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Abstract

The purpose of this iuvestigatioll WeLS (,0 study the suporiouic phase transition

in pun' and eloped LaF:3 crystals.

The superlouic trallHj{,ion was studied by Brillouin and Raman scattering tech-

niques. This approach provided au cllcctivo means of correlation (.lw chango in

the clastic cunsl.ants and (,\\(]broadening and shifting of Haman bauds, thereby

enabling an exaruiuatlon of various mechanisms which could lead to gcnoration

of disorder.

This work reports the first Brillouiu scattering mcasurorucnts ill Lali'a doped

with 2.15 and 15mol % BaF:.l and first Raman s(,1ttt<'rillg moasurcmonts above

phase transi tion ill LaFa and Lafo'a doped wi th 2.15mol % BaF'l'

By studying the chango in th« phase transition f.ompcrutnros with incrcnsing

BaF2 dopant concentration, tIH"H~uioasurouu-nts have a<i(bl new iur.u'matlou

about t.ho mechanism of t.11<'suporionic transitiou. The combined 1'<'8\1[1.;; of

these oxpcriments showed that. tho superionic phase transition temperature

decreases substantially for relatively low conrentrations of Bal<'. dopant ..
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low Ul,'H) cudos. 1'11I('('('HH[1I1 (I('f('d calclllations haw 1)('('11 <'fll'l'kd out. Oil LaF:1

m;illg LII<':w (,0<[('1'1 !)y Np,lH'[)(' dill. (lD!lO) anrl will hI' outliucd ill ChapL(·t· -l,

1.3.2 'rho Monte Carlo Method

d('K ill thermal oquilibrium at, tompcrnturc '1', dH' pl'Oj.abilit.y of Jiudillp; t.jJ<'

(,OIlJip;ltraUOIl ill which L1l<' IHlHitions a1'<' f... VN iK

whore (r js Ut', potcuf.ial ('ll('I}l;Y as It Iuuction 0(' roulignnu.iou, CJ N is t.11<' t'ollfig'

urational partition Iunction and ":11 is lloltsmun IS constant, '1'1H' l\1out.(' (:al'ir)

tucthotl, as r\(\v<'io[>('dby Motropulle dill. (l!lii:l), PI'OViliPH it means of [,;('11('["

aLinp; it larAn sainpl« of couliguratlou» ill whl..l: t.1l<'fl'(\<jIH'lH'Y of o('Clll'l'l'lI(,(\ of

1.11(1(·olllip;m·at.iOllK is do};!' (,0 that p;iWll ill Eq. 1.:1 (Wood ct Ill. l!l'lli, Valloun

matod hy r'tlltlltiug t]t(l fl'('(l'l<'IlI'Y with which t.lu- iOll}; ()('CIIPY various VUIIlIlI!'

olomouta ill t,lll' unit ('(·11. Tho method illlio yil'id" l'('HIIILK ful' l,h(\I'Il11)(IYIlCltllk

fllUl'1.iOJIS such it:, ink-rna] (lJ}('l'g.v, 1>1'f'HHIII'(', rl.c, lIuw('\'('I', dynumica! IjIJillI1.I'

I.hI'K(' cha,ra('(.('I'jZ,(1 1.1H' 1 illl!' ovolutiou of t.lll' :l~'Ht('ltl. which iH !lOt. d(':wrib(, hy

I')"



It. hilH hl'I'lI 1'('!'oglli;t,I',i1iilll'(' t.1ll' ('(ll'ly work of MoL(, atul LiL(,I(,(.OIl (I !JaH) that

importau! (.(J (.a1\1'iul.o ill'('()llllt (.11<' reluxatiou or t.1t(' lattin' at larA(' diHt.all('I'!i

['1'OIll (,Il!' 1[1'1'('('(" III ()rd!'!' t.o d() (,It ,till' !'I'YHl.al is divid!·d into (WO l'l'gi()llS: illl

inner ['('giclll, which ('olll.aillti tlt(' d!,(,(·!'(. iLs!'l!' aml it 11<'tor its Ill'ip;hbOlll'H au.l

an OU(.!'I' r!'gioll which (~()IlI..dIlS tilt' l'l'llwillillg ious, III (.h(' ()Iltl'!' [,l'gioll, tIll'

['!'SPOIl:;l' of t.it" Inuit-I' is 1'('Pl'l'Ii('ut.l'd by 1.1](' dh,]t"·(.l'k ]>o)nril'a(,ioll I', which is

1(1
'Ii

1 o«.
'I ),

e.. r
( 1,2)

and i'o iii (,Il!' diiipla('!'Ill<'ll(, lrom (,Ill' (1<'1'(,(,(" In (.hl' iUI)('I' l'l'gioll, 1.111'(,(>llIiglll'it

tion of tit!' liY:;(.('11l hi !'1·PI'I'HI'U(.l'd ('xplicitly by t.ill' JltlNitiollH of (,It" iOIlH. 'I'll!'

(,Il('rp;y ()f (,II(' HYH(,('llI Hnd t.11l' fOrl'I'H (.[1 till' ions [!II' a giwn ('OUliglll'i\.(.ioll 0.1'('

til!' inner l'<'gioll and "1'(,WI'('11 t.h('s(· ion;; and (h!l:w ill (,IH' Oil! 1'1' I'I'p;ioll, 'l'h«

iOIlH ill 1.1t(· inner l'('I~iOll ill'\' (,h('11 l'Piax{'(1 it.I'I'a.t.ivl'ly (,0 t.11!' «quilibrium (,llllJig

urutlou, ill whit-It !.lit' rOn'I':' ill'(' i:('l'o. T!Il'!w Jll'iul'ipi<'H hitVI' 1)('('11 I'lllpioy(·c[

g(\IH'ral I'UIll[lntl'l' pI'O~I.I'Hll1H ('illbllIAJ)!';S (NOI',I',dl. 1!J'(·i, (:atlo\\' I!lHO, (:nl.

IH'I'J'ol'llll'd IIHiulf, P L{lTO (Catlllw illld NOI',[l,!·(.(' I !17K) aud 1\:1ETA P<>CS ( 'n (.

11



htu(ly fas(, ion (,()IHllldol's. 'The fil'H(' kind, whirt, ('oll:;i:;t.:; of :;(,alic cquilihrhuu

siumlution, allows on« (,0 ('(llndaL(' til(' ('IH'l'g~' of giv('11 ('ouJigtll'at,julls of ions

(,OI'1'('H[lOIHlillP; to s(,a(,('H of roluxod IIlc'challic'al ('qllilii>riIl1ll; (,11i:;approarl: is

maiuly \\H<'flll [or I.I'(IiI.l.illg a !>('rI\'\'I, l'lUil'!' \'\H\l.aillill).!; iHola\.C'11 lkrl'l'th, hut,

aH will Ill' llol,l'd lx-low, iH onc'lI rok-vant (,0 (,1\(, HLlldy of fa:;!. ion conrlucl.iou.

'I'h« IWl'\J1ld n.pproach aims to provido it :ltati:;tkallll(,('hHllicnl sinmlat.iou of 1,11(1

mnl.eriul at non-zero, and P;(IIl('l'ally, high ('c'I1I])('I'(lI,lIl'<':;; I.hl'I'(' arc' I.Wl) (Illt.iI'('ly

(lilfC'l'l'ut. l.t'cliuiqIH'H hen', which arc ('allc'eI I.IH' ]\[011(.(' Carlo and l.lu: molecular

dyuamlcs lllnt,ho(hi, 'l'h« Ilt'HI.of tIH'IH' yh'ldH only I.iw !>l'llIHlhilll.y of Iiudillg th«

HYl4t('1ll ill varlou« ronfigurntlon« aurl colltaim; 110dYllalllical lufonnatiou, Th«

moloculnr dyn<1nli('H IlH,t.lllld giv('1<a flll1l'('Pl'(IIH·tlt,(lt.ioll of Ullin evolution of!.lJ('

HYHlcllU in it Hti~(.\'of tlll't'lllil\ <'qllilibrinlll, B(lillp; a dYllumit'alllwl,hOtl, t.hiH khul

or shuulatiou 1mB t.it!' IH)W('I' 1.0 ntlC1dat.(1 t.it!' I.I'iltlHjlO!'1. }lI'OJlC't'i.jc'l< whirl! ill'l' of

('('IlLl'ai iut.I'r(IHI, ill fit:,t, ion conduction,

1.3.1 Static Equilibrium Simulation

Till' aim (if H!.at,ic oquillhrium siumhuiou iH tu dl·t,I'I'llliIH' the' fully !'I'!a:,a-d equi

librium t'oJlligllrat.iou ilnel t.hl' HHS\)l'inl,('d ('lll'1'1W of it tkf('('I,ivl' lattic(', 'I'hi«

killd of ruleulatlon IIa:, 1>1'('11 [It'l'fol'J1ll'e! mu iulv ['01' iHlliat.('(\ poiut dl'['ncl.:; OJ'

dd('cl, dllHt.(·I',' (Cilt.!()W nu.l Markro.lt I!JH~)\ bul. i:; t't'il<1i1,Y ('Xt.('l1dl'cl (.0 pori

\)llindly l'l'l)('nting un'"y:; of Ikf(ll't.:; and (.0 litH'flr 01' plauur tkrt'r\}l (I'llb illlt!

Norp;t'l.t. l!l'r'Ii, Cat.low illlt! Mut'kl'tlci(. 1!IH2), 'l'lio principle':; or 1111' Illl't.hoci will

hl' lilllllllHlritl,l~d 1'01' t.!H' t'ilSI' of au holaf.t' I ddt't'!..

10



which nil' ['(J!,w, iH 011 til(' 1l10VI'IlIl'UI. primarily of (1)(' ]lHrtick [i. 1'0 till' dl'!'('l't)

or a wry few JJill'l.iclPH (1'0 go t.lw illt('I':;1 itials) with aSHI)('ial,I'd rclaxatiou« and

Iollowiug lllOV('IlWU(,:; o] it:; illllll('tliat(' lll'ighholl1'Ho Which dd('t't. movouu-nt«

aro likdy hi t.lu-n il <j1l('stiOIl or tIll' Iorm of till' ('IINgy Hurfa!'(':; ill t.1ll' SPill'('

spanned hy (,Ill' di:;plal'l'llll'llt. V('(~torHof till'~(' atllllli'i Involved ill till' movoiucuts.

Clearly, IllOVC'IllI'll!.H ('Ol'l'('Hpo!l(lillg to [l,UiHap;(' OV('1' I'I'gioliH or I'X(OI'pt.iUIlHlly high

,'Ill'rgy will 1)(, VI'I'Y iUrrl'lIIH'Uf, sinro tlll' U('I'I'HHlll'Y llnl'(,IlHtiollH ill 1'1l1'IOPS will

1)('wry rare, 'I'h(' dl'J)('U,It'UC('of jump rato oil ('Il('rAY harrier and tom !> ('l'il(, I 11'('

lUi (kdll('('d from tho appllcation of dasHicallltHI,h;(,iraI lIl<'chauic:; has 1,111'wol]

known Arrhenlus Ionn (Vlnoyard, UlIi7):

IP 11(' "!It,,lk't ( 1.1 )

II('l'~'flm iH t.h« UihllH (1'('(' ('llI'!'!!;Y of acLivatioll (for ('oudil,i()IlH or ('oIlHI,allt 'I' and

P), hidell can Ill' dl'('OllljlOH('11 into l'u(,ropy and l'ut.h,t1py t('l'lIIH ill th(' usual

WHyo

Much lIf liOlitl"lit.nt.(' thrury iH i>Hlwd un till' HH:mltlp(,ioll t.hat. t,lw iOUH art' r('/];"

;ilnl iy a.t'I'H.llg('t! ill HJHlt'(· and t.hat. t.lwil' motious Ul'l' ucarly hunnonk, TIll'

dl'llnHlt.iI' break-down uf f,hl'iit' HfH:1I1l1pt.illlll' ill I,jl<' I'a~t' of filst. ion rourlucl.ors

moaus Lhaf, t.llt' HiIIIpit'!. hl'UI't't.iral Illl't,hlH I:i WH'd 1'01' IIt':ini I,iu['. t.llI' Lhl'I'Il11Hlv

uamic, st.I'Il('t.lIl'ill alld dyruunicnl PI'Ollt'I'!.iI'H or uormal ~;ulid:, ill'l' 1l0t. L',('III'l'all.v

1lpplirahh', HI'Callli(' ul' this, (0111111"11,(,1' siinulutiou i:, IlI)W f,ill' pnoj'l'ITI'(illll'lhud

of ('OIH,f,l'lIdilll'. dl'f,aill'd I.ht'('I'l'Lkal 11ll'(!t'I:i uf :ill(H'l'illllk 1'llIldlll'llll'h,
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l'UIll!'t.(·l'ii (AfI!'l' Mausmnnn 1!J(i!i)



