh 1862), Thus, the form of the polarizability tensors for
eaclt vibrational species of any crystal class ean he deduced from the trans-
formation properties of the appropriate bilinear form which are listed in the
rharacter tables of most group theory texts, In using these tables, one fivst

specifies the polarization directions of the neident and scattered fields, ¢; and

nd



2.4.1 The normal modes and Raman activity

The actual caleulation of the optical-mode frequencies for LaFs was not made
in the literature, being an elaborate problem. It is possible, however, to pre-
dict o great deal about the Raman spectrum from sym-try considerations,
utilizing group-theoretical techniques. The procedure is discussed in standard
texts on group theory and spectroscopy (Heine 1960, Herzberg 1945) and is

summarized very hriefly below,

For a given crystal, one first determines how many atoms in the unit cell
either remain invariant or are carried to equivalent sites by each symmetry
operation of the crystal point group, These numbers are then used to construet -
the total displacetnent group Dy, which is finally decomposed into a set of
irreducible representations of the point group. Each member of the reduced
set corresponds to a normal mode of the lattice, In order to determine which
mode is Raman-active, from *he total dizplacement group, Dy, one must

subtract those modes which carrespond to rotation and transtation,

Qnee the symmetry species of the optical lattice modes has been determined,
the following rules are wsed to predict if they will he active in Raman seattering,
A lattice vibration is Raman-active only if its representation corresponds to
one or more components of the polarizability P, For Lal%, it is found that for
point gronp Pel, Ay, transforms like x2+y2, 92 and E; like (2%-y%,xy)1 {x2,y2).
Thus Ay, and F, should be Raman-active, One is thus led to the conclusion
that the Raman spectrum of Laly should consists of five totally symmetric Ay,

bands and twelve degenerate E; bands, Experitmentally, the spectrum of Lal®y

fid



Equation 2.21 gives the scattering cross sections for cach acoustic mode in
terms of the T#-tensors, For a;:attering geometries in which sound waves prop-
agate in high symmetry directions the structure of the T#-tensors is sufficiently
straple such that selection rules can be deduced directly. This provedure is 1sed

to determine the elastic constants in Chapter 4.

2.4 Raman scattering in crystals

In the microscopic theory of Jattice dynamics {Born and Huang 1962), the crys-
tal is viewed as a collection of point masses held together by springs which rep-
rasent the binding forces in the harmonic approximation, Calculations hased
on this model predict that for each K, there are 3N modes where N is the
number of atoms in the unit cell. The dispersion curves have the form indicated
schematically in Fig, 2.2, The 3V -3 optical branches with nonzero intercepts
correspond to unequal motions of inequivalent atoms within each unit cell, and
are thus similar to the vibrational motions of molecules, These optical modes
are associated with the microscopic erystal structure and are not predicted
by the classical siructureless continuum theory. The optici! modes behave

initially as w; = w? — 4% and for small K are practically K -independent.

Optical modes are coupled to the dielectric constant and produce components
in the light scattering specteum of solids, The frequencies of the uptical modes
ave charvacteristically 100 to 1000 ¢!, and the components which they pro-

duce coustitute the Raman spectrit,
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dielectric tensor produced by the sound wave having velocity v, (/):
[6€¥] == KuT*, (2.18)

where the elemert 7} of the teasor T* is g;1¢;; times the combination of Pockel’s

coefflcients, namely

1 »’ - ‘, L) ¥
g:’_‘; = EE,';E_,".' Z(ﬁmu}‘ + K, ) ijims {2.19)

fin

where K, is the unit propagation vector and &} is the unit polarization vector

of the sound wave for u-th mode.

The Rayleigh ratio is easily derived from the excess dipole moment per unit
volume Py(r) = 8¢, EY. The Rayleigh ratio is thus obtained in terms of the
mean square displacement < »? > which in turn is obtained by equating the

mean kinetic energy per mode X to kg7 (Sandercock, 1982):
{2.20)
The Rayleigh ratio of the p-th acoustic mode with velocity v, has the form

(Hayes and Loudon, 1978}

by Tw? kglrpr?

" 121ty L[ A A Qn.‘!
R, = cmerea o I8 A 202 o o2 L8, T4 — 221
# 32#3(:“,01:;}[ T8 no A4 (£, na (2.21)

where w, is the angular frequency, ¢ is the vac.urn veloeity of light, A, the
{vacuum) wavelength of the scattered light, ng aud n, are the indices of re-

fraction of the medium for the light polarized along é; and £, respectively.

All
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2.3.3 Brillouin tensors

The Brillouin spectrum of & crystal arises from Huctuations in the strain tensor
Nimy defined as:

- U &y Dy,
Bt == E(E};‘(’-j’: —g;if)'

(2.16)
Tlie coupling of the elaslic waves in a crysial to the dielectric tensor is through
the Pockel’s elasto-optic or photoclastic coeflicients pyj i according to the equa-

tions {Nyo 1960):

65%(7'1 ﬁ) = —rgicy Z]’t’j.bn”ﬁu("s i}, (2'1?)

I
where the Cartesian axes correapond to the principal axes of the alectric

tensor, ¢; aud €;; being Lhoe diagonal elements of this teusor,

The elasto-opiic tensor for a trigonal crystal {classes 3m, 82, 3m) can be

written in the 6x6 matrix notation using Voigl notalion (Nye 1860):

( mr P s pu D 0 )
ta it g -pu 0 0
P P opw 00 U
ot ~ps 0 pay O 0
¢ ¢ 0 0 pu PaL
0000 7}(?’11"1‘12)}

Having solved the w - hanical problem described in See 2,3.2 otie has Lhe straing

i for cach of the Cthree roots 1y, and can then compute the distortion in the

49



The seanning of the Burleigh interferometer is achieved iy means of three low
expansion rads whicls support three piezoclectyie scanning stacks. One nurror
i mounted i a strain-free older ab the ends of the Lhree scanning stavks, The
second mirror is attached Lo the end plate of the structare in such o way that
approximate alignmen parallel to the fiest mirvor may be oldained by using
dilferential ticrometer serews, Bxact alignment of the mirrors is achioved hy
applyiug suitable hias voltages 1o the three seanning stacks, The instruntent
iw then s=anaed by applying a scanning voltage simultaneously to all three

seanning atacks,

In the case of Lthe Sandercock tandem interlerometer, the seanning mirrors of
hotll inteeloromelers {Fig, 3.5h) sil on a compound stage comprising a de
formable parallelogram (for small displacementa) attached to & erossed roller
translational stage (for latge displacement). Sinee the tandem interferome
Ler ugen a trunslational geometry, the seanning is achieved by using only one
piegoclectric crystal acting between the apper plate of he rolling stage atd
the nupper plate of the deformable parallelogram stage. Phe problem of syn-
chronising the scanning of the individual FI's is solved as Lhey are diflforent,
regions of the same mirror and therefore antomatically scauned in sequence,
provided thad the mirrors renain accuratoly parallel during the sean, A large
sean rauge, and very good stalie mud dynamic synelivonizations are very im-

purtant advantages of the tandem instrmnent.

Piezoeleeteie seamning lends itsell 1o dynamie stabilizalion whereby the ju-
steument is papidly seanned (one sean por seeond in these experiinents) aml

contiunously realigned Lo maintain cotrect mivror sparing awl porallelisus,
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which delines liow muels light may pass through the speetromoter:

i

Tfh"tr"’, {1.49)

6 = S0y e
whore £3g is the solid angle sublended by the pinhole at the apertiere stop.
The product £P = 2r8 s s optieal system invariand (HelinholtzsLagrange
iivariant) sitce it is proportional to the arca 8 of the beaat, Thus, depending
alt Lhe experimental gonl, it Is necessary to choose hetween high throughput

or high resolution before setling np the interferometor,

A major Iimitation ot the application of Brillouin sealtering to the phy:«.icﬁ
of condensed matter is the low contrast of the single pass 1°PI of requisite
resohation. This is the nability of the FPI Lo deteet & weak signal in the
presence of vne more intetse (by a factor of abowt 10Y t 108}, Tn Lavestigations
involving ciystals whicl may in exireme cases be opague or al least contain
static hmperlections (as in e preseat shudy), the seattering from moleenlar
procosses can e dominated by a lavge unshilled Rayleigh peak which obseures
tlie weak spectral components, ‘This has been overcome by the now standard
technique of mnltipassing (Sandercock 1970, 1978 Mock ef el 1987), in which
ble light Lo e analysod is passed thvough the €PT & monber of tmes, Tor the
Burleigh fnterforometer the nutltipassing seberne is intlicaded in Figure 3.0, A
G-pass seheme for a tandem interferameter is prosentod in Figaee 3,50, Corner
tube reflectors are ased to retarn the light parallel to itkell, The arrangmunents
shown are equivalent o having three or six ideutical interferometors in series,
Ther conbrast of these systemns is givon by the product of the inlividoal contrasts

s (O™
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The instrument acts as a bunable filter whose peak Wransmission is closed 1o
unity over o narrow spectral interval, falling 1o a very low value outside this
interval, Two inecldent signals of waveleuglh Ay and Ay A will be sinmlia-

neously transmitted if
mAy = (o= 1){A o+ A, (3.6)

or in other words, neighloring orders of interforence are separated in [reqaency
hy

. t‘
dnd

Ay (4.7

T'his interordor spacing s catled the free speciral range (FSR). The width of
tlw (ransmission peah deternioes the resolution of the fustrument, The rallo
of PSR to widih is known as the linesse £, Tle finesse is the key measure of
the fnterfevotuetors ability to resolve clusely spaced tines, The finesse can e
thought of a8 she affeetive sumber of futerfering beamns involved in forming the
FL.2 mudtiple:beat inberflerence finges { Jacquinot [960), The major (actors
which limit instmumental Gnesse are irregudarities in the mirror surface, mirror
mirakigninent, diflraction al the wiveor apoerture, and absorption, I practico,
e finewde i bamited Lo values less than about 1O and this places an upper
limit on the possible conbrast, where the conteast ¢ s Lhe rabio of maximunm

Lo mininnun tratsmission given by

T ) . )
[T R m;.;a—‘- = e?l‘}’ = l"l'H)