·Jal'm~i1,ld(~wkz aud StrangI' I !lKIi) , this Ill'olllptillg til!' (l1'(·:-;('nl.work concerned

wi LIl Lilt'HC' Lyp(' I I 1 Iast-ion couductors, Such matoriuls (pure and dop()(l

Lit1<':.) arc (liHI'W';HC'd ill this cliHHC'l'ta(,ioll. LaY:l iH rcproscututiv« 0[' tllc' ionic

1.3 Theoretlcal models for ~J',~.. • •.rronic

conductors

t.hat, d('f('(,(,H, namely vn('(Ul('i<~Hand iutorstltials, make ;~HC'CJIlCll('(1of individual

(,}wl'lll!l,lIy act.ivakxljtuup« Iron: ouo lauicC' sit(, 1.0 atH,t.l)(~r. 'l'ho«: jlltllPS arc

l'e,jativol.y iulrvquont by tho s(,(\,lldardH of la(,tice' vibrution poriod« and ge'twmlly

iuvolvo HII[hcic'1l1.1y laI'A(' local llu('(,llatio'lS in I'tH'rAY tha(, HIl('('('HHiVl' [utups

ar« dynamically llllC'(ll'l'(,ln(,('c! with ono unothor, In kinoti« (,l'('atlll('ll(,H it. is

!.\C·IWl·il.llj' assuuu-d (,hal. Vit('illWjc·S move dit'c'dly only 1H'1.Wc·l'n IwiglJlllJlll'illg

lntorstitiul Hi1.e's -though t.ltis l'HH(, lIlily hI' more couiplicak«] fo!' tW(J reasons,

OIJ(' h, t.11(' ()('('lIJ'1'C'II('(1 of ('('r(,nin Ie'HH O\JViOllH 1->I.I'lldllr('H, (,Ill' m'('olld iH (.11<'

operatkm of "iudircct" 01' '·intC'l'stit.ial" lllud('H or di:'pi1l.c('11H'U(, ill which t.iw

illt.C'I'Ht.it.ial movos by pushillg n Ill'ighbotll'illg atom 0[1' it.s normal la(.(.ir(' Hit.!,

into i11lc;:,ill'1' ill(.('\'Hti(.i1l.1 pll:,it.ioll und jt:wiJ' taking (hI' liit(, so v(I('af.!'d, 11,v thnlw
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'['YIl(' f f: These materials achiov« it high couductivity [,ate ill a continuous

mauuor. '1'11(\ir high ionic conductivity iii <Ls:mciat('cl with good mechunical

properties and their porfcnnancc is clos« to t.hat of tho best. alkaline elcc-

trolytos. Nil, Super Ionic COtl!IUdol' compounds (Ni\SICON) and /:I'alulllin1t

are ropresontativc of this tYIH' of last-ion couductors (Chuudr« lHHl, Collin

and Boilot l!Hm).

Type ![1: These materlals ar« chaructorizcd by it diflus« phase l.ransitiou

luiHoda1.,,<[ wi th a gmd ual iu <Toas(' ill the couducti vi ty, TIl(' inunohilc sublal.ticc

is tho sumo in 1.11<1low !tnd high tern 1><'ra(,uro phases awl th« dis()l'<kring ill

tll<' mobile sublat.tic(' ()(,('Ul'H gradually with lucrcasing temporatute, Fi1(OI'itn

atructurod compounds have a promincut position ill this dass (Catlow lDgD).

1\ 11anomaly ill tho Sl)('(~ili(' hl'lL\, was obsorvorl in tll('s<' roinpouuds {('.g. Ci1F~h

:11'( :12) ILt, tho transition tcmporature '1'(,', which in thcee Ca.S(~H is ~1).8'I'M,

where 'r.'II il'! tho 1ll<'It.iup; (,(11111)('rat.Ul'<'. This anouialy ill tho spccillo heat ls

associated witl: die dovolopmou; of lhuitod diHOl'<kr Oil tho anion sublutticc,

lwing a (,1I1'l'('lIt ('olldllSioll I.hal. II'HS than I tJ {}1,or 1.1l<' sublal,tin' is diH01'd<'J'('d

(t 'atlow d al. I!l7H, COlllills ci Ill. IUDO) Th« sitnplidl.'y of t.ll!' st.rurf.ur«

and houcliug ill flllol'it.<'H nuulo thom ideal 'y:;t.('IllH for Iuudaruontul t.h ('OI'!'I. ical

awl (·X)H'riIlH'IIt.nl l'il.lIdi('H of Hll[l<'l'iouicit.y (Lklianl In7,1, Iluyos 1fJ7H, Chadwick

IDHa, Ilutcliings IHI'II, Comius r! al; !BDO).

Fluoridos with Iluorit C' ~;t,rll('j,1l1'(' and tYHOlli\.(' :,1.1'1l('\.1ll'P ('.A, raro ('l1l't.h lin,

oridcs) oxhlhit l'\'la!iv<'ly high F'" iOi' l'olldllt'!ivil.i<'s (Vashiaht« r]. al. 1!l7!l).

III comparison witl: i,]ll' 1l1ll)ril'('H LIll'l'<' hav« \)('('11 f{'w studies uf louh: trans-

jlort. ill the tysuul t.(~ lIuo,'id('H (Chadwick r! (d. I!J7!l, S('ltOlltlllHlll l'/ ul. 1DHtJ,



1.2 Types of ionic solids

From tho crystallographlc point of view u 1)('1'1'('<0{.crystal of all ionic compound

would be au insulator (Lldianl 1!lri7). The presence of defects or disorder is 11

uccossity (,0 sustain significant, ionic transport, TlH' two typos of defects mostly

rcspousiblc for ion transport ill supcrionic solids arc Schottky and 1"1'(.'111<01

d('[ods, In Schott.ky d<'('eC'!,spositive and Iw~at.iV<' ions loav« their normal sitos

to crcato vacancies and cvnntuully l'('Hidillg a.1. lutcn.al or extorual surlarcs while

ill Frenkel rkfec(.s lUI ion Ill()V('H t.o an ill(,<'I'Ht.it.ial posll.ion 1()(I,villg <l vacancy

a.(, its iat.tic() sit«, SOlU!' possihlo trausport mochauisms iuvolviug (,I1<'H('(l<,r('('I.H

nrc illustrated by Chadwick (l!l!l,j),

'1'11<'1'('art) (tilf(n'PIlt. SdH'IlH'H of classlflcation of supcriouic conductors based

011 various th('OI'ks (Rlro and Roth l!)72, Chandra 1DH1, Pardc« and Mahan

lH71i, Hoyr« and llubenuan W7!l), The 1110:;t. approprlnto daHHilicHt.ioll for

(,Il(' purpose of ('liiH work is mado accordillg 1.0 till' uaturo of t.1l<'Ll'HllHil.ioll to

Lit(' suporioni« H(,a(.(' (Pard!'(' and Mahan ID7ri, Boy('(' and lluhcnnan !!l7n),

Following t.his schom«, iouic solids art' of (.I1I'C'(' typc's:

Type I: '1'IWH(' ar!' j,oth raLjoll anrl union suporioui« conductors ill which L]H'

suporiouic Hta(,(> iH achieved I.hl'Ough It Iirs] order phas« trunsition of tit!' ('01, due-

tivity. 1\ challp;(' ill t.J1l' laHic(' synunctry O('('lll'S at t.hc' trunsitiou tpIllJH'l'n(,ttr('i

ill nddition to t.lw (li:mni('rillg of tlH' mobilo ior: suhlattico, l.h« J'('ilI'1'1Wg('IlH'U(.

of t.ll<' iuunobilc ion Hllblal.t.ic'p is usually PI'('H('1II., I\gl is Lil<' tnost :;l.lldiPd

fast-ion cllllclllCl.Ol' ill Litis daSH ( lhandra l!lHI),



dc'ct.) olytr-s need low ('il1rtrollic ('oudIIC,tivity (.0 avoid kaka.g(' losses. Third,

l'l~r electrodes for batteries and fuel cells both high clecl.ronlc conductivity and

high ionic conductivif.y an' dcsirabl«.

High power (knsity, high CHIC'l'gy d(~Ilf1ltyand rcliahility ar« essential if ('lWlgy"

:;tol'agn systems involving fast ion conductors arc to bo competitive, In addi-

tion, ()IW also hOPOH 1'01' structural iutegrit.y, for low weight, for stable conduc-

tivity not limited by d('gra(iatiou, and for imuiunity to cnvitoumcntal fadcll's

like oxygell or wa(,f'l' vapour, It iH (~Hp('dally IlsC'[\tl if Lite dcvic« will op<'I'a!,(' at

room t.c'Hll)(H'1 1.111'(', hut will survive l!pat.inA 011 ('harging or cli:;chaJ'ginp;,

TIH'He g!Hwral requirements moan Llmt any ionic conductor worth :Wl'iOUH con-

sldcration ahould have tTi<mi,' ;;:: (l, in~'lc)n-l, t1l1l,(, is, havo h dlllusiou constant

D ~ 1O"·!lClll,'l/8('(', and an activation ('llC'l'gy Ior ion conductivity of 0,1 cV 01'

loss, Th('H(' ideals nrc' rar(,ly uu-l., although Li)('J'(' a1'<'cHIl(lidn,t('H with PI'OI>I'I'(,i('s

close enough (,0 j1Jl,tify larg(' t('('illlicai luvostmcnt«.

III addltion tIl the prm.;c'ut applications or solid e1(~('tl'()IY('\'H, OIl<' or (.lv' inter

eHt.inp; application« is likely to I)(~ (,Oll(,Pl'll(,tl with j,11I' IkwhplIl('ul of "('!'t.i~ill

('il'(~ttiLH or d('vk(~t; which mny IJP tlH('11 ill nnw kinds of computers surh as hio-

computers ill which louie (.mUH!)()I'(, phcnomouu will play all importunt role

(Takahash! InS!)),



may be regarded as it study of disorder (Cat,!ow 1D!H),

Although thero are material» which show both high electronic and high ionic

conductivity simultauoously, th« ornphasis hero will ho Oil llmL<'ri,dH with !H'g-

Iigible dedt'onit' ('oIHlucLivity.

Suporionic conductors aro attractlng much at,t.('ution liecaus« of their unique

transport properties based on Lll('high mobility of ionic (kf(H~(,S aud/or 011 the

tolerance of t.11<' structure for high levels of (li:;ordC'l', which may 1)(' g(~I)(,l'ht(,cl

both lutriusically, i.c. at. high tompcraturcs, 01' ('xt.riuHicallYI by doping or

doviatlon from stoichioillet.ry,

With l'og111'd to the dillusion or conductiou bohuviour, suporlonic coudnetcrs

havo so111<' chaructcristic properties: (I) very higb values and a small temper-

ature dopondoucc of t.ll(' dllluslon constant J) and tho ionic conductivity 0';

(2) wry small values of n" and 0'1)' This iuipli«, Sllledl values of th" dcl'(,l'!.

Ionnation au d migration C'11C1I'giC'H.

Apart from scientiflc curioaity, three mnjor tccluiieal 1'C'(l'lir('lllC'U'1i denuuul

materials with high ionic conductiou (Tlo()p(~l' ID7H), Fin:!" there' aro iou mou ..

11.01'1'1ill which tho Jlr(~H(,l1('(1 of it low COll('C'utl'ntiul\ of sumo HIH'ci('H is measured

electrochemically ctH it V{)Hng(1 ,t('1'OHS it sultablo (,b'('rolyt,(\ Th(1 lmportant C('a"

tures i1l'C' discruuluation and low "icc'ironie ('Oll(\t[('\,ivity, 1.0 aVllid (IiHHipating

tlw potential g(~ll('rat.('d in .lriving an electronic 1'111'1'('111.. Inrlood, fot' ('ic>ct.ro"

ehomical monitors t.!Wl'\' is 110 IH'"d to draw a rurrcnf at. all. S('('ol1d, l1igh ionic

{'ollduC'!.iviLy can 1)(1 valuahlo in ('1('('Lroly!.t'H [or I)(lUI'riPH and 1'11(,1 colls, TIH'H(,



is the electromagnetic field, essentially because' of the long range of clcctromag-

netic interactions which givm; rise to a larg« variety of plH'1l011H'niL(Birnbaum

lH8G), 'I'his is in many cases a severe complication in treating tho response of

the system, even if linear response theory has been applied ill studying both

absorption and light scattering equations ill th« limit, of small applied fields.

In spite of this, light scat,(.('t'ing spectroscopy has been increasingly used in the

last fifty years to study t.110 dynamics of dense systems, Phenomenological

and microscopic theories have therefore been developed in parallel with the

experimental findings, in order to obtain t.he maximum possible information,

III . I" chapter (1 survey of fuudainoutal and applied aspects of the Iield is

presented. The chapter covers the theoretical tools required Ior tho study

of suporionic conductors as well as a brief description of t.lw experimental

techniques needed for analysis, particularly applied (,0 pure and doped Lid":l'

1.1 Super-ionic conductors

III general, ionic solid» h(1V(~ values of the elod.l'1cal couductivity 0' inunodiutcly

below t1)(' mel t.ing 1,('111p('rat. 11l'<~ r/~1t about four 01'(kl'H of magni tude sma] lor

than ill t.lre melt. II 0 wovo 1', IWllW type's of iouir solids have valuos of 0' ill

tho erystalllu« st.a!.(' cornparuhle witl; t.lw.t. ill t.lw !lwlt. and (1.1'(' referred (.0 as

supcrionic (or Iast-iun ) conductors OJ' solid [,krt.l'olyt.(,I':, This higl. vnluo of a is

n C()llS(~q\H'U(,() of oxtenslvo (li~()rd\'1' ill a {'OIIl(H)Il('Ut. lilIhla(,tjc(' of t.lw solid and,

iookod at, from it fundiLllwllLal point. of view, t.lle' study of suporionic conductors



Chapter 1

Introduction and general

survey

Tho study of defects and disorder in solids is a central topc in solid st.;tt('

science. Up to !lOW no general theories exist in achieving a sa(,isfadory de-

scription of atomic motion in those solids which do not. exhibit translational

invarluncc of the microscopic properties, Spectroscopic dal.a ;U'(' valuablo for

obtaining a. bettN insight into Uw problem and a la.rge <'ffort, had been made

by oxpcrimoutalists ill order to improve th« uiunbor and the quality of their

results.

'rill' dillicult.ics councctcd with L1wintorprctatlon of experimental data 011 dis-

ordered solids can Iw ea.Hily understood if 011<' notes that, even ill ordered

dense many-particlo SYS(.('llIS, 11correct iutorprctution of the experimental data

iH sometimes it diflirult Lask, Thi« is pm'ticulnrly LI'Ul' WhC'l1 th« external probe



-------,------------------- --,,----- -~----

Figllfl' 1.,1: SdU'lllatic l'1'lll'P:Wllt.iILitlll of t.lIl' d"lH'lllkUt'I' of ioni« I'llllti11ctivi1.y
011t,I'IllI)('rat1ll'('

UK'



('harad('ri~l'cl by t relatively I Ig(' value of 11 C' 1 per ('('lit).

the:-l(' provlrlo mochaulsms for ioni« movcuicnt, TIll' (c'lllll('l'atul'l' (kp('Il!l('IH'('

of 1.11<' ionic' conductivity is I;i\'l'll by thl' Arrhenin» relntionsliip:

rr ( 1.7)

l,y t,}t(' ('lll'rgy of Ionnation of it (it'l'l'd, and R,\/. it}; activation ('lH'I'P;Y fur motion.

of intrinsi« ('ouclw'tivitv in which (T i}; ,lolllitWI('I\ bv c\t'f('('t.H ('l'('ilt(·d tlu-runllv, , ,

ill tl\t' lat.tin' un.l tllt'I'I' hi it hi,!.';\Il't'ilrt ivai.ion ('ll('ll~~'involving lHlth t ht' ('11

l'l',!',YPI' ('I't'atioll Hlld of motion. Ba}iit';dly. foI' :mp('riullir' !'OlHj,lctllJ'H. l'(',",llIl



Iounrl adivatioll l'lH'rp;i<>H['01'Ul!' mol.ion of titl' iutl'I'Ht.itiilllhwl'idl' ions ill Ba.J<\!

till, "d with LaF:! ill various cOllc<'utl'al.illuH.

III !.Ill' Pl'I'HI'lIL work tIll' Haruun (.('chniqlll' ha:; bC'l'u nt.ili;l,l'cl to dl<ll'1I\'(.I'ri;l,(' Ull'

dilfllHI' phaHI' U'U\I:;it.ioll ill pUI'I' LnF;! ilwl La}':1 dO[lI'd with ~l.r) mol 'X, IlaFJ'

Em'lil'!' work of Liarukopi« r/ Ill. (1 !)Hii) has I'I'I)()l'LI'd tIl!' 1,('1\1))('1'(1[,\11'1' d('I)('1I

don I'(' of poak positiuu« aud halfwidth« 0[' I,ll{' (init onl!,l' Rumau Hl){'('tl'lIl11

of puro La!"a lip l.o HOO 1\, III t1l1fi )ll'oj<'I'L, liuman lll<'aHIlI'!'llll'll!.:i havo ht'('1l

performed t.o much higher (.('lIlpc'rut urr« (~<.:I·llll) 1\) ('oWI'iug t.ll(' I'HllP;l~ of !.II<'

clilru:w phn:;(' t.I'HIlHitillll in pur« and dO)lI,r[ LaVa fol' t.lll' Iil'Ht tim«, ')'hl'HI' ['(':<1111.:,

will Ill' outliucd ill (:Iw.pt.I'l' .1.

1.4.3 louie oonductivity

louie cOllductivity, tI, ill puro and dopI·d LaF:l has ))(11'11 til!' Hllbjl'('t. of much

work (Chllclwkk (I al. 1WI!), S"itO!lIlIllHIl 1'1 Ill. l!JHO, How; tI (II, I !JH:{, l!IH IH,

HlH,ll), l!I/ol,!c).

iT 1111(:1:'). ( 1.li)

whor« II hi (.111' ('IJ111'I'llt.('at,ioll of t,I!!' mohil« H(li'('i<>S(lI'I' unit volume, /1 hi til('

uruhllity or !.II(' lonh: HIH'('iI'H, ilud 1,( ill 1.11<'ioui« dtnl'l',!'. StlIH't'illllit-H an'



-VI....
'2
:::I

~
~

!
~
VIc::
CII...
45 - ,

fae
111
0::

-~ -._-_._------,
BaF2 (3;1 mol % LaF~) /

aOOK ,,--,/

(n)

1023 K

4531(

-, \ 131~ (67~
"""'_"",,"4=;','~~.J."'-"_"""'~.~' _~.-~.L,,=--~~¢='.J."""_

100 180 260 3401QO 180 260 340

Raman shift (ern")

20t- , ~... _

600 800 1000 1200 1400
Tomporatura (K)

Fip;\U'I\ l.a: (a) lkhaviulH' or Ihl' T~li1 Hama1l IiiII' in BaF,~(:1.l 1\\01, 'XI I.nF:\),
(II) 'I'hr results fOl' titt' \v:dt,h or Ramnu 11Iw ill puro and dO{l('d Bah,
(i\l'tl'l' vall Ii!'!' Marol nurl don Ilal't.og 1!)~:?,)

',J, 1



Hrillouin (.('chnicllH's. Tho tiH'()l'dical background will he' olltlilH'd ill Chapt.('l' 2,

and til(' exporhnoutul dC'LailH will 1)(' pl't's('nt(·" ill (~haptl·1' :l.

1.4.2 Raman scattering

Haman H]l('('(.l'OS('oPY hns wid('ly uul fl'('(I'Il'Il\.ly 1)('Pll lH'l('c\ to illvmll,ip;ett.C' Ht.I'IlC·

l.ural and cliU'I1H' phas« Lrnusll.ion« ill cliJf('l'!'llt \.ype·s of mnk-riuls. It bas proved

(,0 hI' it WI'Y IISpf1l1 tool fot' :It,lldyiul'; til<' dynumlc PI'op(·l'f.i(·H whlrh OCClll' at.

ph/u:(' t.l'amlit.ioIlH ilflllOl'iel{,(·d ..vil.l: t.1t(· anionl« 01' cat.iollic H,lhllltt.ic('H (MC'ad and

WilldlHHlIl Ul77, Ilallhal dill. 1D7H, Elliot. r! ol, 1!l'lH, 'I'(,C'\.C'I'H1l1J(\ Frech l!l~;2,

vall e1('I'Mar!'} and don Har\.og HH,t!, lIt-YIlH and (It' Waal 1flD:J) ,

Each !'1(·Il](·IIt.ary HiIll1111l H('at.t.(·I'ing ('Wilt. iuvolvos t.h(' d(·St.I'IIt'{,ioll or It plio-

ton or I'r('Cill('lH'y WII incident from a light. HOt\l'C'(" 'II<' Cl'('ittioll of n, H('e~j,(,(ll'('c1

phonon of ft'(,<tIlC'I)(',Y Will and t.1l!' croation or d('St.I'IWt.iOll of au opt.ical phonon

of 1'1'('(pH'n C'YW (Fig, 1.[).

'1'11('Haman H)l('dl'lIlll of it crvstul (\('P('IHbi on it.s NYllllllC't.l'y aN will bo )l1'('S(·Ilt.('<I

ill (~haJl(,('I'2. l)C'!·(,(,t,~! induro lllodili('n.tiolls of t.lu: Cl',VKt.a\('xdLati()1l ~q)('('t.l'lllll

Hwl from (,11<'removal of t.h(· :w]c'cti(lII ruk fot' ('!',ys{'aI11l0!lH'Il!.1I111 (,()WlC'l'val.ioll

allow i.lH' <lil'('('(. ohHC'\'vntioll of II('W mod('s, Such lllod('H includ« tIll' hl'o<ld!'llin,!!;

01' l.h« 11.1'1 anr] En p('uk:: ill t.ll!' H]H'('t.l'lllll of 1,<11<':1 whlcli ell'(' Clssodnt.<,d wltl:

nnhannouir: t.y aile! dis()t'dC'1' (Liarokapls r! Ill, I !JHfi), i\ similar 1H'ita,viOlll'

i:l IlOt.e'(\ Ior tltC' 'I'~!I mod« ill nY:il.aiN witl: fl1Iorit.(· :;1.1'1I('tlll'<', St.lI,lyill)'; t.ltC'

llucwidl.hs oj' '1'2'1 m: II' (Fil';, I.a), \"111 clt'l' Marol and d('ll lIartog (l!)H~) haw
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dm's not vat'y sip;ni[kaut.ly ill order to c1tiLnp;(' ('[l'('c·t,ivl'ly ('11<'s(' fl'C'(l'll'llci('s,

Bot.ha c! ul. (l!l!J:l), however, ril'Hcrihe au optiral illt.!'I'l'(·I'Oll1PtI'Y method based

011 it ImH'1' Jumiu int.('t'I'('t'OIlI<'t.('l' [ot' (i<'t.I'l'lllininp; t.1t!' br-huviour of tit!' 1'Pi'I'1tdiVl'

index as a luucf.lou of' tompcral.uro, Using an opt.ical Ilat, t,J1(' laser beam is

Hplit into two paralk-l IWHms, onl' ahov(' t.11<' ot!t<'l', alld din,ct,('(l thl'Ollp;h all

opt.ical Iurnac« which has insido t.IlI' ('!l<'apsula('('d cl'ystal. 'I'lic cl'ystal is pla.('('cl

ill til<' path of OIl<' of two IWIlIllS, Wlu:u (,Iw two IH'IlIllS ar« superimposed OIt

a screen, all lllt(,l'fnl'('lt('C' J)11(,('1'1'1I lIPI)('ilI'S, '1'11<' (lilf('l'<'Il<'(' ill tIl<' optical path

d!'1H'u<is Oil (,h(' I<'llp;t,h and tl1<' refractiv« index of tlt(· crysta], aut! HO l)(·,t(,lnp;

of th<' ('t'yst,al ('(t1lA('S t.[l!' in('('t'I'<'t'!'llrt· pat.torn to alu-r. Tho la(,(,ic(~ pararnctor

is Iotuul from c1mil'lical X-I'ay 1ll1'1lSUI'<'IlH'Ilt.s,

Much of tho ('II'or{, UJl to now has l'('lnt('(t (,0 hulk wnws ill Lt'iLtlSPCtI'(,ut. Sill'

gIl' crvstals. Til tIl<' c'ouh'xt of supr-rionic conductors, Figur« 1,2 shows til<'

behavionr of dilI'I'I'!'IlL romhinatlous of ('laHtjc constants lor LaVa with ('('111"

!H'l'aLIU'(' IIsing l.ho Brillouin ('('('h(,;ql1l' (Nr;()('p!' rl at, l!)~(j). 'l'IWS(' klnds of

iuVC'sLigatiolls are providing invaluahlo lnfortnation (Ill phaso trnnsif.ions nn.l

o{,!H'1' physical ]lI'O(,I'HH('H ill Iwlids,

hl!'l'('iHlinr;ly Hrlllouin IH'a(.(.<'l'illg hi 1)('illl!; IUwd to a<idl'l'SH problems of t('ch·

Jlo]o'p:i<-al relovaur«, surh a:, t.11<' ]lI'OP<'l'ti<'H of fast ion (,llll(!nct.or:' (Comius r!