Another important systetn parameter js the otendie 72 (also called Taninosity)

ti
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whore » i the index of refraction of the medinm between wirrors atel e s
an iteger. Do most cases of practical interest, pe=l and the beam of light is

porpendienlarly incident so thal, i,

In practice, the intercrsmeter possesses a finite bandwidth 82, (mll widih at
half-maxima) about eacl transmitted wavelougth Ape The additional wave-
lengths are rejected only up to a certain lovel, The roneral franstission fune

tion T of the interferometer takes the form of the Airy funvtion (Clin, 1471}

Ta
A 7E : 3.3
Lo A i (28 eon ) (34

where 7, 1s the overall singlo-pass transmission aned § is the offective single-piss

fiticuse,

The aeceptance angle 8 of the nterferometer s easily calenlated from Fag, 3.3

and takes the forn

. A
81 = (;;;;:‘;}‘E‘.‘)is (3-4)

sv that all ays ineident on the mirroes ehould fali within this angle, When the
lenses in the beam expmpder sufler frow aberrations, or when the laser loes
not eseillate i e lowest transvoese TRM,, mode, all incldent rays may ot

fall withiu &,

Aceording to Frg 3.3 and taking f=0, the instrument. will trananit light of
warclength Ay 1 the spucing o is sueh that

i l\l
n

T . (4.h)
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3.1.2 TFabry-Perot Interferometer:

General characteristics

Ins the field of Brillonin seattering the muost satisfactory instrment avuilable
fur detoetion of the frequeney shifted components is the Fabry-Perol interfer-
ometer (FPL), This instrument has & contrast as high as 1012 and is thus well
suited for obscerving the Brillonin components in the preseuce of the condral
component where the Brillouin iutensitios are alont 107%10=7 of the Rayleigh
penk intenaity and the Dequency shifts are nortadly in the range 100 MII2 to
100 GHz (Sandereack 1975), The purpose of this section is to deseribe the use

of the Fabry-Perot interferometer.

Tn order to acldeve sufliciently high resolntion for a Brillouin seattering mea-
surement, a FI'T i used as a scanning speetrometer, A Burleigh RCU-110 amd
u Randercock tandem interferometer were used in thisn work, as illostrated

schematically in Figures 3.1 and 3.2,

A Fabry-Perot interferometor consists basically of two very flat (A/100 or
AL200) fused-stlica plates with adjacent surfaces coated to o high refloctive
ity (R » 0.8) and maintained in » parallel configuration a distanee d plas or

winus o fow optieal waveleugilis apart,

When a parallel beatn of whike light is ineident on this mirror pair with an
angle 7, ouly those wavelengths A; are trausmitted that matele the miveor
separation o

mA, = 2ndeas i, (3.2)
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ments, This mode provides the smallest beam diameter and divergence angle,
and maintains the Ganssian power distribution across the beam when the beam
propagates through free space or through properly desigued optical systems.
The TEM,.. mode can be focussed to the smallest possible spot size, thus the

energy density is the highest possible,

An approximate expression for the distance traveiled by a light ray before it

loses colierence, known as coherence length, is given by

c L}
Lro-'i. = 3":' ('i'[)
When the laser output is changed from single line to single frequency, the co-
herence length increase enormously, The colerence length for Spectra Physics

lasers is of the order of 10 m when vperated in the T'EM,, mode undar these

conditions,
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{ransition, by two collisions with eleetrons, The first jouizes the alom and
the second excitos the ton from its ground state (Iy) either Wirectly to the
dp encrgy lovel (F3) or (o £y, from which It cascades almost immediately to
dp. The dp ions will eventually decay do 49 (J5), emitting o photon cithor
spontancously or when stimulated to do so by a photon of equivalent enery. -
‘Ie wavelength of the photon depends on dhe specilic energy lovels involved,
but. it will bt between 400 and 600 nm, The jotu decays spontancously from 44
o the fonie ground state, emitting a photon in Lhe vacuum ultravivlet -about

T4 nen~ as it vacates the lower tevel of the tasing Lransition,

The most intense lines have wavelengths of 488 and 514.5 nan, It order to elim-
Inate the compelition bebween lines with a eonminon lower level, both Spectra
Physics lasers wsed a prism wavelongdh selector o restried lasor action 1o a
single spoetral fine. In order to compensale for tho cavity lenglh changes,
o compensated rod resonator stencbure is wsed by both lasers, The Specira
Pliysivs model 171 laser uses quarlz rods, graphite rods being used for the

same purpose by the nwodel 2020,

A Bpectra Physics Model 593 intracavity etalon, which aets as a bawlpass flber
was lnserted in the cavity of each laser Lo isolate & single Tongltwlinal mode,
This etalon introduces enough loss in all dlher modes preventing them from
reacliing the tasing threshiokl, This is necessary for Briftouin spectroscopy. Fhe
nternal tewperature of the ctalon was regulated by a Spectea Pliysies 482 oven

vonbroller within 0.01 A during normal ambient temperatire uetnations.

The lowest, transverse T EM,, mode was used in all the sealtoring measaee

Gih
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Figure 3.4t A typieal four-level transition sehews (a) compared to that of
visible argon (h), One collision fonizes neutral argon, and a second pumps the
jon to an exeited state
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isolation from huilding vibrations, bul also isolation from vibration soureces
placed on the table itsell, This means that the Sandercock tandem interfer-
ometer imolated by his system will rentain at rest despite forces heing applied

to the rest of Lhe system,

The Fabry-Perot interforometers, collection and detection systems were mounted
in light-tight boxes in order Lo minimise parasitie light from reaching the pho-

tomultiplier tubes,

3.1.1 The laser

The laser is a vory important part of the oplical systemn becanse for light
acabtoring studies one necds an intense, monochromatie, highly collimated and

polarized heam of light,

i Lhe present study two different kinds of argon-ion lasers were employed: o

Spectra Physies Model 171 and a Speetra Physics Model 2020,

"The laser is o levice which amplifies the intensity of light by means of a quan-
Lum process known as stinwlated emission, A practical laser needs a means of
amplification (athmulated emission) and a meaus lor feeding the energy back

into the system to huild up sustaived oscillation,

An argon-ion laser operates ustng a lour-Jovel scheme, as depicted in g, 3.4,

The nentral atom is pumped to the dp energy leved, the origiv of the lasing
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Figure $.3: Experimental arrangement for Raman scaktering measurements.

L1-L3 refer to lenses,
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Laser

Acousto-optic
Light Modulator

Photomultiplier
Tes Tube
]| Sandercock tandem
L1 5£ PHT interferometer
1
< Lz I3 (Expanded in Fig, 3,8)
3
l
\% E Interferometer Multichannel
) control unit (| Analyzer and
Interfuce
Electronics

Figure 3.2: Experimental arrangement for Brillouin measurements using the
Sandercock B-pass tandem interferometer, L1-1.3 refer to lenses, BS is a beam

stop, and PHI is the interferometers’s entrance pinhole.
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iuterval, the photomultiplier measures background oniy, I).lu'ing vach chupper-
open interval, the photomultiplier measires signal plus background. A signal
supplied by the chopper to the photon counter PAR 1112 triggey cireuits syn-
chronizes the signal palh switching with the light chopping action. By using
two different signal counters and the subtrac: facility of this photon conter,
the signal can be measured without the thermal backgronmt caused by heating

the sample in the fumace,

The laser beam was directed onto the optical furnace window by a mitrror and
a 14 em focal Jongth lens L1 which focusses the beam into the encapsulated
erystal, The optical furnace was mounted on the uptical track in a way which
made possible to position the erystal properly in the beam. Light scattered
at 909 by the erystal was collected by a lens L2 of foral length 12 em. Ax the
ettrance slit of the monochromator has a vertical crientation it was mecessary
to introduee a dove pristn which rotated the heam by 90U The image was
thereafter fucussed by yet another 132 em leus LS onto the cutranee slit of the
Jarrell Ash monoelromator, This arrangement gives unit magnification . the

entranee alil.
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lens L8 (F=120 em) are used to raise the scattered beaw 1o the Jevel of the
~ntrance pinhole PH1 of the tandem interferometer, Tustead of using two cor-
ner cubes like in FMgure 356, two mirrors (M2, M3) ju canbeetion wilh the
aportures Al, A2 awl one cornor eube (CC) wore emiployed for multipassing
(Figuro 3.8). Low lrequency Rawan and the theemal radiation at ligh temper-
atures are removed by the prism P and the aperture Ad, Lonses L5, L6 and
pinhole PH2 play the same role as in the provieus arrangement, The same
pliotomuliiplier tube, BMI 97841, covled to <159 ¢ by a Praducts for Research
housing, was wsed it both areangements, The diseciminated photomuliiplier
outptit pulses were fed to photon countets and reronted to the interforom-
elors eloetronics in order to provide antomatically the [eedback o stabilise
these instrumoents as disenssed in Seetion 3,02, The Butleigh interforometer
was usod in conection with a 881t Model 1140A phuton counter, & Slanlord
SR 400 photon counter being used with the Sandercock tandem iustrwonent,
Tha data was acetuudated by o mudiichannel analyser (MCA) using o Nuelous
Computer Aualyzer eard which was mounted futo an Olivedti M24 porsonal

eopmpiior,

The Raman seatlering oquipment is shown in Figure 3.3, Via a aystem of
mirrors the laser beam was vaised Lo the level of the enbranee aperlure of
an Apaspee 300-8 coutinuouxly tunable laser filter monochromalor in order
to reduee tnwanted plasma lines in the lager output, This ontpul beun was
chopped ab 210 Iz with & Rolin MKII [requeney pragraniaable light chopper,
because ol temporatures above 1100 K it was found 1hal thermal radistion
obsenred the Raman signals, As the chopper rotates, the Bght heant is repet.
itively intoreupled at the chopping frequeney. During eaclt chopper-clused

o



wave veelars for tlie 909 seatloring gromelry is

Al
LA RE 3.1
2 o) (3.01)

The light beam leaving the interforoweter s eolloeted by a lens (L5} which
focusses the beam on an exit pintole, This pinhole is re-imaged ot thie sensitive

arca of the photondtiplier tube by another lens (L3).