Ill. l!l!)()) , sllh:4l1l'fa('(1 (lalllag(' ill(\tIC'(\(\ by jlolishing (M('Il<iik ri al. ID!l~), 1.11('

plastic j>ro1w1'ti<'H of dlumoud and otll<'l' thiu-Iilm ('oa!.illgs nnrl sornirouductor

hl't('I'Ostl'lIctlll'('S (Dil lDH:~, Nizzoli and Silllc!('!TIIl'k l!llIO).

TIlt' 1'1'IHtltH 1'1')Hll'tl'd ill (!lwpt.PI' ·1 al'(' hitsI'd llJl it romhinatiun ()f linman awl

IH
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1.4.1 Brillouin scattering

In Brillouin s(,1Lt.terillg, light. is scattcrC'd by L1wl'llwlly excited IOllg wavolongtl:

acoustic pIWIlOllS, <UHl t.it<' Iroquency shift. is llH'iUilll'('(l [01' various :\('at.t<~l'illg

g('ollldl'ies to obtain t.Jw phus« velocity of acoustir wave's ill c1iff('rC'lIt direr-

tiona, For each seatt('l'illg g(,Ollwtl'y, under con.aiu Hnk('!,ioll rules which will

be reviewed in CllitJ>t(~r 2, thoro arc maximum :l St()kC~H and a anti-Stokc's com-

poucuts as shown schematically ill Figuro 1.1 with lroquoucy Hhil't,H (Rcisslun.l

una):
(1.1i)

where 11 is {,Il<' rnfra('(,iv<' index of til<' mcdi 11III , lI,t 1HcI 1.Ill' t.Jll'('(' dirc'ctiollally

dcpondon]. acousl.i« phase' volocltics, '\u is t.he wnvclongth of th« iuc.id('u(, light,

and 0 is th« scatterillg anglo, These' velocltics 11.1'<' Iuncl.ions of l.ho bulk clast.io

oonstant«, and (,his has 1('(1 to Hrillouiu scatt('riug bc'coining OIl<' of t.11(' !\lOW

~Ewry 1!HJ.J.),

This method has Lhc~ iulvant.n.g(' t.hat. it, call Ill' lIH('d OIl specimens ol' t.!H' order

of Iew 111111ill Hill,(I or lPHN, under varialil« cundition« or Pl'('HHIll'\', (.('mp(','u\.I1l'l'

and llla.glWt.k fidel, cl ("

i\('('.Ul'(lillP; 1.0 Eq. 1.1i , it. is Ill'{'(':isary I.u know I,ll<' rcfractivo iudox and l.he,



of the olcctronic charge douds and the London dispersion energy, III ordor to

achieve a. fully satisfactory descrip: ion o~di<'1,~ctrk properties, it. is necessary

also to Lake account of tho electronic polal'izaLility of the ions. This is gene.ally

([OIH' uHillg th« HIlC'lI 11lO(Ic'1 of Dick and Overhauscr (l!)!jH), ill which each ion

iH rcprcsentod as (1 charge core and sliel] coupled by 1Lharmonic spring.

The parameter» of the potentials llmy b(~ohtuined either by quantum 111('('11<111·

ical calculation (Kim and (Jordon U)74, Mackrodt and Steward lD7U) 01' by

cmpirical Iltting to bulk ny:4al properties [Vashishtu and Raman 1!J7H), OJ'by

a combiuatiou of the two (Catlow ri al. !D71).

While there is no problem ill using the full shell-model description in stal,k

oquilibrium simulations (CaLlow alld Mackrcdt IDH2), ii, doruands lwavy rom-

putationa] labour ill molecular dynamics cnlculations (Sangster and Dixon

W7G), which have almost always been performed using the rigid-ion model.

1.4 Experimental techniques for super-ionic

cond uctors

Various j,('clllliqu('s 1U'1' (,lllpioy('d 1.0 study SlJlH'I'iollic ('owludol's, TIt(, impor-

taut 1'('(1tl11'(\S of til<' main 1.('Chlli(lU(lH USl'd ill ('11(' PI'<'IH'll(' project, Brillouin and

Raman sca!.t('rillg, will 1)(, outliucd. 'I'his will be' j'otlo\V<'d Ily it i>rid rovirw of

o(,IH'1' mothocls, which 1mVI' ilHHis(,('<! ill jll(,<~l']>I'PLillP. ('h<' pl't'H<'lli. rosulf.s,

Iii



that for every time step the force 011 every ion be calculated by summing tho

contributions from all tile other ions. In tile Initial period of evolution, tile

system relaxes to thermal equilibrium, This period is of 110 usc for calculating

experimental obscrvables, since it retains memory of tlw special initial condi-

tious. In addition, it is generally necessary in tlii: phase to add or subtract

energy in order to bring (,he system to Uw recp!in~d temperature. Once thermal

equilibrium has been established, tire system is allowed to evolve uudisturbcd

long enough for a satisfactory quantity of information to be generated: for

example if it is wished to calculate a diffusion coefficient, a reasonably large

number of clemcutary diffusive events must he allowed to OCCll1', The position

and volocitios of all tilt, ions ill the eourso of the simulation arc stored for

purpose of analysis (Sangster and Dixon HJ7(i),

1.3.4 Interionlc potentials

Whatever simulation method is used, tho validity of tho intcrionlc potential is

of crucial importance, Fell'" Idy, a largp body of evidence suggests that a

rather simple ",llldiollitl Ior Llw potentials is entirely adcquat« lor a wide

rango of ionic matcrial« (Catldw and Mackrodt l!lH2) , Tho Iorm couuuonly

assumed ('01' (,11<'<'tl<'l'gy of ill(,(H'/l<,t.iol1 \~v/l bdw('<'u ious of' t.yP(':; n nlld /J cOl\sist.s

of three terms:

(J A)

which rnpI'{'H('Ilt. r(~sl)('c(.ivnl'y tJw Coulomb <'11(') gy, Lh(, ropulaion duo to overlap



t.h(' probaliility function l',

1.3.3 The Molecular Dynamics Method

The satisfactory calculation of dynamical qllc.lll.ii.i(·s demands that the' time

evolution of the system is slmulatcd. This is what. tiw molecular dynamics

method does (Rahman Hl(j·1, Erponbeck cl al. W7G, Sangster ci al. l!l7G) , H

is known from Boltzmann's l/-thpOl\'lll that if a many-body system is st.art.(·d

ill any reasonahlo initial condition awl allowed l.o evolve freely according to

Newton's equations of motion, i(, will attain th« most disordered stato rharac-

tcristic of thermal equilibrium, III this state, it should resemble rather closely,

both ill its structural and it,1i dynamical proporf.les, the real material studied

experimentally, provided only that t.he forces between t.l1<'ions arc modelled

realistically, III practico, tjlt'l'n is another proviso, which il: (,haL OIW call haudlo

it Ill' g(~enough nu III \H'I' of ions (,0 reproduce tho properties 01 till' bulk material.

Tho COIU'SP of a molecular dynamics simulatlon is typically as follows. A cor-

Lain number of ions (typically a Iow hundred) is taken in (l, box ill sonic initial

conllguratlon (that of the perfect. crystul, for instance) and with random ve-

locities; ill order to eliminate surface ollccts, t.his bar-;ic system is puriodirally

repeated, TIll' SYHt('lll is 1.11<'Il11Hld(~ I.() evolve in timo under tho nction of the' as-

sumcrl iutorioui« potcutials, For nr.mcrical purposes, the dillerontial oquations

of motion arc' approximated by Ilnito (lilr<'l'('Il(,(' oquatiuns, with SOIll<' c1li1rac-

tcristic timn st.('!> l('llgt.h !::..l , 'I'ho implementation of tlJ('H(' cquntions 1'('<1l1i1'(,H



at each poin] nloll).', it.s Pi.!;!. Earh o;,dlla.tillg dipole' l'i1dial,f'H "ll<'I'.'".; ill all

directions. Tillis, th' lIt't lipid ill allY point ill spac(' h; the' vrx.tor ,il' of the'

itlllucd dipole [it·ltis. 111Uti:: rulculutiou, t.h(' elid('drit' 11l"(!illlll iH (,OIH,iti('l'<,d

a continuum (Chu, ID(01). Classit-ally, ('(1('11 iatl.j(,(' vibration {i?, ~",}l)l'l·tul'hs

tho (lkkcLric Cl>llstalli. ( ti() t.hat

((I + br, (2,1)

lidds l'(\!whillP; ,1 P<tl'l.ictllal polut ill sucl: it way :'0 as to iuvludc LlH' l'!'ln.tiv('

volume,

!L r.rystallino medium. til<' lnr !ipltl:wnl.(,(,l'('(l ampliuul« iLl. apulu! ,0' is l'l'adily

found to 1)(, of tlH' Ionn (Cuunnius, I !Hi!l):

whore

,';,o!
'0

(0 co



awl cll'(,PI'lH'cl till' mugl' of materinls 11l'OIH'l'ti<-:iill'!'''~isil,k to nu-asurcuu-nt» hv

lil'~htHI'atterillp; HIH'I'tl'os('o!>y,

'l'hi« dw.ptl'l' ('\1\'('1';; th' common p;I'OIlllrl of Hrillouin an.l Hamuu :;"auvl'illg,

'I'll!' main g()ah tIl'I' tu ohtnin tlu: \,ilHic Ioruntlas, ill onh-r to a:-HiHt ill tlH'

iutl'l'pl'l'tatioll of tho l'('Sltit.S ill (~haptl'l' ,1. Jo:laHtidty will also hI' !'I'vil-wI',1 in

ol'lh,l' tu oxplaiu til(' Brillouin "pc'l'tra.

2.2 Light scattering theory

Ilrillouln owl Haman 1'11'1'1ts involve thl' iuolusti« SCilU.I'l'inp; of all invidon! plio

ton lu-am with it matcrinl so that 1'1t'IlIl'lltury cxvitutions (ph.mons, polariton«,

plasmons, ttl'.) art' nt'itt!'!\ or nunihllatcd, t\wl'!'ful'!' l'aIlHill~~ a ('hall,l~(, ill til!'

photou f['('<[llt'lIc'y.

In supvricui« l'oudt1I'(.()l'H, till' li,l';iI( INN('Hftl'l'!'d b~' pllOtlllllH Hwillti:i tlH'o['('fir'.t!

('HIi(' will l«- ontlilll'd in UtI' [ll'I'S('llt dwptl'l',

'I'lio quunt ity liukim; li,t';ht };('at,j('l'iu!\ tllt'OI'~' anrl !'xIH'rilll!'llt}oi hi till' Hl'aU ('riug

IT(l~l' HI'l'tjull. '1'111' lllH,l.\uitll!ll' 1)1' till' HI'alfl'l'!'!] illtl'lH'il.y iN Ill'tt'l'lllillt II h~' it

varh,t,y of fill'tU!'N, Ouly thc' mniu 1'I'~:IlItHwill lu- qllull'li. a Iull ill'l'Ullllt un t lii»

mlb,k>'!, bt'illp; tlu: !,lIhjt'd of };!i111tlil!'l! I, ~'Ii" :'Ilc'h iI:. Lotllltlll (l!J't:{) un.l !lil~'I':'

all" Londoll (l!J7S).



Chapter 2

Theoretical background of light

scattering and. elasticity

2.1 Introduction

A fumlumontnl prohlom 1)1' soli-l Htatt' phYhicN i:; to intorprct till' IlllU'l'wH'lljlk

lH,jwvill\U' 1)1' I'l'YHtal:; ill tl'l'lW; Ill' till' cow;tall(C; dlitl'lldlcri"ill.l\ 1,111' lnttit'(' HirtH'

tur« aud tlt(· nuu.nal iutpradion:, 111'1\\'('1'11 jlHi!':, Ill' !ltUllIC' 1)1' tho rt'~·Nt.al. Liuht

smttl'rin,l'; HlH ct.rwwll]lY h, a f",Uiihk llId.lillcl t.o .whit'vl' this tnHk. Much of UlC'

Iormal thl'ory uf li,l';ht. Hcattl'rill,I'; iH l'oHllllull to all varit'lil'H Ill' lllt"IHllrt'IlH'Ilt.

It:, value IlH It tOll1 for illvI'}:tigiltilt.l': tilt' propI'l't.il':: Ill' lIlattl'I" hI1Wt'\'"I', was ftilly

l'('aliz('11 !l111~' with t.lu: iutt'l'prt,(.t!itlll iltltlolIHI'l'\'atilllt of IIlI·['llitil' light Ht',1l11'1'

iug lly Ilrillunin un.l liuumn ill 1!l~J,lI:·:, TIlt' ill\'hltillll Ilf tIlt' [Wi('I' hilH ,'xtl'uIlt'd

;~I



1.5 Motivation for this research

The desirability of' extending knowledge of tlie tyP(> of transition, t.1l!' dc·fed

SP('ci<>H involved, till' nature and conllguratiou of (ld('ct interactions, tlH' mohil

ity of d<'i'edHand tll<' extent of dbord!'!' at and abov!' t]H' superionir trnnsition

to pure and (loped LaF:l has prompted t.Il<'prPHPllt light sl'lltt(,ring stlldi!'s,

From tho experimental point of view, till' results of Brillouin and Haman stud-

ies will be used to analyse diffm'Pllt superionic mechanisms proposed in th«

litemturo.

Th« conclusions of this l'('sl'i1l'!'hpl'lJp;ralll will adlt IWW iufonnution about t lu:

onset of disorder for this dass of supurionic conductors.



til(' study of CIH'nthalll ci al. (Hl7!"i) did not ill its!'!f completely .liscriminate

between t;lw P:kl Hllel P(hClll spitel' groups. HOWI·VI·l .. all tIlt' inrlin·ct ('vill('lll'('

pointed to pad as th« most fitV<111mllj<, SIH1('(' gJ'l)llp.

1.4.8 EXA1IPS

Extended X·ray Ahsorption FiliI'S lrlll'!' 1\1'1' (EX AFS) is rvlut ivolv it IH'W t{'('h·

nique which l'('li<>cts hwal structural ol'(ll'ring within ('onrll'llS('lllllat.l'l'ials, 1)(,·

lug able to IlPtP(·t s1thtll\ t'liau,l';('I{ in till' local structural ouviroumout of slH'l'ilk

atom tY!J(\fl. Tl1(" {)I'I', it hi potentially willful ill (hI' Htwly (If lliHlll,(h·1' ill ionic

solids (C,Lt.Jow l!lHIi).

Tho vt.riation of a crystal':; X-my ahHot'lJilllt'(' as a Iuuctiou of incident X·rHY

energy at anti h(\you(l till' ahsorption ('(Ip;1' i:; mousunxl ill tlwsl' oxporirucuts,

Extracting quuntitativc infonuation from EXAFS ditl it usnallv illv()lv('s til!'

calculation of it thl'ol'('tical :;\)('('(',1'11111 frotll n Pl'PPO:.I'I[ slrllcllll'<', Ful' 11th rcusun

computer simulations arl' l\ii('11 it:; rumplrnn-utary jt'dllliqlll'H to provido \'('r~'

(It'l,aill'(llllo(kl:, of th« local stnuturnl r-nviromncnt of pal'tit'1l1lll' utoms.

Tlj('~{' two ('ulllhitH'cl tl'd1lliqUI'H WI'!'!' slu'('('Hfifll11y IIst'cl by ('utilI\\' tI rd. (l!lSIi)

to prow t[](, ('XiHtC'llf'(I of difT'('l't'lll typl'~ of t'}ll~;(l'r~ ill nyHtab with lluuriu-

strurtun-,



and noted small anomalies ill their data.

1.4.7 Neutron scattering

The> dlffraction of neutrons hy ('1'ystals has 1)('1'11 til!' subjec] of much expori-

mental and theoretical studies since l!HOs. Thormal ueutrons haw a de Broglie

wavelength of the order of tho interatomic spacing in crystals and ('llI'l'git's of

the order of tIll' energies of tho lattice vi brations so that they call hc' used in

diffraetion studies. A distlnrtion between t.ll!' coherent and incoherent seat-

tnriug of nrutron» j:.; made. Coherent inelastic scatt('rillg of tliermal nentrons

is of pi1l'tknJar interost since from a study of th<' !'Ill't'gy change' of tilt, srut-

t(,I'I'(1 neutrons fur a given momentum transfer the phonon dispersion !'1l1'VC'.

the relation between the frequencies of modes of !t given polarizatlon and wave

vector j{ can bt' obtained, Incoherent inelusti: SC'lttering is also of consider-

able interest, siuce tho euergy distribution of til<' :-;cnttNl'c\ll1'lltl'OllH is reluted

to the frequency spvctrtun of tll(' rrystnl.

Neutron sl'atl,('l'ing ('xp('riUH'utH run monitor tho relative position of tho itms

in ILgiwll <'l'y:.iI'll. Short·liwcl sl,l'll<'tlu'('s known <tl'l dllstt'l'H whirh 1ll()(lil~' til"

vibtatlonul propnrtios of it nYHta1 '" "(' P"": :ll,(l for 11lloritt'H by Hutchiug« If

al. (l!lH.l) l1~il1.e; t1W:H' tochnlqu-s.

Dc' Hango t tal. (l!H)(I) and ChpdlHllll It Ill. (1!)/'fj) ]H'rfol'llIl'd !lC'llt ron scat·

tl'l'ing OIl LaF:1, 'I'll(' lin;!. p,l'lI11P Hllggl'std tilt' Kpan' 11;1'0111> Pfi:1(,1ll, while Ill<'

H('('ond Pl'llpo:it'd tilt' Hpill I' ~':l'()lljl Pad aH I'l'Hl11fi'i of f ltd! allid~·sl'H. In fad.



1.4.6 Ultrasonics

This is tlw most widely used approach fot' dctr-rminiug til!' plastic stilluess

constants of anisotropic' solitls and tho variatiun of thl's(' constants with tom-

perature, prossur«, de (EVt't'y HHln It. is accuru tC' to rkscrib(· it as a fumily

of techniques, which 1mVI' in ('o1ll1111111 that t.hc'y involve th« trausmlssiou of

plano r.eollst.if waves in various (usually high synunctry) dirertions thl'(lllgh

the solid, and the detenuluatiou of t.h(' plastiC' st,iIl'Ut'HS constants from the

measured phase volorities of tlll'Ht' waves. Pulsed as woll as contluuous wave

methods arc used. 'I'll!' gcnetation aurl (lpt<'ction is usually done with pi(·;/,o·

plC'('t;l'k transducers which roupl« through fa('pH of the' sample which ar« ('111

normal to tho l'!'quirr'd propagatiou dirp('ti()l1~, By making Wil' of I'('lb,tioll. it

single transducer ran S('I'VC' tlK both sourer' and ckt('ctol'. Sorn« npPI'Oitcl!c':-; lIS('

buff!'!' !'ods to nIh'l' 0111 misle'a(lillg (,c}IO('S,

'1'111'1'('haw heen uumcrous apPI'()adll'H d(,W[llP(,([ t.hat by moan« of pitnKC' inter-

f(,1'l'l1<'(' or 1>111:-;(' overlap allow high <well1'Hcy to bl' ,lchip\,(ld, pal't.iclllilr1~' with

r('garrl to tl\(· mousuremont of chilllp;t':i ill <'l,'stit- ('OllHtallts with (tlmp('l'at 111'('

and pl'('SH1U'(' rlc, i\Il1lJllg tiWHt' t(,l'ilnicpl<'H ill't' it duul.le pulse phils(' compnrison

me tho (1 rlovelope.l by Willimus H IId Lamb (l!J:iK), and it jlllhll' Huporposition

uwtllllci d('wloJl('tl by McSkimiu (1%1),

Over the' Y('ar:-; th(,1'(' Iw:-; bl't'll II ('o!lHirlc'l'ill,!r> amouut 0[' work (lotH, un tluorit«

crystal» lISill,!'; 1.hl':1(· llll't.hl)(js (Munasreh awl P('(lr'r:;oll l!IX,l, l!JH!i), '1'11<'lind,

sound volorlty data for LilF:l huvr lH'l'1l I't'lHll'tl'd by 1\1'1:,,'llI'l' (l!)tiH). Alivv

dill, (l!lHl) lllt'as1l1'!'(1 Hl<' (lC(111stir' lIIud(' Vl'[tll'iti('H bt'tw('('!1 :Jiill awl 1111 I\

:w
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high gyro-magnetic ratio which lllC'<U1S the N!vTH signal is large. The 01)(' disad-

vantage of the techniquo is that th« samples 1ll1lSL have It low concentration of

paramagnetic impurities, since they will ('(1IlS(' rnlaxatiou and mask the cff('cts

of dlffusion (Hogg r:t rd. 1n77, Gordon and StrangI' H)7~). The precision of all

NMR data point is around :1:l0% and parameters are obtained from Arrhenlus

energies.

Several NMR studies on LaFa haw b('('11 made at t( npcratures below T .. and

will 1)(' outlined in Chapter 4.

1.4.5 Specific heat

The l1.11alYHiH of the isobaric specific heat, (:", <lata of solids h; OIl<' of the

oldest methods of showing till' ('XiHt('11(,(' of point ,kf('cts and of provirling Ni·

timates of tlll' thorrnorlynamir panunetors for (kf(I(·t formation (Lidiard 1!J!i7,

Chadwick aIl11 (Hyde' In77). Closc' to til(' melting point ('" for fluorite com-

crystal (Figlll'i' Llia), 'I'ho latter is usually o\Jt.ailH'tl by oxtrapolatlou of till'

low-tempornturo data points. Till' peak of til!' anomaly normally IIt'litH's tIl<'

transition tcmporatur« to till' snperionic :-lilt!.!' (Carlow r] ul. 1971'1). Another

tY{l<'of b"havi()ul' was O))14NV('d fo!' LaF:l by Lyon I'! aI. 1!l7~ (Figllrt, Ltib).

ill Chapter .1.



presented in Chapter .1.

1.4.4 Nuclear magnetic resonance

All alternative method of obt aining information OIl tJw ionic transport ill ma-

terials is nuclear llHtgll{'tk resouanre (NMH). This is a powerful tedllJiqlH'

which, ill addition to providing a microscopic probe of the material, presents

some advantages over bulk conductivity measurements ill suporionic conduc-

tot'S (Whittingham and Silb<'rtlHg<'I H177, RiclJiU'<Js H)'il)). It can hI' IlSf'd on

single-crystal, polycrystallin- and llowrh'1'('[lsamples. although more infonna ..

tion can be obtained from studios 011 oriented single crystals. NMR also works

well on both electronically conducting and insulating materials, As a result, it

provides it means of measuring til!' ionic contribution to the conductivity when

tlll' electronic component iH nou-uegligible, In addition, since NMR monitors

whore tIl(' conductivity i:-l rlomiu.u.«] by ioui« motion along tIl(' surface of tilt'

sample, along grain boundarios or through tlw bulk of the mnu-rlals, Sin('('

tiuguish between it local motlon and thl' IUUA rang« tnotion IW('lbl for good

D(' ionic ('olllll!('tivity. OIl 1.1)('ot.llI'l' hand, it provides it <iil'l'ct. m-asuro of t.lll'

ionic hoppiup; rat!' without a kuowlc.lg« of th« jump distance.

N.t-.lH is ill prilldpll' ill! ('xI'plle'llt !lll,thlllj 1'01' stu.lying Iluoriu« ion motion ill

Iluorido«. TIlt' l!'F ii'iotO[HI is of 1()ll',/~, natural ahumlnnre, lias spin ~ and has

,)M
.,/



relation (Hayes HlS2):

( 1.8)

where nand Z are defined as in Equ, ',,011 1.G and 1'-1 is the time it, takes all

ion to hop (ttl average' distance l,

The Haven ratio, HR, was intrcdurerl hi classify diffusion mechanisms when

tracer diffusion measurements for independent and identifiable tracer atoms

an' wade and can be corroborated with ionic conductivity experiments (Haven,

Ur(8). lIu is defined as the ratio of tho tracer, iffusion coefficient to the diffu-

sion cceflicicnt obtained from ionic data. III p;t'1H'l'a1 each diffusion mechanism

has a unique theoretical value for lIll and consequently careful measurements

of Ira have proved valuable in idc·ntifyillg diffusion mechanisms,

Although many studies haw been directed towards the collection of (')\1)(,1'i·

mental data, tho models proposed for ionic ronrluctivity in LaF:l arc' subject of

much controversy (.Jordall and Catlow lHR7) lW('<tllSI' of the high exporimen-

tal errol' CHUSf,d by many factors which advI'l'st'ly affr'ct tIll' measured data.