All the fenses and pinholes wore fixed on XY7 Microronbrole mounis com

pounded from three teanslational stages,

'he optical system for the secoud Brillonin acrangement using the Sandoercork
instrument is similar in many aspeets with Whe st one, The same principles

wore employed Lo design Che oxbernad opties outelde the interferometer,

Int order to deerease e olastically neatlered Bight, an IntraAction mudel 40
acousto-opbie fight modalator i mounted i feont of the faser, The laser beam
ettering the sound liekl generated by this deviee is deflocted ab an auple pro-
purbional to the aconstie frequency ad modalated by the sigunal amplitude
applicd Lo the pisoclectrie transchuer which generades the acoustie waves,
By synchronizing Lhe light modulator with the interferometer seanning, the
light is modulated only during this operation. Sinee twa beatus appear due (o

dilltaction, the nndiifracted beant of Bight 3a el off By o Beam stap (BS).

The same kind of lenses LL (B4 em) and L2 (F:18 em) asin Lhe first arrange-

mend are nsed for focnssing and colleeting the light, T'we mirrors monnted after

nl



reduce possible fow frequeney Raman transitions and the thermal radiation at
ligh temperatures, The aperture A1 was inserted to Thnit the heam diameter.,
The beam of parallel light leaving the spadial [ler contains watnly light elas-
tieally seatiored from the sample, The tiny signal in which one is interested
i filtered out from this elastically seattered light by the Burleigh Fabry-Perot
interferometer, The conirast and finesse of this instrument is drasticatly im-
proved hy puassing the transimitiod beam soquentially through three differont
purttons of tlie interferomedor mirrors, This is accomplished by means of the

two et uerellocting prisnis, CO1 and CC2 ux shown in Fignees 3,1 and 3.54.

In order to ensure that the coutrast of the mnltiplepass ingbrument is aot
affected by the divergenee of the beam leaving the apatial lifter, the foeal

length f of L8 and L4, and the diameter pg are chosen such that

57 < {3.10)

where &1 9 Lthe accoplance angle defined in Section 3.1, The dinmeter of the
heaty of patallel Bt Teaving the leny Td o ermines the size 8 ol the areas
gelocled for mltipassing on the interferometer mirrors, This dinmeter is of

the order of 10 mm,

The foeal longtls of L1 and L2 ave determined by the condition that the
incident foeal spol on the sanple as 4o he imaged rght on or inside the
pinhole. Furthermore, the collecting lens L2 soloets the divection of abservation

el the solid angle £ about it. With this arrangement,, the spread in seattering
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inator followed by a PAR Model 1112 Photon conuter Processor, An Olivetti
M24 computer eaptured the ontpnt data from the photon counter using an
appropriate interface and software developed in our laboratory. The data was

stored directly onto a hard dise converted by software from wavelength to

wavenumber,

3.1,4 Auxiliary optical system

In this section the design of the optical arvatgement will be ontlined, In order
to moeasure the Brillouin and Raman frequency shift, the laser beam has to
he passed properly through several optical devices before aml after its passage
theough the spoctromoters. The purpese of the mirtors, lenses, pinholes and

gther optical equipment will be analysed.

The optiral system for the Barleigh Brillouin scattering arrangement is de-
pleted in Pigure 330 A laser heam is foeused by the lens L on the epeapsu-
lakeel sample whicls is of 24 mm size and mostnted in the optical furnace in a
009 light s attering arrangement, Through an interaction provess, some of this
incident light is scatbered inelastically andd collected by the fens L2, In order
to unambi, tously define tlie seabbering volume in the swnple. a spatial Hlter
consisting of the two coufurcal leuses L amd L4, and a pinliole PEIL is inteo-
taced, Botween this spatial filter and the collecting lens, a Corion 8P-5115-1
narrow band spike filter with a handwidth of 1 nn: for the 5145 nm line {ar,

alternatively, a Corion SP-188-1 filter for J88 nm line) is nsed to substantinlly
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3.1.3 The Raman monochromator

A Jarrell Ash model Im double Czerny-Turner 25-100 monochromalor was
enployed to carry oul Raman measuretnents ad high lemperatures. This model
consista of two complete Czerny Turnor spectrometers mounted vertically one
above the other. Both gratings are mounted on the samo pivot to casure
perfoctly synchronized rotation. The diagram of tue instrument is shown in

Figure 3.7

Light entety the monochromator al the entrance slit A going direetly to the
collimating mivror B from whence it is refleeted as a parallel beam on to the
fieat grabing ©. The dispersed light froms C is reflected to mirror D and from
there to fhe 452 mirror I which direets it via the orizontal intermediate stit
F to the lower optical path, Ilere it is reflected from the 45° mirror G to
the coll..ualing mirror H 1o the second grating I, The grating rellects i to
the focussing micror J whenice i travels to the mirtor X which refleets it out
of the instrument via the exit slit I to the cathode of the photomultiptior
tube. The slits were all adjusted Lo 100 g, Lhis combination permitding the
acquiring of specira with a relatively good signal to noise ratio up to high
temperatures, The wavelength range used was fron 4010 10 5100 A which was
seanned with a speed of § A fmin, Uhis specd being in the lower range of the 12
dilferent seanning speeds available jor this mobochromator. The ligh! leaving
the apectrometer was doetected by a Burle maodel C31034 A-02 photomultiplier
tube with GaAs photoeathode, This tube wis placed in a Products for Re-
search (UUSA) housing cooled to «20 ¢ in order o reduce the thermal noise,

The photomultiplicy output was fed (o a PAR Model 1121 Anplifier Diserim-
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the finesse better thau can be achieved mamaliv.

The Sandercock tandem interferometer requires a more soplisticated form of
dynatnic coutrol in order to maintain both parallel alignment of the mirrors
and correct spacing. Using the same prineiple of comparison of two diflerent
scans as in the case of the Burleigh interferometer, bul more advanced cireuitry,
four successive scans should be required in order to oblain error and correction
signaly for the two axes X and Y to maintain parallelism in a single interfer-
ometer which operates using only one piezoclectric scanning transducer and a
compound translation stage. The means by which this is achivved g deseribod

al length by Sandereock (1976).

Tlie Sandercock tandem interlerometor system roquires many more scans in
order to obtain correction signals because now coreect alignment involves ad-
Justments about 5 axes, nawmely X;, Yy, Xa, Yo awmd AZ. Of these aligmnonts
the AZ axis which s the synchrouisation axis, is the most eritical and so pro-
pottionalely more time ig spent on stabilising this axis, The scheme employed
in the Interferometer Consrol Unil (ICU) vses a cycle of 16 seans Lo achiove
axis stabilisation, I slabllisation of some axes is tol required H s possible Lo
ghorten the stabilisalion cycle to fower geans (Sandoreock, 1994), A 7 stabi-
lizer is also employed by the ICU (o order to maintain a peak at the midpoint

of the scan,
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normally 2AN encompasses approximately the full width of half jntensity of
the reference apectral line. Ignoring statistical fluctuations inherent to photon
counting delection, the presence of more counts in rogister A than in register
B, ot vico-versa, indicates a shift of the speciral peak away [rom being cen-
tored éxactly on channel N. Before the initiation of the nexl sweep a digital
correction is made to the zero-deval of the sealer conlrolling the ramp in such

a way as Lo compensate [or the drift,

The procedure used for finesse stabilization is based on the faet that the max-
inum transmission of & spectral line by the Fabry-Perot interferometer is re-
lated to the Nnesse as deseribed by Equation 3.3, During sweeps 1, 2 and
3, 4 counts are accenmulated in a register whenever the channel adidress Hes
in a window AN’ centered on channel N, This window usually encompasses
less than the halfwidth points of the reference spectral tine. The smaller the
window width, tlie more sensitive the procedure is to the finesse, On the fivat
of lwo sweeps, Lthe coutents of the register are stored [or the exisiing mirror
alignment, On the next sweep one of the mirrors is tilted a small amount, about
one of two orthogonal axes stich that the distance batween the conters of the
interferometor mirrors remains unchanged. A comparison via logie cirenitry of
Lhe county acemunlated during the two swoeeps establishes which direction {op
tilting aboub this axis will increase the pumber of counts in the window md
therelore the peak height and Gnesse. Appropriate correction voltages, ehosen
to be smaller that the test steps, are then applied to the piegoclectirie element
(o take a coreection about this axis before the next sequence of sweeps, Dur-
ing the next two sweeps Lhe aligmuent is Losted and eorrected aboul the otlier

axis, T'his procedure not unly maintains oplinmum finesse bul also maximives
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Figure 3.6: A diagram inlicating the electronical procedure of acquiring a
Brillouin spectrum during one scan provided by a ramp voltage,
(Courtesy of Burleigh Instruments)



In the case of th- Burleigh instrument, pulses from a digital clock tncorpo-
raded in a Burleigh RC 44 ramp gmmrai.dr are acenmulated i a scalar, The
scalut output is converted from digital-to-analog to produce a vollage ramp,
as shown in Figute 3.6, whicl is applied simultancously (¢ be three piczocloe
trie elements on whicl one of the mireoe plates i mor ‘o Mo zero-lovel of
tlie sealar is controlled hy drifl compensation logie cireuitry. The cloek is also
‘used fo address sequentially the MCA M annels of a 4096 channel memory via
DAS-10 stabilization wodule. Therefore, assnming a linear relation hetween
plezocleciric exteusion and applied voltege, the channel number is directly pro-
portional to the frequency shift, The output of the photon counting apparalus
is accunulated directly in the appropriate channel, Furthicrmore, changes in
the clock rate during a sweep allect ouly the sigpal amplitude in a given see-
tion of the wemory and not the frequency shift-channel number relativaship,
The alignmont voltages applied to the three symunetrically placed piezoclectric
elements are adjustable independently and contrelled partially by the DAS-10
fincsse stabilizer logie eireaitey fo optimize interlevometer alignment. Au oscil-
loscope s incorporated inlo the syste in order Lo display the full spectrim as
a resul of applying a sawlooth scabuing voltage to the interferometer. Stabi-
fization against drift is achioved by referencing the Rayleigh seatbored light as
a prominent spectral feature to a selected memory chanuel N. This procedure
actually locks the laser frepteney to channel &, The spectral line is browght
initially into coincidence with channel N by adjusting the zoro-level of the
ramp sealer. Qo sweeps 1, 3, 5, cle,, two DAS-10 digital registers accunmutate
cotnts in chaunel windows located fron channel N-AN to N (register A) and

from N to N4+AN (register IB). The window witdth is selectable digitally, and
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Chapter 4

Thermal disorder in pure and

doped Lal's

4,1 Iuntroduction

Int this chapter, the onset of disorder in tysotile-steactured superiouie condues
tar with wobile (norite jony is analysed, Thare lauthamom Buoride (Lalty) and