A maiu disturbing factor h.; tllC' reactivity of LaF:, towards oxygen alld watt'!'

vapour which interfere's strongly in tho oxporimentnl characterization Ilf tIll'

ionic trnusport (Chadwick I" al. lWt!l). TIt<' main conciusion of thpS(1 aualysr«

is that till' gross fl'aj,tU'('s of ionic conductivity call i'l' explained ill terms of till'

defect interactions,

TIll' ionic conductivity stIlC[:t'S on LaF:l assist ill th\' interpretation of the datil

:W
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fl, (~l,ll )

lTHing tilt' ('(lol'clhmh' IH'Il<'lllt' (II FiglU'l' ~"l, it iH Sl'('tt that wav- !l'iIllhlllj:.'sioll

th(' oquatiuus:
' t , II

(lll") Ill' 0,

[1 1,.(( 11:~ ll,

ll,

whkh nu-an« that ,t (,Ol1l!ll't'~Hjil!liIl wavo pl'opagating alol1g ,1'1 nxiH will haw it

willd ty p;iWll b~'

PI'ClIllI] .t 'II.

with p111ill'i;mtill'l ill tlH' ,1',1 or [In)l] cih'C'l'(,illll, PI'

with )llllal'i,~ati')ll in till' ,I'ol Ill' [Ulll] dirl'l tiun,



lodty usinn ultrusoni« lHf'tlultis, Ill' (,([llivah'lltly fro III 1lIl'i\Slll'c·lIH'l\l.h of tl)('

Hrillouin fJltifls.

2.3.2 Solutdons of Christoffal'« equation for

hexagonal crystals

Solution« of (,hl'istIlJI'Pl\, »qnntiou I'll!' it II!'xn!~()Jl1dt'l'y:;tal will now 1)(' ('clllsjcl,

( '11 , (\~). lisillg ('(l'lH

!'qlllltiIlIlH!

fll!~JIlIt' I L:U'll ,I ('tJJlllll,dll~'1
~

[1 I

;)\(II
u

('lJ )nll1Jlll~1 I I,~«'11' ('u.)lIr f ('llll~ f ('111,::
~;.,

Iii



Thus, till' matrix of I'llllstallts fur H t.rigunal t'l'y:;tal (da~;H(,~; :~:>', :illl, :illl) muv

1)(' written (Pcllanl 1!17i'):

(\1 (\2 (\:1 ( 't I n (J

Ct~ ("ll ( '1:1 < ,( "J,J () ()

( ,'1:1 ( 'I:, (\1 () () ()

(7" f
. ,,( '11 () ( '11 {I U

() () () () (,II ( ~11

() () o 1I ( '11 1(('11 ( 't 2)

Till' c>lmd:ic ('OIlHtltut matrix fIJI' it ln-xagonul t'l'yt.1,al (all dasH!'s) i~lUi follows:

('11 ( 't~ ( ').I (J () ()

( \2 ('11 ( 't:l (I () ()

( 't:l ( \a ( \, (J () ()

() () () ( 'H () (J

11 () o 0 ( '.11 ()

(l (l Il [) !l ~(('J1 ( \'J)

'I'hi: last matrix of (·lilHt:k ('om,t,,[lltH I~; 1'('!c'Vitllt t(l 1.a1-':l 1'(11' l'<'ilH(lllHt(l j)(.

(li'H'11~"il'(1 ill (~haJlt(·l' L

Vi



E(!\UttiOll 2.7 WHS lirs!. publisln«] by CllIiH!.uH'('1 ill 1:-1(,,1'nud hili :;illt'1' 1)('('11

(liHC\lfl~il'(1 by 1\1\I1l1'l'o\lS au !.iturs (Ll)w l!H,l, MIWP,l'ilV1' l!J'iO, J.:V('l'Y ID:-I!l).

(2.H)

Tuldllg Gv<lj g:.J:;-,;1'02, and ('()IH,id('l'illl~ t.1I('unit VIWI.Ul' ik:(1I1.III)IUa) nonnal to t.IH'

wavofrour, t.lll' f'C[ultt.io!J of motion :Z:; ))('('(lll)('r;:

(2.!J)

EqllittiO!l 2,!) is a solution (If 1.111'(~hriHt()ll'd ('(lImt.ioll if

Fol' 1'111'11('rystal elm,:i, I.h(' numhcr of I'liw(.ic ('OllHI,ilu!.s ('iI.lm art' l'('Nl.l'ickd by

:l,Ylllllwl,ry and mallj' or thom vanish i!lt'lltirally whi- ('oIlHid('mhly Hi!llplifi('fj

I.itl' :mllll,ioll or 1.\[(' hl'('llli1I' 1'!(llill.iol\, Fol' !.iI(' Illo,,!. 1'.('\\1'1',,1 illlhiOl,l'Opir body,

I,ll<' 11l1mb(·1' of iudt'I)(II\(\(11l1. 1'1a:;tic ('O!ltl[.1tUI.:; hi 21. \)('I)(lu<iillg on t.lH' cl'y:,(.nl

Illl'.l'ilphk dill'll, (.1[('1'(1111'1' '( ll\' ti ill(h·IH'Il(jpll!. ('OIlHt.HUI,H for it I.rigoual HYHI,(\lll.

'l'ho 111111\11(,1'of ('\n:-!.ic !'O\Uil.a.ll!.H ill Ii 1'01' it \\('Xill!.ullid l'l',Ylll,al. l!. iii ('W;(,Olll!ll''y

to IIH(' an ahhl'('viat.('!iuot.itl,jolJ (HIIIlH'LilllI'H 1'1'['('1'1'(';[ to ai' Voigl,ll, not.atiuu ) ill

plan' of l.ho full (.('IlIHJ1' uotation, 'I'll!' fullowuu; :W!II'Il\l' is iHlopt('d:



Sill('(' th« long w1tvp!t'np;t!l acousti« modes involve' in-phase mot.ion of all tlH'

it{.OIlIH ill tIl!' unit ('(,II, t.he atomic <lisplaC'<'Ill('1l1. at'(' I}('ill'ly ('ollstallt. OWl' eliI'''

,wei computlng the' I'C'Hlllt1tllL Doppler shift. Brllloulu] 1!l2:>.)WIlS I.h(, first to !HH'

this approach (Llld showed tlint Lll<' frequency Hhift,s W<'I'I' p;iV<'ll hy It~q. l.n.

taken.

L 1 T'hecry of olastidty

HS tmIlHV('l'H(' Plastic WltV('H. 'I'ho w\llci LlI'H of propagation or tllt'sl' WILVI'fl it!'!'

llC'olwLic Illoclt,s oj' the' ('J'YHl,nl IllIlS!. !It' known.

From thl' dllHsiral theory or I,jaf;ticity (Landau and Lifrlllitz ID'lO), till' oquu

tions of mol.ions (1.1'(':

iJ~
('ikl". OJ 'J

( .rk ( "I
('j '")
UI I
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selection rules, l!O\WV<'l', call \)(' fouud directly from tlJ(' symmetry properties

of the crystal (Loudon 1%1, I!)(j)j) ,

2.3 Brillouin scattering ill crystals

Hrillouin (W:.>.:.>.) jll'('(lid('(l that th('r(' would IH' ('ompolll'nts ill the Hl)('ctrlllJ}

of light Iwaf:U'l'c'rl by lirplids and ~tlli<lHwhose fl'(ltjIHIIlI'Y w()IlI(IIH' shifted Irom

that. of th« incident light by interaction with thonually ('Xcilc'cl sound wnws

in the scattering mo.lium, This dFI'l'! was first ObHIII'VI'd by <lI'OHS (Wan) who

was using a mercury c\i,H'harg(' lamp as tIl<' HoUrC(' of ('x<'it.ing light" \Vit,lt

Fritsch (U)(W) thoro hil~' 1)('('11 continued int('l'('St. ill this tc'dllliq\\(', 1\:-; can IH'

seon ill Fip;lll'll '2..:'>', tIl<' t.itrl'l' brunches Ior which ,..: ~,> () etHl\ '" ()Htar! off with

roustant :-;1\)1>("tIl!' l'angl' of K in tilt' di:-ll)('I'Hion I'lU'Vl' (li1':-I1 Hriliouin i:llll<')

IJ('in,rJ: i.,vpkally "" ION <'Ill"I, III 1.11(, Iip;llt>H('at t('rill,l'; )'('gilllt' (/{ ''_' :!x l!J~' I'll! 1)

( :J.n )

tlll' pm,~;ibility of nlll' 1lll1,dtllriillal Hlld two trilIlHVC'l'HI' Hl'1I11Htk !!lodl'S of t.1ll'

lit'alllllldf'H an' VI'I'Y nmrl: snialh-r thall IhoHI' dill' til u)llk 111\)1\1''', tlll' lirillouiu



are not involved in iigllt. :H'a.(,['I'rillg liO t.ha!. t.1t\' momontum cuusorval.iou law b

ulfpdiwly exact (Dll U)H2),

'1'11(' momentum solcction rull'li INI :::;;I(q .~.X:ill'!'~itric:L first order light. lind,

tcriug Hp(~dI'OH(,OPYto a very small Fraction of t.lle' 1l1Oclc's lying c1oHI' t.o LIlt'

ceutor of Brillouin zo II!' , III 1'('('011(1 order Hca.t.t.('l'illg light. iB scat.(.pl'('d hy :l

phouous, and 1':'1:;, 2.'1 apply 1,0 t.lle' sum of momenta and onorgy for t.he 2

phonous (,ogdiwl', S('('ond order l·waU('rinp; 1l1'P;1l1lH'1lt.:; have lx-ou used by 1\:1(,·

mons (1 nnG) in order to explain inolastl« !'ic'n.t,LI'rill/!.hy pilOUOIW, This model

will 1>0 prcsoutcd in S('e 2"l.:l.

Various quantitie« have' been introduced to l'{'PI'I':H'nt. !.ll(' iut,c'IH·;j(,yof (,hI' ('0111"

poncnts ill tho Hcut,tc>r('d Hp('drUIIl, A VC1I'Y useful <[1l1Lutity is the HiWll'ip;h

ratio, or rlillorontiul nOSH s(~c(,ioll per unit vchuno. For iucidcut lip;lt(, polarized

ill a direction /,1, and H!'aU('l't'cllighl. )loiMi:l,{'d ill (·IIC'diroetion ct,

(2,!i)

where V is tho Hnt(,(,c~l'illP; volume Irom which light is bl'illg ('ull{'('LI'd I1mI I' iH

tho <11:;(,,\,11('(' from t.iH' IH'at'(.('riltP; volume t.o (.IlI' clc'(.l'l'Lo I', Till Ibyll'igh ratio

!l,tH tIll' dhuonslous of all iuvvn«: Ic>llgl.h,

FlIl' Haman twn(.tt'I'jug, tit!' (·ollljlllta(.iott of tilt' 1l1i1gllitntll' h"'11 (~ 10' \1 ('Ill i)

·11
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Figll1'P 2,2: Schematic dispersion curves for lattice vibrations showing opticnl
and acoustic branches in 1,111' flrst Brillouin WIll' flit, it particular direction.



imposes wave vector conservation, Thus, of :3N8 normal modes in il crystal,

kinemetically only :3.s of them (on« from each branch) can produce scattering

of light of frequency w" in any given direction O. The scattered fidel will thus

consists of components at (1.,'0 ± Wi\ where WI"; arc' the :38 frequencies at which

a vertical line at li?1 :::: Iki - ksI ::::::21q sin ~O intersects tho :38 branches of

the dispersion curve (Fig.2.2). The same results are 1'1'a<1i1y obtained from the

second-quantified theory of lattice dynamics (Born and Huang lD(2). Each

normal mode {R ,w} is described in terms of a number of quanta (phonons) of

energy Ii",' and crystal-momentum hl{. A light s('attcring event is produced hy

the creation or annihilation of a phonon as indicated in Fig. 2.a. Conservation

of energy and momentnm between tIl<' photons and phonons yields:

W.,=W,,·.,;)li

Stokes event,

i\lltisto)«',Y evr.nt,

Tho momentum conservation law iH not absolute I)('('atl:;(' th« Hamiltonian of

the crystal ill not invariant under all trauslations, hilt only under trunslatlons

through (lis('H,tl' lattice vectors, IIOWl'VPl' th!' \'a~('H where momentum iel 1101.

COlIHl'I'V('d (Umklapp processes], wry important ill pjl'ct.roll or x-ray H(,itt,t"rill~,
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Figure 2.1: The g<'ometry of 11 llnht scatteriug moasuremont
(After Hayes and Loudon, 1!17t{)
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3.1 The optical systems

A light scattering optical system consists basically of the laser, it spectrometer,

the focussing, ('oU('ctioll and filtl'ring SYS!,I'llW, thE' collimator awl the (kt(~ctiol\

system.

Three optical systems W('l'P used in this project, The schematic diagrams of

the complete experiments art' shown ill Fig. :U, Fig. :l.~, and Fig. a.:i.

The two Brillouin systems use.l have sevora] features in common but, have

diflereut operational principles for t\H' 1'('SP(~ct,iV<' interferometers. One /lYS(,C'lll

\l'WI' a classical Burleigh a"IH1S:; Fabry-Porot interferometer, tho other a state-

of-the-art Sandorcock (j·IH1SH tandem Fabry-Perot interferometer. tIll' latter

also employing an acousto-optlcal chopper to minimise the Rayleigh peak.