% coneentrations Linve heen investi-

Lol auped with Bal®; in 2.5 and 5 mol
gated, A comparabive study of the olleety of intrinsie and extringde defeels on
the olastie ronstants as determined by Brillouin seattering and on the Baman

frequency shift and linewidth is condueted an these materials,

The high temperature Leliavionr of the measured physical propettion are ex-

Ui



[P N

s e ——— ——

U R S S,

np i steps of 307 to 50" amd stabilized for eacl selected tomperature befope
colleeting dita. Fine adinstuents of the furnace were sopeiimes necessary dae
to thermal expansion of the farsave eomponents, Spoetra were taken before
and after every realigmnent and the evaenalion of the birnace near 1000 K

ated checked for cotsistoney,

The deterioration of erystal surfaces atl the thermal backgrouned were the twe
limiting fetors for these experiments. Au intense Rayleigl poak appeared as @
reandt of surfaces deterforation m the Brillonin spectiim. This can he redyeed
by using a gelatine filter. igh quality Hevaous HLQG-210-VA0 fused «pitart
tihes with Ollscontert loss than 0.5 ppm were used for all eapsules in opder

to mindmise the high reactivity of Lal's with water at high temperatures,

As the thermal backgronnd way inereasing when the temperature jnorensod,
a relative redaetion in the intonsity of the Brillovin and Raman peaks with
respect bo ba gronnd aeencred bocutse of i deeroasing in sighal to nobse ratio,
Altliongh the filters for Brillonin atml the chopper for Runan measuretients
supprossed a part of the therusad baekground, it remadned prominent o Ligh
temperatures, The eolleetion of data was termiuated whet the speeteu base-

line was distorted and the Brillonin wnd Raman peeXs were not elearly defined,



el and so was protected from heing heated signilicantly during the sealing,

Thia fnal capsule (Mg, 3.10) was mounted in the furnace,

3.4 Experimental procedures

The experimental proeedures followed in high tewperature Brillonin and Ra-
man experiments will be ontlined in this seetion, The alignment of the sunple
atul furnace and methods of oliminastiag high tewnperatnre elfeets will be em-

Phasised,

Since the principal goal of the light scaltering exporiments was 1o deteel
changes in the frequency of the Brillouin amd Ruman components and the
Rasan linewidths, it was essentinl to revord the spectea carelully in order to
measare the frequeney shifts and nowidihs ax acenrately as posailbde. Ace
eurate measirements depend on the sapmple alignuient, o order to abtain
cotmistent resulbs, snevessive spectes. were recontled for o erystal hofore and
after encapsnlatiun and insle the optival enace. Al these speetra need he
fdontical, The smnple was aligned in siely a way that the ineident and reflected
laser heam co-fueidod on the mirror which is placed dn front of the Toeussng

lotm T3 as shown in Figuves 3.7, 3.2 and 3.3,

After clamping the fmaee ta the Lable the thermoconple was mounted and e
furnaer wax prmped down Lo o pressuee bettor than 3107 Forr and Qe filled

with pitre argon gas 1o s pressure of aboul 100 Tar, The Dienace was hieatod
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There are experimental problems with Lal'y tl_uv to its reactivity with oxygon
andd water at high temperatures (Chadwick ¢f al. 1978, In order to avoid
deterioration of the sample faces, the erystals were encapsulated in fosed qnartz
capsules filled with ultra pure argon gas, A capside conssts of a cylindrical
quartz support tube of lengeh 15 mm ¢ .d lameter 8 mm, One end of the
support titbe was closed with a flat quartz dise and the opposite end was left
opene A shallow recess was ultrasonically drilled on.the flat end of this tube
naing a brass tool which had the dimensions of the crystal to be encapsulated,
This tube is introduced together with the erystal into the side fog of the special
martz plece cspecially designed for this operation (Figure 3.11). Privr to this,
all the quartz pars were cleancd nltrasonically in de-lonized water and pure

aleohol.

An ontline of the entite encapsilation system is presented in Figure 3.11.
The system was evacvated by o Pivilfer turbo-toleeular prunpiog station type
TV 250 which hadd the advantage of ultra clean oporation, A vaeuum of 3510
Torr was alitained wita all stopeocks openoed and after that the capsnle system
wan Hilled with ubtea Ligh purity argon gas from the flask, The pressure inside
the capsile was calenlated to be atmospherie at 2000 K which is above the
highest temperature achioved in CGids experiment, The detachable quartz part

sy then sealedd at the point where i wis necked down, The erystal and
the support tithe were gently pashett back to the 1) mm OD gquartz tube
of the special gquarta pioce. The Hinal seading of thiese tubes was done in the
Glasshlowing Departinent nsing aospeeial techuiene whiceln allows rooling of one
e of the ontside guartz tube by fitting this end in o oopper eup wned shafl
which win immersed jn liguid nitrogea, The ceystad wis kept ab this caoled

R



A L T e -

mounted on the saw goniometer with one orfentated face secured to the sup-
porting plate. The remaining two pairs of faces were chioses to be perpendienlar
to the directions {110] and {110} as explained in Chapter 4. For this reason,
Laue back-reflection pietures were taken to jdentify one of the two high sym-
wmetry spots, e, (100) or (010), Onee a high symmetry spot was found, the
crystal was rotated by 90° in order to find the second high symmetry spot,
Only after that, the crystal was rotated by 45% and cut perpendicular to this
direction. The resulting evystal had (110) and (110) type faces, The diagonals
of this erystal are [L00] and [010] directions, A bevel was made between 6-fold

planes to identify these faces,

Samples were fixed on a horizontal plate of a three stage Anshaw model 3
zonjometer which was transferred direetly from the x-ray track to an Anshaw
model 7 saw, This saw nrakes vertical cuts on the sample, In order to cor-
reet small misorientations of erystal faces after cutting, a two stage Polaroid
gonjometer was tecessary to he used, Crystal polishing is essential in ordor
to make crystals transparent to o laser beam and to minimise parasitic light
seattering, Fmery paper (400, 600, 800, 1000, 1200) was employed for hand
polishing. Medicinal paraflin was used as lebricant between the crystal and
the paper, Keut Mark I and Mack I1F antomatie polishing machlnes were nsed
for the final poli " ‘og, A pocial polishing pae, 6 g Hyprez diamonsd polishing
spray and Hyprew pobalong nbricant were etiployed as abrasive, Aleolol of
preity 9.0 % was tsed to clean the erystal botween theee successive operations,
The linal rleaning was done by slowly boiling the erystal in methylated spirit

e

aned after that feaving the eeystal in a bath of 98 57 pure aleohol for ultrasonie
eleaning,

9]



tube operated b 35 kV and 20 mA was enployed to obtain an x-ray beaw.
Agfa x-ray film was used to deteet the Lave spots, The expusure thnes were
hetween 3 and 8 hours. In order Lo [acilitate & good aligmment of the erystal
with the x-ray peam, a Quorescent sereen was wsed Lo convert the x-rays o

vikibie liglt.

A hexagonal Laly erystul with a random orientation was mounted on a llat
plate of the Anshaw goniumeter using Cottrell dontistry modelling wax. The
heating was made slowly during the mounting procedure (o prevent, Lthe erystal
from heing shoeked thermally, The ares of the goniometer wore sot at (%, The
poniometer was then atlached to the mounting track on the Philips sray
generator, A Lave back-teflection pieture was taken. The six-lold direction
was identified Hrst by the appeatance of the x-ray pictire whicl muost contain 6
adjacent axes separabed by 60°% in accordance with the standard stercographic

projection,

Yor all the erystals used in Lhis sludy, the top and the hottom faces woere planes
cul perpedienlar to the G-Jold axis. Onee these faces were identified and eal,
they woere checked Tor misorientation which usually had occurred duriug ent-
“ting. Brass correction rods were used in order wo reetily slight. misorientations,
The rods wore machined such that the inelinations of lower ends were between
1" and 35" with increments of G5 1 the Tace orientation was correel She
satuple was polished diroetly on the vod, The linal facs orienlation is aceurate

o 0.5,
To determine the ovientation uf the next paiv of faces, the sample was e
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3.3 Crystal preparation

As was prosented in Chapter 2, the phonon propagation direciion must be
known precisely in order to conduct Brillouin seattering measureinents, This
is not as important for the Rauman experiments, The technique used to pre-
pare an encapsulated and orientated crystal sample for Brillouin and Ranan

experiments will be outlined in this soction,

The present samples used for Brillonin and Raman scattering were prepared
in the form of oriented parallelepipeds. or Brillouin scattering the plonon

propagation divections are the diagonals of these Lodies,

The back reflection Laue x-ray method was used for the orientation of the
crystals i the present work. This method uses & "white® beam of x-rays
to obtain diffraction maxima {«pots) from a single erystal placed behind a
flat plhotographic fln. This technique enables one o determine the reguired
erystallographic direetion for a given unoriented erystal, The teehnique is most
efficient for determining the orientation of cubic crystals; hexagonal erystal
systems give more complex patteous and relationships hetween interplanar
angles and Miller indices, Thus, the task of finding the orientation of the
main crystatlographic axes is not straightforward, The vertical and horizotial
deviations of the Laue spot from the eenter of x-ray picture were determined by
the polar angles # and & of the spots which were calenlated from the Cartosian

easgrdinates (x,¥) acvording to Prenss (197¢).

A Philips gonerator model PW 1008 using a conventional molyhdemim target
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rent transformer. An RKC Praportional, Integral and Derivative temperature
coniroller mode! PF-62 was used to stabilize antomatically a preset temper-
ature to better than | K. An important advantage of this system is that
large current changes can be preprogrammed to occur slowly and so thernial

shocks are avoided through the low resistance furnace element,

To ensure temperature homogeneity in the sanple region the furnace is back-
fille with pure argon to a pres ure of 345 kPa (258 Torr). This provides
efficient heat transfer between furnace element and erystal eapsule at temper-
atures T < 1000 K. Above 1000 K where raciative heat transfer hecomey very
efficient the furnace is evactated completely. The vacunm inside the furnace
is kept around 4x10-! Torr by o combination of an Edwards dilfwsion pump
a1 a two-stage Edwards rotary pump via a 2 m long {lexible wetal tube, A
special gas supply system was used in cotunection with the pumps to evacuate
' the furnace and fill it with the pure argon gas from & low pressure reservoir

through a necdle valve in order tu avold over-pressurization,

BN



The central core of the furnace is an alumina tube D (3.2 em x 11 em) around
which the heater wire is wound inside a spiral groove 0.6 mm deep and with
a 2 mm pitch; the resulting heater coil has 40 turns with a total wire length
about 4 m, Molybdenum 99.99 % purity wire was used with a diameter of
0.25 mm and resistance about 7 € at room temperature, Radiation losses are
mininsed by shielding the heating element. The furnace tube is surrounded
by two coaxial cylindrical radiation shields F and H made of tantalum foll
with the apertures determined by the solid angle requirements of the external
optics, Support for the shields is provided by two pairs of alumina dikes E
and G such that the ends of the tube and shields fit firmly, Holes B2 in this
tube accommadate the sample capsnle, This heating element iz supported hy
a water-cooled brass flange N which is Q-ring-sealed to the quartz eylinder K.