Tho optical equipment was mounted and aligned on special spectroscopic ta-

bles. TIlt' iucchauical :-;tahility of this tabh'H must 1)(' H1Wh that. tIl<' imago of

the fornl spot at the sampl» never misses the spectrometer's entrance, slit or

pinhole. Two massive ·s \\'(11'(' (lclsi~I;Ij('clin 01U' lith and \\'1'1'(' made from ron-

crete, The other table wa« bought from Newport (USA) i>l'ing it researrh p;ra<ip

high porforman«: HjH'('tl'O:'H'Opk tahlt, and was llHt'c\ to supper] t.1t" Sandcrcork

tandem intotforomoter. These tables iH()lat(,c! t hI' optical systems from Iloor

vibrations in th!1 l'itllg(' of liO to :W(] II?:, Furthonnoro till' delicato Salld(,l'c()('k

tnnd('lIl illt"rfel'Olllrt('l' WilH lllo11l1tl,d nil it ('olllpact. modular dynamic' autivi ..

bration systl'lll o![ilring dynamical isolation ay;ainst. all six translntional awl

rotational vibrat.ions in tlw l'iHlgt' of I Ilz to 100 II..:, In this HYHt.I'Ill, tilt'

inertial fl'l'dIHH'k is 1\;;(·(1 via 1'1('drl)lllilJ~1I!'ti(' transducers to provid« not only

,l!l



Chapter 3

Exper imental apparatus and.

teehniques

This Chn.ptt~r d('HerilwH L1H'apparatus 11IH'« in UdH work and tIl(' techniques

employed to llWIlSIU'C Brillouin and Ramau Hca.l.(.('red light by superioulc con

<iUCLOl'H lLt high temperatures, The optical systems an' »l'('liontnd inl'k('{,ioll a.t.
Tho V1t('Ulll11 opt,ka.! Iuruac« wmtl for \w(tting samples (,0 high l,m'lp<'rat.lll'('(; fol-

lows ill S\W(,iOll :1.2. 'I'll!' sample propurut.lon :;yst.('1ll is outlined in S('dioll a.a.



SOllie time ago,

DUTel'l'nt mechanisms of broadeuiug will hI' analysed ill Chapter ·1 ill order

to explain the oxtra-hroadcning which O('('1tl'H at phil:';!' transil.ioi III pml' awl

duped LaFa,



nit« 1)('(1k:-; rather than doltu-functlou siugularitio« which a\'c' shift<·([ relative

to those predicted ill the harmonic approximation at til<' tl'tllpl'ratlll'(' under

considrration, At higher tcmperaturoa, tIll' unhunuonicity of th« potvntial

shorter lifetimes of the'sl' optical phonons with a roncornitunt increase ill tIll'

population of acoustical phonons llcncc, tIl(' ('11'('('1.:;of ()IH'l'gy shift and width

will be functions of il'lll[)('l'attl1'C'. Thh; problem has, ill tllt' P,lHt, lll'pn tlll' :;ub·

jed of ,.'X('PllHiw t.lH'ordical (~iIam(lfl(lill awl Fdll 19G:2, Cowloy !HOG, Klcmeu»

WaG) and experimental CI'<)tllpl() and Hathaway l!)f;3, Balkauski If Ill. l!l~,:~)

studies, The) Ulost conunonly llsC'd modd iWHunWH (l(~('ayillg of t.ll<' phouou

with hannouic fr("lllt'W'Y WI) to two HIlI.l tll!'!'l' phouons of fl'c\q\l(\;l!'iI'H ..,)o/'.!, unrl

broadoning of tho Haman lines is [Halkunskl et ul, Ultt1):

"I') ·1 1 )[ 1 2 1 1"t( ~;: "to -t.,t (11~ + :),l + h (11:1 + ;)') + "1';; ,
u ~.~

(2.21)

when: )/'l awl n:1 art' fill' phonon ()('CllIHtticlll 1\1l111IH'l':; at "'_'0/'2 nurl 1.<)0/:3, A and

till!' to iat,tic(' imjwt'fl'l·tiollri. All ('XIH'('HSioll similur to E(l '2.'21 IkH('l'iI.)()S thl'

fl'l\<jlWIlQ' shift:

" ...' 1 )Ow :_., (·(n·) +
AI ~

J., 1 'l/) -" :3('
])[(11'1 + ..)" + ".. 'J +, :l 1'2 (i

('2,2!i)

wher« (.' al111 [) aro nuu-ucgativ« ('Oll:.;t1l111". III Hpi!.l' of 1'('('('111, pJ'()~\l'l':-;H und



tllt' possible destructive interforcnre uud lead to it combined noss 1'H'C'tiOll that

is N times the single-atom ('1'OHH :-\('dioll, This simple' theory explains only tho

, I
!

'1

plastic light. scatt('l'illg,

the photon and th« crystal. As predlctod hy harmonic thoor .... t.\1<' !:H'att<'l'l'c\

Haman spectrum should cousist of It number of pure lim's 01' dolta-fuuction

peaks superposed on a continuous hackgl'OUllcl. 'I'h« peaks COIT(,Rpoud to tlu-

,I so-called <lilt' phonon proCPSS('H ill which till' photon m::dt,c'i'l or citH'xcitC'tl It

single phonon ill ]lHHHing through 1.l1<' crystal; tIl<' location of !:lIP peaks follows

from conservation equations 2,,1 for ('lH'l'):!;.}' and momentum. 'I'ho bad:,(~I(lllUcl

of tIl!' inolnstic spectrum h; produced b~' t.h(' multi-phonon Pl'O('C'HK('S in which

tl1<' photon oxci u'S (H' (k,('xci t('s lIW!'!' than Oil!' phonon pel' singl« scat t!'l'inp;

event.

Whou anhurmonic fot'('t'~,nl'<'Pl'('~('llt tlwy will IllHlIifC'Ht ill a most significant

way in tho abov(' mentioued one-phonon peaks. Th« tetnperatur« Il<,{)('nd<,tlc'('

of the :illift and width can \w understood ill tl'l'lIlH of' all oscillator t.hat l'P'

<tl'tH t.o tJH' anliarmonir ]lotl'IlUill within which tl\(' atoms move. Auharmouir

for('cIH. if small, can 11('intt'l'I'I'(lted as C<tllsiug au illtc'l'act.iull ht'tW('('ll phonons,

thermal expansion and self (Itlt'rg:: shift tim! ill'hws frotu phonon ('ullplillA at.

thut tt'mpt1ratlll't'. A~ a \'\)1114('(1'11'11('('thc' IlH'la:-;tic :-;Pt'('!:I'Ulll now exhibit« Ii



t\. Then the Rayleigh ratio is given by:

(.) .J'»)
A..! • ....,1001

These principles \\It'1'1' used h;) Bauman and Porto (1 !J(7) in 01'(1('1' to identify

the synmwtry of the scattered light ill til<' Haman spectra of 1,,\1":\.

2.4.3 Raman shift and Iinewidth

Using tht' Lorentz model. tho (lim 'ential cross H(\cHull for a single atom for

scattering ill which the dl'ctl'k vector E\ of tho scntt(\l'l\lllip;ht has tilt' direction

of a uni t vector ('.9 is

(.J .)0»)......... ,)

whore "y iH tht\ oscillator damping constant, 1\ jo.; it unh vector parallel to l:j,
and the' quantity 1',. is tilt' classical nh'cf;roll radius (~ :.U· x lO··l"m). i\.v('ragl's

of Ell. 2.:2:~ ()V('!' the two iudependeut dirertiou« of t, and 1\, correspond ..

iug to unpolarizod incident light. and it ddt'dol' that lo('s not discrituinat«

nOSH section up to a term ~(1 + (,o!'i~<I»), <I) lwilll!, tIll' angle botweou incident

multiplication of the cross St\('tiolls giwll ahovr by N. Landau and Lifshitz

(WHO) has shown that then't' is no c'ontradktillll in this operation !JI'I'itllSt' tIll'

spatial flnrtuution in tIl!, donsity of it random distribution of atolllS cli!l1il1i,~1J



does indeed have multiple components, which can 1)(' attributed ac(,ordillg to

this scheme (Bauman and Porto H)G7).

2.4.2 Selection rules

The transformation properties of the Haman-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 P:k 1, which is

the' most probable description of the La1-'a structure, are (Bauman and Porto

lD(7):

(1:1 0 0 n·l ('1;'; ('t:)

A19: 0 nl 0 R[/: <Ys -ttl na

() () n~ (\:1 «:1 0

Till' Raman scatt('riug selection rules can 1)(' dotermiued by the following pro"

codurc: SUPPOHP that (1 given lattice vibration perturbs th« Jlolarizahilit.i nl""

Then an incident light wave polarized in tilt' Il·dirt'ctioll will produce an ex-

('('ss poladz{l.ti()ll PI' in t:IH' Il·dil't'cti()ll which wlll re-rarllate. Hcwever, 1'~iW can

be 1l0lHI,('l'O if and only if its represontackm coiucides with that of til(' bt tiel'

vibration (Ilamcnnesh Ul(2). Thus, t.llt' form of tlio polarizahility t.t'llHOl'H for

each vibrational Hjl('Cil'H of any crystal clasH can \)(' ([p(\llcnl\ from tho trans-

formation propertie« of t111'appropriate bilinear form whit-It are listvd ill th«

character tables of moat ArO\lp theory t.l'Xti'i. In liKing th('s(' tables, one first

HIH'('ili('s tit" polurization dit't'l'tioUH of th« incident awl sl'ath'J't,(1 fi(')th;, (\ and



2.4.1 The normal modes and Raman activity

The actual calculation of the optical-mode fn'fllWnci!'S for LaF:1 was not made

in the literature, being all elaborate problem. It is possible, however, to pre"

diet a great deal about the Haman spectrum from symm 1 ry considerations,

utilizing group"theoretical techniques. The procedure is discussed in standard

texts on group theory and spectroscopy (Heine lOGO, Herzberg 1(45) and is

summarized very briefly below.

For <L 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 arc then used to construct

the total displacement group Dt"t which is finally decomposed into a set of

irreducible representations of the point group. Each member of the reduced

set corresponds to a normal mock of the lattice. In order to d<'fel'mill(, which

mock is Raman-active, from tIll' total displacement group, Dtutl one must

subtract those modes which correspond to rotation and translation.

OUC(' the symmetry species of the optical lattice modes has been determined,

the following 1'\\II's are used to prerlic] if they will bl' active in Raman scattering.

A lattice vibration is Raman-active only if its representation corresponds to

011e or more components of the polarizability P. For LaF:I' it iii found that for

point grollp P:kl, All1 transforms )ik(' X~+y'l, ?~1and E!/ lik« (x2.y'J,xy); [xz.yz).

Thus Al!1 and Eil should lw Raman-active. OIH' is thus It'd to the conclusion

that the Haman spectrum of LaF:1 should consists of five totally symmetric A If/

bands and twelve d('g('IH'l'ttU' E:I bands. EXpc>rillh'llt.ally, the spectrum of LIlF:1



Equation 2.21 gives the scattering cross sections for each acoustic mode in

terms of the TIL-tensors. For scattering gcometriC's ill which sound waves prop-

agate in high symmetry directions the structure of the TIL-tensors is sufficiently

simple Stich that selection rules can bf~deduced directly. This procedure is rsed

to determine the elastic constants ill Chapter 4.

2.4 Raman scattering in crystals

In the microscopic theory of lattice dynamics (Born and Huang 19(2), the crys-

tal is viewed as a collection of point 111<tS8(18 held together by springs which rep-

resent the binding forces in the harmonic approximation. Calculations based

on this model predict that fot each j(, 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 aN -: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. Till'S" optical mode'S

are associated with the microscopic crystal structure and are not predicted

by the classical structureless continuum theory, The optic ., 1 modes behave

initially as Wj :::: w,,·Y - bl(2 and for small R: are practically K -independent.

Optical mocks are coupled to the dielectric constant and produce components

ill the light. scattering spectrum of solids. The frequencies of the optical modes

an' characteristically 100 to 10UO l'lU-1, and the components which they pro-

ducl' constitute tIlt' Haman spectrum.

til



dielectric tensor produced by the SOltJHl wave having velocity ('Il( ;():

(2.18)

where the clement 11; of the tensor Til is (ii(:jj times the combination of Peckel's

coefficients, namely

(2.19)

where k; is the unit propagation vector and ILl' is the unit polarization vector

of the sound wave for Wth mode.