The flange carries pumping ports Q and electrical leadthroughs P via glass to

metal seals,

Sample temperature was mouitored by a platinum-platinum 13% rhodinm
thermovoaple with the junetion placed immediate next to the encapsnluted
erystal, It is led through du -tole alumina tubing whick s sealed with an

O-ring to the concentrie alumina tube L of the furnace elensent,

At the elevated temperatnres reaciedd, radiation is the major sonree of heat loss
and go the shielding iv the limiting factos of the design, Nevertheless, this fur-
nace operated al temperatires up to 1500 K during the Brillouin experiments,

amnd LG K during the Rawan mesinrements, rospectively.
The furnace is powered by AC enreents up ta 2 A supplieed through o heavy e
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3.2 Vacuum optical furnace

A special furnace was employed in order to conduct light scattering experi-
menbs ab high-temperature, This furnace is simitar Lo that deseribed by Iarley
et al. {1978) and Ngoepe (1987), The furnace is evacuable and allows [or back-
filling with argon gas, All windows can be removex] for cloaning, Figure 3.9
shows the essential fratares of the furnace, The inner quarts eylinder K (5.5 em
x 33 cm} and the side-vrms 8 (2 o x 8 aan) form a cross-pioce, Fused quartz
windows are sealed with rubber Q-rings in brass mounts R which also carry
O-ring seals to the quartz tube, Air cooling for the side-arms was suflicient
to prevent deterioration of the O-rings, but th large end window A requives
water cooling, The inner quartz Lube is surrounded with Kao insulating wool
J and contained in a staindess stoel eylinder B of 13 em diameter, The steel
coutainer did not require waler cooling, The whole assembly was held hy two
brasd collars with hrass rods which fit in short eylinders mounted on steed
plates, The rods are threaded Lo allow lor Ve vertical adjustment, of the fue-
nace. The base plate assembly provides fine hovizontal sdfustments along and
orthogonal to the length of the furnace. All moving parts of this system may
be locked inde position, In the normal mode of eperadion the lasor beam is
inetdont through a side-arm window R and seattored light is eollected through

the large end window A.

The priociple of operation is to produee dircet vadiative heating of he sunple
in order to inerease the temperature, and to minimise lemperatire gradients

by placing the sample in the interior of the heating coil,
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Measurement of Brillouin speet. a

Due to inllomogencity <aused by doping, there was very intense clastically seat.
sered light from the doped erystals, Using the Bueleigh 3-pass FPT dikeussed in
section 3.0, L was pussible to collect Britlonin spectra at high temperature anly
for Baly (2.5 % mol Baly)e In orden 1o observe the extremely weak Brillonin
signals from thse erystals, e Sandereoek tandem interleromeder (rection 3.1)
with a contrast uf 10" was employed. Using this instoosient, two mus on Gl
doped with 2.5 and 3 mol % Bal®y were performoed The two runs on Lal?y (28

mol % Baly) msing the different interforameters gave sitilar reaudts, A 909

seattering geotnelry wan wied Tor all these weasretients,

A tloseribed in Chapter 3, the encapsulabed erystads wore placed in the optica)

furnace and aligned using the same proceduge for Toth interforometers,

fn the case of Lal'y (2.5 mol % Bal®y), free apeetral range of 51,18 Glls was
found adequate for the weasurement of the froqueney slifts along the [100]
phouoen propagation direction, using the Bueleigh indeeferometer, For tie tan

slemt jnderferometer, Lie free spectral range was chosen to be GLAT G,

The H11.5 nm laser fine was wsed to exeite te Brillowin speetea ubtadoed £ oan
thie Lunden interferometer, the 88 nn luser le beilug wsed for She same por
pose with the Burleigh interleromoter, Taser ontput powers of approximately
500 mW weee founed (o he adeguate for Tal'y (2.5 wial % Bal'y) ou the Hurleigh
interlevotucior, white approximately 250 @ W was snllicient usiug the Sandep-

]

cack tasdean instenoead.,
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4.3.2 High temperature studies using

Brillouin scattering

Tn this secbion detailed experimental pracedires followed in the 18 Tlouin sindy

ol tlie doped Lal®y, ceystals are outlined.
I A

Birefringence agpects of Brillouin seattering

The birelvingence of uniaxial erystals js o woll-known aspeet of the theory of
light. "The splitting of the relvacied ray into ordinary and extra-ordinary rays
change the Beifloudn speetiumg each Britlouin seatiored component, ean he aplit

into Tour lines ((Chaudvisekliaran 1963),

It war showu by Keller aud Sondeegaard (1974} that in hexagonal erystals
no eflocts of hive ringenee are ohserveld i a plane perpeadicular to tie eaxis
[001], while in o plane containing e-axia this effect s very strong for erestals

with Inrpe dilloresiees in refractive indicees,

Peeviow: Beillonin studies (Ladlio of al, 1983, Npoope of al. 1956, Mjwara of
al. 11 liave shown that in practiee no splitting of the Brillonin components
conld e obgerved Tor light lahanide (rilliorides. This aptiea] isotropy was
expected sinee the reltactive itelices n, aud n, difler by only 0,44 % (Lailio o

il 108,
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faces oriented parallel with the principal erystadlographie planes (100, {010),
(001) and was used only for Raman measurements, The base of this sample

was chosen to be a plane perpendienlar to the ¢ axis [001].

Two erystals of Laly (25 mol % Bal'y) and one of Lals (5 mol % Bal'y)
wore cut with the intention of extracting Oy elastiv coustants, The sixfold
symmetry plane, normal to the o axis setved as the bases of these samples,
For this ease, in the veattering plane, phonon propagation dirertions [LOG] and
[010] aze equivalent. Tu obtain these propagation directions, the two pairs of

side fares wore cut perpendienlar to the divcetions [110)/v3 and [110)/v/2.

All the orientod erystals wore polilied info cubes with average dimensions of
3 x 3 23 mm and subsequently encapsulated in high purity, OI1 free, sitiva
capsules in which Hie oriented erystal was inserted in a tatehod recess drillsd

in $he eapsile base as shown in Fignree 3.0,
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data, it was shown that a divalent eationic dopant (e.g. Bal®z) appears to
inerease, and a tetravalent cativnic dopant (e.g ThE) appears to decrease
the lonic conductivity of LaFa and CelFs with respect to the nominally pree

materials (Roos ef al, 1984¢, Takahashi et af, 1877),

4.3 Experimental procedures

In this section specific aspeets pertaiuing to the preparation of the pure and
doped Tal'y erystals for the Brillonin sad Raman expetiments will be dis-
cussed. Some aspeets of cevstal preparation aml the analysis of the Brillouin
and Raman spectra were described in detail in chapters 2 amd 3 and will be

referted to as appropriate.

4,3,1 Crystal preparation

Four erystals were prepared in veder to carry out Beillowin and Ranan mea-
surements, A high purity Lal®y crvatal boule with o random orfentation was
bought from Atotergic Chemetal Corp (TTSA), being the same as that used by
Ngoepe et al. (1986) to produee samples for theis Brillouin seattering stadies,
Laly erystals doped with Bal'; in 2 ditferent conrentrations (3.5 awd 5 mol %)

were oltained from Prof. AV, Chadwick from University of Kent (UK).

The pure Lal®s sample was prepared in the form of o parallelopiped with the
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that of Goldman and Shea (1966) where the vatio of fast o slow moving fons

was 21,

Anbders of af. (1983) and Rouos ¢f al. (1984) proposed another model in which
at Jow temmpoeratures andon vacancies preferentially eeside on the B subilattice
where they exhitbit the faster motion in the e direction, Thus the ratio of sites
allowing Fast motion to those invelved in the slower migration is 1:2, It is only
above J0U K that vieancies start to pupnlate the A sublattice, This mode] was
invalidated by the computer simalation of Jordan and Catlow which shows that
on sverage the Jumps with the lowest activation energies are nearest neighbour

tr ==y juraps in the a - & plane,

Fullowing the recent work nsing computational simulation of jon transport in
ptre LaFs (Jurdan aml Catlow 1987) it was shown that the fornation energy
fur Frenkel defects is lower than for Schottky defocts at temperatures helow
1060 K, These results together with the compitational simulations of the olas.
tie constants obtained from Brilkmin seattering studios (Ngoope of el 1900)
are comsistont with asanuing that an estimatod 2 mole % Fronkel disorder
veenes o the tluorine sublattice fu the superionie phase, However, the pros
ence of litmited Schottky disopder ¢ not be caled cut on the basis of fattice

parameter and dilatation results {Shor of wl. 1966),

In previows muodels (Sler of al, 1965, Cladwick of af. 1979), the mechkanism
of disorder in prre Lal®y wis bised on the gemeration of Schottky dofocts, For
duped fluorides with o tysonite stonetuee Ruon ef nle (1981¢) suggested the

same Selotbky vacsuey meclanism for agjon conduction, From experimental

10



evidenee Csning the detailed mechanisms,

Whatever mode] or teeliigque was involved, al ambient temperature the con-
duetivity parallel to the e-axis was found to be twice as large as the conductive
ity perpendicular to it (Chadwick et el 1979, Schoouman el ol 1980), This

anisotropy reduced [rom 2 al room lemperature fo L4 at 650 K.

The fonie conductivity is aflocted by the motion of fuorine vacancies, The

possible 1"~ motions are described in Table 4.2 and illustrated in Figure 4,2,

Nearest neighbour jumps of & 2.7 A involve o e—b v, o = § and o tmcr
motions and are predominantly In the a-b plane with a small component in the
eddivection, A second @ e o type motion of & 2.5 A fs o single junp along the
¢ direction, further motion heing blocked by the presence of lanthanum ions.

‘ontinuous maotion in the e direction ean, bowever, he achieved by # ¢ g
or 4 =+ ¢ motions of & 3.7 A, These are the most probable types of jumps

atid have heen Lhe subject of nemerous sludies,

Chadwick of al, (1979) and Jaroszkiowies and Strange (1983) using NMR and
conduetivity techuiques established a model in which between 300500 K the
faster 1 migration occurs in the « - b plane between sites on bhie A sublattice,
Avcording Lo this model, an activation energy of 0.27 ¢l was measnred, which
way i good agreement willy that determined from conduetivity data, namely
0.28 e, NMIU dida show that the exelingge botweon A and 13 sites was slow
enough to allow the (wo species to be distinguislied unsil bigler temperatnres

when the exchange heeome too eapid, This model §s in goad agreement with
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this model there are two kinds of Buorine ions: some of tham lie in the La-F
layors (8 ad 7}, and the remainder lie between the La-F layers (o). This
structure ean be approximated by two sublattices A and I with multiplicities
12 and 6, because the # and 4 sublatlices are pot casily distinguishable, A s

identified with the e-sublattice and B3 with g« and - sublablices together, In

this model the A fluorines can move predominantly in the (a-h) plane while 13

lluorines can move peependicular o this, There is ample scope for exehange

helween these two sublatlices,

In determining the elastic properties for the purpose of this work, the hoxag-
onal approximation to the trigonal strueture is sullicient becaise in previous
ulbrasonie (Krischer 1068) and Brillonin scattering studies of Laly (Laiho of
al. 1983a, Ngoepe of al. 1086), Cel’y (Ngoepe and Coming 1988), and Nedlfy
(Mjwara el el 1991) it was found that the elastie constant Gy = 0, and the
velocily of acoustic phonons is virtually conatant in a plane perpendicular to

he optie axis, i, the x-y plane. The properties of Laly are preseuted in

Table 4,1,

4.2.2 'Tronsport properties

The conductivity proporties of tysonite materials are rather complex and in
L | ] ar

sone yospeeks an open problen. Lal'y is ove of the Arst evystals identiliod as

showing transport belween fnequivalent labtice sttes. Interpretation of trans-

port data is, however, the subject of debale, with eonliicling experimental
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Figupe £:2: Simplified strueture of LaFs (After Jaroszkiewiez and
Strange 1183)
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Iixcess specific heal capacity measurements have heen condueted on Laly by
Spedding et al. {1974) and Lyon ¢ al. (1978). Abuve 1150 K there i a sub-
stantial inerease in O, which is very well correlated with reduction in clastic
consbants measured using Brillonin seatiering, 1t is noled that the heat vapae-
ity of Lal% is much higher than that repotied lor Cely, Prl, and NdFy and

heir temperatures of otsel are loss well defined {(Lyon ¢f al, 1978],

At this moment, it seems reasonable to attetbute this diffuse Lransition to the
generation of anion Frenkel disorder on one of the fluorine sublattices g will

he outlined in the following seetions,

4.2,1 Structural properties

Lal'y is representative of the jonie teivalent halides with the tysonite strueture,
Thia structure has been the subject of much controversy, with diffevent space
groups being predieted, the most probable being P8el or Pyem, Whichever
of these iy used, Lhe slrueture is heximoleenlar with six formnla units per unit

enll as shown in Figure 4.1,

Al Lliis moment, however, lrotn crystallographic (Manstian 1965, Zalkin el ol
(966, Cheetham el al. 1076), Raman (Bauman and Parto 1967} and NMR
(Goldman and Shen 1066, Jaroszkiowicz and Strange 1985) data from Lal'y,
Colty, NellPy and Pel?y the experimental evidenee faveurs the rigonal steuetnee
Wel, In essenee, Pel s characterized by three fhnorine sublattices e, 4, and

v with site mudtiplicities 12, 4 and 2 per noit cell, respeetively (Figure 4.2, In
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plained in terms of enrrent theotics, These models aze hased on NMR, static

lattice computer simufations, Brillouin, Raman aud ionic conductivity studies,

4.2 Literature review on Lal'

Lanthanum {luoride has heen the subjeet of many sludies during the last 25

years. The reason for such prolonged investigations, apart from the potential

‘techuological applivations already mentioned fv Chapter 1, s disagreement

eoncorning the erystalline struciure and the mechanism of iovie conductivity
whicli appears even at ambiont temperature (Gmelin Handbueh der Anorgan-

ischen Chemie 1976).

A great deal of information is already available on structure, transport and

defect propertios of pure and doped LaFys and will be ndefly reviewed,

According to previous measurements of elastic constanta and refractive ndex
(Laiho of al, 1083a, 1983h) of the tysonite series Lalty, CoFy, Prls, Nell'y, one
can conelnde that there is a great similarity in the optical and elastic properties

aof thege cotapounds,

Recent Brillonin sealtering (Ngoope of ol 1986, Miwnra ¢f ol 1981), com-
putational modetling (Jordan and Catlow 1987) and a combination of these
techuigqnes (Ngoepe of al. 1990) bave identilied a diffase phase transition above

1100 K i ihese kinds ol walerials,
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compared with the pure LaFy (Te=1150 K) is remarkably large.

Fignee 4.8 shows the results for Cpy as a function of temperature in LaFy
(5 mol % Baly). For this erystal Te is 760 K and the quasi-linear reduction
in Oy appears below and above Te, this hehaviour being in good agreement

with the quasi-harmonic theory of Garber and Granato {1975).

In the case of Laly (5 mol % Bal'y) the final temperature reached {1518 K)
was higher than the melting temperature (1493 K} of pure LaFa, but loss than
T for Bal'y (1558 K} No melting phesomena were observed whicl itself is

remarkable taking into acconnt the small concentration of Bal; dopant,

The temperatures at which substantial changes in the Hoewidth oceur will he

diseussed in the (ollowing seclions in relation to the Raman scallering studies,
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Pigure 4.8 The hehaviour of Cyp as a Tuuetion of temperatare for Lal%

(5 mol % Baly), The dashed line represents a (it of Gy aceording Lo the
experitnental data of Ngoepe of ol 1986,
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Fignee 4,70 The hebaviour of Oy as o finetion of tempoerature for Lal’y
(2.5 mol % Bal%), The solid eireles nre resmits olitained asing the Burleigh -
lerforometer amd the vivele are results using the Sandereock interferometer,' e
daslied line representa a (i of Oy according to the experinental daie of Ngoepe
ef al, 1986,
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Sinee the task of these Brillouin exporiments was Lo measiure ouly the elastic
constants, the peak positions were important and not their intensitios, Ba-
s oty Brillouin peaks inerease in the intensity with the temperature; this
neenal pattern was altered in Figares 4.5 and 4.0 by using different acenmm-
lation timea,

The alight asymmetry wlhich appears in the Rayleigh peaks of Lal'y (5 mol %
Baly) spectra occurved because the window which il defined the Rayleigh
peak position during the interferometer sean was not centered exactly on this
peak. As already explained in Seetion 3.1 this has no effect on the Brillouin

peak positions,

[Mpure 4.7 shows the square of the Beillouin (roqueney shilt (Avg)? as a fupe-
tion of temperature for LaFy (2.5 mol % Bal’)., On the assumption that
p/n? is constant, the results indicate the behaviour of the elastic constant Cyy,
Theso reaults show a decrease of Gy with temperature from 300 K to 830 K,
A slight departure from the theoreticatly prediebod quasi-linear decrease with
temperature {Garber and Granato, 1075) in present in Lhis range and is nol ex-
plained by the proesent theoeies, For this erystal, o sfight eurvature is observed
for the Raman FWIIM in the same temperature range and will be asalysed

altor the diseussion of the Baman results,

Ahove 880 K a substantial quasi-linear deerease in Cyy oceurs which continues
until 1471 K, the linal measurved temperature. 16 is eustomary in the case of
Brillouin seattering experiments {Comdns of el 1990) to labe! Ty the transi-
tion temperatiure at which the decreasing of Oy oceurs, Taking inbe arconunt

the retatively small concentration of Balhy, the eoduction of 300 K in Ty ax

1i%



T b0 mK
N all

T
Ty 23261t

Ty 004 L
MGl

Toudtdx 176 K
19.98 G

MJ\'N\M'\M m W
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Iignre 4.5: Drill peeta of Lalfy 005 mol % Bal®y) &b varions ter
tures, ju the [100] photoen propagation divection. T, refers to the aconmulation
tme, Spectra were Laken using the Sawdereoek tarlem inteeforomoter,

o



it . bl - el =

Ta100s

W

THK

T304
" 1K

21,1% (kiz

A
Teddia TR

19,88 Gty

Iigure: 4.4: Drillouin speeten of Lals (2.5 mol % Bal®) at various tempoera-
titres, in the [100] phenen propagation divection, T, refors to the accumulation
time, Spectea were taken using Lle Burleigh interferomeier,
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tlie scaltering geomelrios cliaracteristic to the present experiment as shown in

Figure 4.3,

"The Brillouin Ltevsors appropriate o this experiment wete obtained fram Cum-
mins and Schoen (1972) and Vacher and Boyer (1972) and are shown in Ta-
ble 4.3, The Rayleigh ratios calenlated using equation 2,21 are shown in
Table 4.4, The Rrillonin peaks were assigned using these results and were
eousistent with the previous results of Ngoepe of of. {1986, 1900) on pure

lJﬂ-FS . '

4.3.3 Results and discussion

Typical Brillovin speetra at different temperatures for 2.5 and § mol % Bal'y
dopant concentrations are presented in Pigures 4.4-4.6 to illustrate their char

acloristic fonlures,

In the [100] phonen propagation direction, although only one peak was obe
served, the Raylelgh ratios in Table 4d suggest that 2 peaks are expected,
The transverse peak in this direction is extremely weak and was not observed,

The only measared peak is associated with he elastic constaut (5.

A comparison of Iigure 4.4 and 4.8 shows the advantage of wsing the Sancder-
cock interferometer whiclt lias a much higher contrast (&2 101}, Ag ix shown in
Iigure 4.5 and 4.6, the Brillonin peaks are narrower and mueh bedter resolved,

The satne partieularitios are noted for the Rayleigh peaks.
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Table 4.3: Brillouin tensors for a hexagonal crystal for phonon propagation
divection [100].
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Figure 4.3: Scatteriug geometries for the Lal's samples in the [100] phouon
propagation direction. &y and cuy Tepresent the polarization direction of the
vertically polarized neident light and the horizontally polarized seattered light
respectively. Other symbols have similar meanings, k; is the wavevector of the

incident light.
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tion Ly the [ollowing expression:

A 2 P 1
Yii = m(&uﬂ) il (1.3)

Details for $he particular case used in this study are presented in Figure 4.3

and Table 4.3.

The Brillouin scattoring measurements were reported by deternining (Avp)?
as a function of tenperature and assuming that this represents the behaviour
of the appropriate clagiic constant combination . This {8 valid provided that
the change in p/n? is not significant. Experitmental determinations made in
a fow cages, og. Catlow e al. (1978) o fuorites and Botha ef el {1993)
on cubie zirconias show that this approximation holds quite well, but [urther

stidios would bo valuahlo,

The centre frequency of cach maode was delermined by a least-squares fitting
procedure, The Brillouin line shapes are strictly Voigl lunetions, In the prosent
analysig, the deconvolation became simple sinee the Brillonin lines were Townd
to be Lorentzians, Similar conclusivns were drawn by Abdul and Cummins
(1985) on salol. The peak hoight, the full width ab halfaxinum. and the
cenbre fregquoeney of cach of the modes hay fo be ostimated as input to the

fitling prograun.

Since the intensitios of the Brillonin peaks are related to the dasto-oplic co-
ellicients, the Rayleigh ratios have to be known for the seatioring geometry,

This was achioved by evaluating the Rayleigh ratio using Bquation 221 [or
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The exporiments were termingberd at approximately 100 K beeaase of me
chanical or electrical breakdowns and not due to lack of resolubion, This
emphasizes that the high purily quartz capaules with Ofl-content less than
0.5 pp adopled o this project were improving the quality of the Drillonin
spectra at ligh temporabures as compared with previeus work using an inlerior

grade of quarty for this purpose,

Analysis of Brillouin spectra

Brillonin spectral analysis was done wsing the reanlts of section 2.3, Because
np and 1, have very close values and using the conelusions of the previous
Brillouin studies on light tysonite brifluorides (Laiho ef al. 19834, Ngoope el
al. 1986, Mjwara el «l. 1091), the Brillouin frequency shifts in anisotropic

meadia (Clinndrasekharan 1965)
Avpg e I" : (nu +n2 = 2ngn, con ) (4.1)

can be written in a stmpler form:

= o 8 ,
Ay m i sin 5, (4.2)

whore n is the average of n, and n,.

The Brillovin shifts Avp are velated to Lhe elastic constants or their combina-
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Figure 4,13 Raman spectra LalFa{2.5 mol % Bal®s) at various temperatitres
vorrected for ihermal population eflfect by dividing the observed seattering
intensity by n{w,'7)-+1, where n(w,’1') ix the LoseBinstein factor,
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to Ly, 4.5,
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[gure 4,12 shows that fur pure LalFy a complex mechanisi is involved. Sinee
the prosence of defeets changes completely the analysis based on Eyaation 4.8,
the damping and soltening of modes for Lal®y should be Lreated wilth extreme

catlion.

It order Lo examine the data above Tey an sHernative analysis can be used in
whiceh the temaperature dependenee of the bandwidth is weitten in the Arche-

ning form:

i

'm A4 B nxp(-m-i-::;f;]. (4.9)
The dynamie processes implied by this model are quite different, to Lose des
geribed by the Klemons model, T this approach the bandwidih consists of
a constant vibrational part A and a dynamical contribution deseribed by the
second term. Generally, the By correspontds to the ackivation energy necessary
for the dynaic provess iuvalved, Rakov (1964} proposes this wode] in ovder
to explain the extra broadening due to rotational motion of the salfate jons in
ilferent anorganic complexes, Abdul and Camming (1985} have used a sim-
ilar approach in order to explain the extra broadening of the Brillonin praks
in salol, Tollowing these models, £, might be attributed to the activation

wergy. The it Lo the data above Ty aceording Lo this model is also shown in

Figure 4,11 The activation energy of pure Lal®y was Tound to be 32 V.

Typieal Raman apectea for Lal'y (2.5 % mol Bal',) ave prosentoed in Figure 4,33,
The sane Kind of changes in linewidth and frequeney shilt as for Lal®y are
noled for the doped ervstal, The campder-fitted speetra ave also shown in

Firaee A1
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the high temperature approximation the factors mulliplyiug A and 13 vary ns
T and T%, vespeetively, Using a least-squares fit for FWIIM of pure Lal®y, the

congbanta are fand (o be A=193 em™!, D=7 e, aud 4p=0, respectively,

Sinee the work of Lisrokapis ef al. 1985 reported values for A (13 em™?) and
B (1.2 eon™!) in the range J00-800 K, a {it of the satne type fn this range was
performed on the present resulls for consistency antd gave As=135 em=? awd

Bz=1.3 em™! corresponding closely with the results of this previous stwdly,

At temperatnres above 1150 K the Raman lines are hroadened Ly an addi-
tonal mechanism, which is temperature dependent and cannol he dederibed

by Klemoens-Balkanski equation.

The wie of e defined as

L]
Ly iz e Awiy(T)

R T T = Y — ) AT

(4.8)

was found useful in several studies of sunerienie conduetors (Delaney and Ush-
iodo 1976, Ilabbal of el 1078, Teelers and Frech 1982), I is rasy to show
that dlyeg/dw = 0 for w=0 and w = g, Therofore, fog is o inaximam ab
frequeney wy regardless of the size of 4, On the obher band, a maximum in

Tra 19 Tuietion of wy and .

If a mode is overdamped the peak positions are dilforent i Tpgw and Ty
spoctra. IF only soltening mechanism ocenes, the sate peak posions are

Toune in holh g and Fp spectra,
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Figire .11 Linewidths of the 392 em®™! phogon aw a fietion of temperatare
for pure Lalty, The tliek solid Bue ix the fit of the data wsing Klanens model
of anlarmonie decays the il lne ahove LIH0 K s another 6 of the data nsing
an Arthening model, aned the dosh line reprosents an extrapolated fit according
Lo the experimental dabs of Lisrolapis of al. 1985, which were meastared over
the demperature range 300 ta 800 K,
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discussed fn Chapler 20 Beuation 234 s a classical yesult of the thermal
oxpansion and may he obtained by rewriting the Raman seattering tensor in

terms of the anesphonon Green funetion,

Anolher possibie way to analyse the defect contribution in doped Onovite crys-
tals was suggesied by van der Marel and den artog (1982), They calenlated
thworetically the differonce belwoeen FWIMs in pure and doped eubie fluorites

t“"l rtl'll!l(l llh" [(I”llWHU‘, lX]ll‘l‘Hli]{llll
Al — AJ ; oy )(“‘ ""‘"""""‘ ) (‘1.‘])
! ? q! .f!(l '

where 14, 8 the defeci activation energy, Due to the nature of the present
Ruman resully for doped Lal®y in which Ag, (392 em™?) and By, (366 em=1)

modes overlapped, Lhis formida could not be used for analysis,

The resulty for the TWIM are presented following the most frequently nsed
modely whicl appear in the literstare and involve elther anharmonie or defect

conbributions refloeting vardous theoretical approachos,

The variation ju the FWIIM with temperature is shown in Fgare 4,11, Also
shown in Figure 4,11 Is the (it fo the data (thin solid earve) given hy Klomens-

Badkanski equation, previously discussed in Chapter 2, namely

Y1) = o b A{ng b 1) 4 Bl - 1P 4 f;,—]. (4.7)

The best. {it was olitained hy taking into acconnt only the points helow Te. In
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Fignre 4.9 Raman speeira of pure Lol ab various temperatures correeted
for thermal population effeet by dividing the observed seattering infensity by
n{w, T)41, where n(w,1) is the Bose-Finstein lactor. Sceabtering geometry is
2{ary ),



For simplic ty of compuiation, the experimental peaks were computer-fitted
with Loventzians fustead of the Voigl profiles since the signal to noise ratio
and the relatively small Gaussian instromental conteibution were such as to
make the distinetion between Voigt and Lorentzian eurves indeterminate, The
FWIIM so olntained was assumed to be equal o FWHM that one would find by
fitting the experimental intensity with a Voigt profile, The thermal backgronnd
at each temnperature was added as a power function in order to resolve those

apectra properly.

4.3.5 Results and discussion

Typical Raman spoctra of pure Lal®y at different temperatures are presented o
Figures 4.9 to illnstrate their characterisiic features. The changes in linewidth
and shift are clearly evident, The computer-fitted spectra aro also shown in

Figures 4.10,

Analysing the FWHM in the ease of erystals in which partial disorder is present
at high temperatures becomes a very elaborate tank (Elliott of al. 1978}, When
only anharmonicity iy tnvolved, the Raman intensity is given hy:

T An(w) 4 Duy(T)
o B (T) = WP + W (T

(4.5)

where wy s the barmonic [requeney and 4 15 the damping constant,

Below Ter, 4 can he properly anatysed using Klemens-Balkanski mode] alroady



where A is a constanl containing the seleetion rules and the Raman matzix el
ements, 12(w) is the Bose-Einstein occupation number and S(w) is the spectral
density function of the dielectric constant fductuations at K0, Relation 4.4
results from statistical averaging of flortuntions and holds regardless of the
nature of the excitation causing scattering, Since the nature of the spees
tral densily function S{w) is relevant in this study and ultimately the aature
of fluctuations, the Raman intensities presented in this work were divided

by {n{w) -+ 1).

The true experimental peaks must be extracted from the convoluted speetrum
measured experimentally, It is common in all spectroscople shudies that the
observed spectrum s a convolution of the true spectrum, characleristic of the
processes that Lake place In the system under study, in this ease o Lorentziang,
and the instrumental function arising from the finite slit width of the spee-
tromet »r, The instramental funetion can well be approximated by a Gaussian
when the resolution is limiled by aberrations and diffractions of various optical
components in the optical system, This kind of convoluted speetrum is known
a5 a Voigt profile. A deviation of the observed spectrum from the true spec-
tewm s small only when the full widih at balf maximum of the inalrumental
function ¢ small compared with that of the trae speetrum. This ease is ap-
plied to this Raman sindy, 3.4 ¢m™! being the spectromeler resolution with an
obgerved mininam Raman widih of 20 em™'. Knowing the spectral bandpass
and the measured FWIIM, it is possible to find the true FWIIM for a Voigt
profile using Posener's tables (1059}, For this reason, sinall corrections for the

finite resohition of the spectrometer were done helore reporting FWHM,
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at ambicent tenperatitee in order Lo test their qualily for Raman spectroscopy.
The surface quality of the Lala(h mol % BaFy) was poor alter the previous
Brillouin high temperature run, only Laly(2.5 mol % Bal'y) being found good
enough [or new high temperature measurernents. This crystal was repolished

and encapsulated again in order to minimize the effects of the previous run,

The background thermal radiation was the major limiting factor on Raman
data accumulation at high temperatures; nevertheless the highesl temperature
reached for the pure Laly crystal was 1400 K while 1200 K was attained for

LaFy (2.6 mol % BaFy).

Analysis of the Raumnan spectra

In this Raman study, the development of disorder is indicated by changes in the
broadening of the Iy and Ay, modes and by changes of the Raman froquencies

as will outlined helow,

The first step in the analysis of o Raman spectrum was w eatablish the -
signment of Raman peaks to thelr appropriate jrreducible modes, Following
the information already available in the literature (Bauman ard Porto 1067,

Cerdeira of al. 1979, Liarokapis ¢f al, 1985) this first, step was straightforward,

According tu the fluetuation dissipation theorem (Landan and Lifshitz, 1980),

the Stokes Raman spectium can be written:

Tum = A(n(w) + 1)8(w) (4.9)
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4.3.4 High temperature studies using

Raman scattering

The features whiclh were noted during the Raman high {emperature runs are

discussed in this section,

For each experiment performed, the furnace was aligned according to the pro-
cedure described previously, The Raman shift and broadening of the fir-t
order Raman I, and A~ modes over the temperature range 300-1400 K were
measured, In this experiment, oni, 105t energetic modes with a nominal
frequency of 203 and 392 em™! could be ohserved and monitored; the weak

modas could not be measured.

The Raman spectra were excited Dby the 488 nm laser line, a right-angle scat-
tering geomelry heing used, A laser power of about 35 mW on the sample with
a Jarrell Ash slit combination of & 100/100/100 pm way found appro;riate to
record the spectra with reasonably good signal to noise ratio. No polavizors

were used Tor the daba presented (o this work,

Two samples were nsed for Raman measuvements: pure LaFy and LaT'y doped
with 2.5 mol % Bal®. The labter sample was previously used for Brillouin
measitrements, Due Lo an abseuce of any previous Raman measurements on
doped Lal'y il was considered himportant to measure all the doped erystals by
meana of Raman spectroscopy, However, owing to the nnavailability of further
doped crystal material, the erystals previously employed for Brillouin mea-

surements were wiilised, As a precaution, these doped crystals were examined
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be bound 1o the extringic steuctures, If this work can be pursied suceeasfully,
thet the preseat Briltonin and Raman resulis #an supply valuable confirmation
for these delect clusters, Therefore, comprtational sitmtlatious ave required o

further study and understand these experimental tesilés,

Further theoretical work is necessary o be done in order fo obbain & theoretical
expression for Raman FWIIM. The Green funetion formalism can he used to
caletlate the additional broadening due 4o disorder, Thix technique was used
by Blliott o al. (1978} to explain the sane eifect bn eulde Duorite crystals,
This olaborate theoretical caleulation has not been done you for the tysonite

crystals,

Extending the study to the whole tysouite famnily will provide & bebler insight

into this elans of compounds.

In conclusion, the present work has provided new and oselul dala oo pure
and doped superionic Lal®, These data are i very good agreetnent with the
previons studies on pure Lal®s. New very interesting fealures have heen noted

fr doped Lal®.

Further work suggested in this section may lead o a better understanding of

Lhe fast fon conductors with the tysonite strweture.



5.2 Recommendatiors

e following suggestions [or furtlier work are intended to provide more elarity
an the role of the vartouns components of the cambined Hritlonin - Raman

techniques,

The measutement of 11 all elastic constants for Lal®y duped with 2.5 mol %,
amt & mol % Bad®y shonld be undertaken, These experiments wonkd provide
a clear picture of the depetdence of elastic constants on the temperature o
coneentration,  Farthermore, a study of the inlluence of dopant cation size
shonld provie valualle information, as was found in analogons experiments
on the Caldy (Rel's) wystemy Re stands fore rare carth, Ruman seaftering
sludies on thix kind of erysial shondd aso be performed and correlatod with

the Brillowin moensuremoents,

On e other hand, a complementary sindy of Lally doped with tebravalent
lalides (e.g THIY or Y1) will coulinm if these dopants decrease the superts
onic properties of tysonite matetialk ax reported by Roos of el (19%4¢) and

Takalasli of ab (1997

Labttiee paramoter and refractive index momsurmments similar 1o those done
un ArQy (Botha of ol 1993) and YAQ (Staddart . ol 1993) will assist in

abtaining the elastic constitnta instead of simply the aconstie mode fregrencies,

Computational simalation stwdies imight provide a enster moded, similar 1o

those found for eubie ervstals, in whivh thermally generated interstitinly can
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A comparizon of the resulls of the doped and pure Laly sbows that there s o

pignifieant roDaction in the transition temperatures Te for all doped erystals,

The rate of change of the elastie constants i pure and doped Tal®y above T;
and the activation voergios obtained from the Baman measurenents in the
superionic range woulil sugpest Lhat the same defect conduction mechaniam

aceurs i the snperionie phase for pure and doped erystals,

A shght doviation from a quasi-linear docrease of e measuroed valies of A{vy)?
in the Betllonin experiments was noted [ Lal®y {2.5 ol % Bal%) crystal
helow Ty a elaasical beltavionr for O beiug measurod for Lal®y (5 mot %

Baly) erystal,

The elastic constants, as alicady seen at mumerons places in the lileratare, have
proved to he very sensitive to the change of phase transition temperature, as

previously uoled in the case of the Dnorite componnds,

The fikting procedures employed bave proved to be useful i the analysin of

Briltouin and Raman experimental data,

A very imporkant eouelusion of the present, stuedy is that a small doping inplies
i deerease (n superionie phase temperatures, A sell-consistont explanation
invalves o cosoperative generation of disorder on he fuorine sublattice(s),
HMowever motional effeets of a limited ammber of defeets could be resposible

fur these effecus
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Chapter &

Conclusions and

recommendations

Stnee a detailed diseusdion hag followed e presevibation of resnlis in Chayster 4,
olily some of the prominent fealures noted in Whe prosent sbicdy will he ontlined,

Fioally sugmestions will he macde which might assist in Gother work.

5.1 Conclusions

The combived wse of Brillowin and Raman teehniques has provided o geeat
el of information ahoub the struetnral disorder whicll developed in the high
femperatire supetionie phase of pure ad doped Lal®y, The prosent Raunan

whinedy is Lhe st one which covers the ranpe off Lhe pliase transition,
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Wanht b i

Using the Rakov approach, similar vatues for activativn energy are obtained
ahove pliase transition, .32 eV and 136 ¢V, respeetively, This wonld suggost
that the same kind of condoction meehanism is applying to pure and doped
erysial i the siperionie phase, The Rakov modid provides valies for activi-
tiom eneegios similar Lo those sblained for migration energios of 4 o " fhiorine

type motion at ambient tomperature by Jordan and Catlow {1087),

The mest impottant elfocl introdueed by disorder in fluorides is that defects
ean Iead to changes in doth polarizabilitios aad Green funetion, whereas anhar-
monicily changes only the Green oetion, The chauge in the Green funetion
atises [bom a change of the foree constants to the neighbours, Palarizability
ji changod, heeanse Lhe eloetronie envivomnent of the neighboneys js changed,
amtl henee their polatizability, Thie analysis of polarization is i itsell a difficuli
bask sinee short vange (Hartley of al 1971) or long range (Chase of el 1973)
deseriptions can be asumed for modelling, In addition to this, interstitial
antl vacaney contributions are different in the Green lunction; therefore their

calenlations differ,

Light spectroscopy itsell cannot distinguish helweon effects die Lo anharmaonie-
ity and defoets, A possible way to ablain these sepapate contribudions is to
shudy ouly the elfoct of anhatmonicity by elahorate quantum wechanies teel-
wieptey and to compare these results with the experimental values of FWITM as
was done for enbiv Hnovite crystals by Blliols of ab 1978, The deflect, cottbriba-
tion o FWIIM can be also throretieally ealewlated nsing the same approacl,

No study of this kind for Lal®s appears in the literatare at the preseat matnent.,

(10
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In the case of Lals (2.5 mol % Bal%), only the hehaviour of Aqy (392 em™!)
ecouled be monitored, the ervors in fitting the other two mocdes L5, and ¥y, being

oo large. Figuee 4,15 shows the shift of A, mode with the temperatnre,

The variations in the FWIHM for the Ay, mode in the case of doped Lal%y is
shown in Pigure 4,16, Another type of belhaviour is noted which cannot be
deseriberd by Klemens-Balkanski equation, A it hased on the Arrlerius model

above 860 K gave an activation energy of 0.36 ¢V,

4.3.6 Comparison of Brillouin and Raman results

The agreement between the temperature at which FWIIM of the Ay, Raman
maode starta to rise and the temperature at which snbstantial deervase in Cyy
clastic constant ocenrs ix very good in the case of pure Lol and LaFy doped
with 2.5 wol % Bal';. The combination of Raman and Britlouin techniques pro-
vides a straightforward metliod to determine T, as it i shown in Figures 4,17
atul 4,18, The fuformation obtained from both technigiues ix complementary,
the combined data providing & better evaluation of the phase transition Lem-

perature,

The abnormal alighl eurvatures which oecurred in the helavioar of the elastic
coustant Cy; and FWIIM observed in Laly (2.5 mol % Bal'y) compared Lo pure
Lal®y (Figures 4.7 and 4.19) eorroborated with the behaviour of T,y Raman
peaks would suggest that an additional contrilmtion (very possibly a defect

elfect) appeurs to be starting from ambient temperature,

1.36
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