The Rayleigh ratio is easily derived from the excess dipole moment per unit

volume Pf.l(i') :=: 8EIItIE~. The Rayleigh ratio is thus obtained in terms of the

mean square displacement < u2 > which in turn is obtained by equating the

mean kinetic energy per mode J( to kBT (Sandercock, 1982):

(2.:20 )

The Rayleigh ratio of thl' Il-th acoustic mode with veloci ty VIII has the form

(Hayes and Loudon, 1!)78):

where W8 is tilt' angular frequency, (' is tilt' vac ru:n velocity of light, '\.9 the

(vacuum) wavelength of the seatt.er!'d light, no awl 71" are the indices of re-

fraction of til<' medium for tIl<' light polari?C'd along f\ awl r\, respectively,

!iO



2.3.3 Brillouin tensors

The Brillouin spectrum of a crystal arises from lli1l'tu1tLiolls ill the strain tensor

1/ltn, defined as:
1 rhq i)u",

7/1 lit ::= :-'2" (:)-.0 -I- 7):-:0)'
( .1 In C J I

('2.W)

The coupling of the elast.ic waves ill it crystal \'0 the dielectric tensor is through

the Peckel's elasto-optic or photoclastic cocilicicute ]1ij,kl according to the equa-

tion (Nyo l!)GD):

8(:j(1', t) := -(ji(jj 2:J!ij,lm7i1;,,(r, l),
1m

(2.17)

where the Cartesian axes correspond to the principal axes of the ("'~kctric

tensor, (jj and (Jj being the diagonal elements of this tensor,

The elasto-optic tensor for a trigonal crystal (clnsscs am, :32, :~ll1) call be

written in the (ixG matrix notation using Voigt notation (NyC' 19(0):

I'll IJI'J 1'13 l'i ( 0 0

7'12 7)11 Pw -]>1.1 0 0

Pal Pal ]J:l:J 0 0 0

1)'11 -P41 0 ]I<H 0 0

0 0 0 0 1)'14 1)'11

0 0 0 0 IJ1<I Hflll - ]1(2)

IIaving solver] the Ill' hanical problom described ill S('e 2,:3.2 one ha;:i tho struins

Tiki for each of I.lw thrco roo!.:> !I/L, and call then compute t.lw clistortiou ill {,Iw



The HC'ltllllinp; of (,\W Hurleigh lnt ('1'['('('01111'1.('1' is arhicvecl by means of tlll'('(' low

('XIHUlsiOIl rods which support thn'(' pi('lI,opkctl'k scunulng sl.arks. On« m.rror

iH 1ll0111Ii.P,t ill a straiu-Ircc holder at tilt' on.Is of tIl!' I.hl'('C' scanning llt.acks, '1'1)('

second min 01' iH at.tadH'c[ 1.0 tilt' ('Ild plat« of I,ll(' strnctur« ill such a Wily that

approximate allgnmom 1)(II'a.11<,1to tlie iiI's!. mirror lllay 1)(· ohl,aill(·r! by !lsill.!';

applying suitable bins voltagc's to t.llI' tln'pc' srauning stacks, The instrument

is LlH'1l fwallllt'd hy applying it scanning volt.a.g(· shnultancously l.o all t.hl'(·(·

scanning stack».

III l.ho ('ltHC' of t.1l<' Sall<lc'I'C()('l\ t.<Uld('lll ill!.C'l'fc'l'om<'LPl', the' H,'allllilJ[!; mirrors of

Iormahlo parallelogram (for small diHpiac(·IlII'Ilt.H) attadH'd t.o n C'l'oss('fl roller

trauslationa! HtilP;(' [for lill'p;<, displnccmeut'). SillC'(' til(' tandem illt.C'l'fc·1'ol1lP'

the> 11])})('1' plat.e' of t.ltc' dofonuahlo pill'lI.lI<,J()~~t'Hm Ht.a,!!;!', 'l'hc prohlom of :4YIl'

chrouislng t.Ilt, scanuing of t.!\(, individual I,'PIH iH :mlv('(; llH tlH'Y ar« diff!'I'Pllt.

l'<'giOIlH oi' 1,1)(' sam« minor and t]l('I'I'{'Ol'l' llllt.otlHlt.ically scaunrvl ill s<'qllI'IlC'C',

provided that. the' mirror» remaln accurntvly llaraUl'! dlll'ing til(' Hl'nn, A 11ll'W'

p(lt't.ant lulvunt.agC'H of I,lli' t.audom lustnuuoui..

strumont iH l'api<lIy H(',UJll('c[ (mit' srnn p!'l' "c'c'uncl in nlt'~;!'oxporinu-nt«) awl
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(Aft(l!, Sallll("'l'l)t'k l!l!),l)



which cklilH'H how much light ma.y pass t.hrougl; til<' H)H'Ct.l'Ollll't.Pl':

(:Ul)

where ns ill the solkl <111p;k HllbtnIH1C't\ by tll!' pinhole at. t.tl!' aj>('l'tl'l'!~ stop.

invariant) Hi11('(1 it. is proportional (,0 the area .....' of til<' 1>1'(\111. TII1IH, (\<1)H'lHlil1g

oil tho oxpcrimcnl.al gmtl, it is l}('C(,HHill'Y to c!WOHC> bl'l.w('('1l high throughpnt

or high resolution lH'fol'(, H(·tLing lip tho i11(,('l'f('I'Oll1<'t.(l1.

A major limitatlou Oil th« applirution d' Hrillouiu H{',d,t('rill~~to (,ll\' pliy:;ics

of condcusod muuer is (,Iw low (·OUt.I'ilH(, of tlJ(' sillgl<1 llaSH It'PI of I'('qllisitl'

rosolutiou. This iH (,hn inability of 1.1w FPl t.o dl'Lnct. ii, weak Higllal ill t.!I(.

pl'I'H{'t}('(' of ouo morn i11(,('1I1-I(' (by it factor of about lOll to lOH). III LVI's( igal.ioliH

involving nYIlt.alH which may ill (IXt,l'\111W ('(\S(\H lIP opaque 01' ilt. [<'aK(, ('ollt.ain

Ht.'lt.k illlP('l'f(,(,tiollll (aH ill tho 11l'('fH'Ut. Ht,lldy), th« K(·n.t'\.('rillg lrom mulerular

Pl'Oc(\SH(1S can he dominated by a larg(1 unshilk«] Rnylnigh IH\ak whirl: olml'Ul'<'H

tIl<' weak SjH'('(,ml compcuouts, This hitH 1)('('1\overcome hy t.lw now Ht.nn<litl'd

tcclmiquo of llllllt.ipnl-lHillg (S!tll!h'l'('()('k l!),Itl, 1!l(Ti; Mock dill. )!JBi), ill which

t.lw light, to he' il.111l1yt;Clcl ill pnmw(\ t.hroHgh t.hl' FPI II 11(11111)(,1'of t.illl<':', For (,1H'

Hurloigh iut.('l'f(\l'()ltl(,t.<'l' (,ll!' 111llit.ijlilHsing fH'II<'Ill<' is in<ikat(\d ill FigHt'l' a,ria. A

'ttl



unity OWl' 11 narrow Hl)('('l.r111 interval, falling to it wry low value ollt.:,ith' this

(a,G)

or ill other words, lleip;hllOrillg orders of iul,{'ri\'!'('IH'(' are' H('IHtmI.P(1 ill fn'qlll'IH'Y

hy

(:L7)

of FSH to width is known ilH til(' IilWHH(' F, 'I'li« nIH'SH(' iH (,II(! key IlJ('itSIU'(' of

(,h()111~htof llt' rho ;'l['('diw 11I1mb('r of illtm'f(~l'ill'!; !J('itllU, involved in fonniug tIl('

F,p, multlplc-boaui illl'I~l'f('r('lH'(\ [ring,':; ( Jacquino] 1%0), 'I'lie major [ado!':,

which limit lnatnuncntul Ilnosso iL!'(' il'l'PglliiLri!.i('H ill 1.1)('mirror IHll'rILC(" mirror

lllillaliglllll<'Il(" diflracticu ,Ll,lilt' mirror 111)('1'1.111'(',<11111uhsorptlon. III pract.ic("

I,lli' iilH ..,t1I' h; lunitod 1.0 values h'SH than about. J DU tLIHI l.11i:>plac('H all ll(l(lnl'

limit. Oil til(' pOHllibk rontrast, where t.l)(' C()ut.rM;!, (f ill the' mLio of maxluuuu

l.o mininnuu truustuission giwll by

( ,f

i\\Io1,iH'1' iI1l»01'1.<l1\1 :Y:;!('III panundl'l' il; th« 1'I.1'l1dul' I': (also ('alkd luminosity)

{ill



where ,,1 i~;tlH' index of rofrurt.iun of tIj(' llH'(lilllll h.-tweon mirrors awl ru is

porpcudiculnrly iurideut so that icc:n.

half-maxima] about t'(trh truusmitted wiLVC'll'up;t.h '\1)' Tilt' additional wavr-

tion l' of the illt('l'fnnlml'tt'l' la(\t's til<' form of 1,111'i\ iry f1llld ion (Chil, 1!I"(,1)

11'IlNt''i ill fbI' linam oxpnudor l'1I1l't'1' from aherratiou«, 01' when til!' leuH'!' (10(';;

fill! within hi.

d 111.\ 1 (:Ui)
:!n

liK



3.1.2 Fabry-Perot Interferometer:

General charactcrlstics

III tho Iicld of Brillouin s(·att.t'rillp; till' most ~ath,fad.ury instrument available

for (kt.('ctioll of 1.11<'frequoncy shifterl components h th« Falll'Y' Perot intorfer

ometcr (FPI). This instrument has a contrast as high as 1012 and is thus well

suited for observing tho Brillouin componcuts ill th« presenro of tho central

component whore th« Brillouin illt.('IlHitips an' :j)., 'tt U)"·!i·H)",7 01' til!' Hayl(lip;h

peak intensity aud the' In-qucucy shifts art' llol'lwdly in 1,11('rallg(' 100 Mllz to

IOU GIl", (Snndcrcock l!)i'!'i). 'l'he purpose of this section iH to ([l'HcrilH' tht' \lSI'

of I,ll<' Fabry· Ppmt illtC'rfl'l'Ollll'i:('l'.

In order to add('v(' suilirieutly hip;1t rcsulutiou for a Brillouin H(,Htteri!lg mea-

suremcnt, a FPI is \lSLI I as n scanuing Hp('('trollll'tl'l'. A Burleigh He· 11() and

a Sundcrrock tandom llltl'rft'rul1lt'(:<'l' WI'!'t' wiI'd in this work, as illustrato.l

sdll'lllatienlly ill Fi~llr('H :u und a.~.

A Fabry·· PI'wl. illt<'l'f('l'Olll('t,('I' I'()wdsts hasically of two WI'.}' lIat; (.\j 100 01'

.\f~W()) Iuscd-silica plntt'l-! with udjarent ~:lll'f(l(,(,K ('oa(.('d t.o it high 1'('(1('('tiv«

lty (H :;. 0.8) and maintainod ill a parallel configuration ,1 distanee d pill!' or

minus it fow opticul witVl'kllgt.hs apart.

Whou it paral)!'j ht'Hlll oj' whit« light is inl'idl'llt Oil this minot' pail' with an

all,!~l('i\ only t.hw\t' wavolvngth« ,\" aro transmitted that matrl, til<' mirror

~;('jlarnt.ioll d

711.\" '2l1dl'w;i,

Iii



ments. This mode provides the smallest beam diameter aucl divergence angle,

and maintains the Gaussian power distribution across the beam when the beam

propagates through £1'('(' space or through properly designed optical systems,

The TE!vI.", mode can lw f0l'11SS('d to tJH' smallest possible spot size, t hus till'

energy density is the highest possible,

All approximate expression for th« distance travelled by cL light ray before it

loses coherence, known as coherence length, iH given by

(:3.1 )

When the laser output is changer! from single line to single frequency, the co-

herence length increase enormously, The coherence length for Spectra Physics

lasers is of the order of 10 In when operated ill tIl(' TEA!,,!) mock t111C:,~l'these

condi tious,

(iii



transit.iou, by two collisions wit.h olcctrous. Tho first iOIJix('S t.ItI' al.um "'HI

the second ()Xci(.('H t.he ion Iron: itH ground HLa(,(' (l~t) either directly (,0 the

ilp energy level (8:,) or to gl, from which it. cascades almost immediately to

iip. 'I'h« il11 ions will eventually d(~('ay to i[.q (8~), (~llli(.(,itlp; it photon l'it.h'~r

spontaneously or when stimulated to du H!) I)y it photon of equivalent etH'!/-.

TIll' wavolougth of th« photon depl'ucls 011 tlw spccill« energy levels involved,

but, it wlll be between ·toO and GOOnm. The ioi. ci('CCtYH spontanoously from -1,q

to tho louie ground stato, !'llliUiug ;t photon ill the vacuum ultraviolet "about.

74 mn· as it, vacates (,II<'lower level of th« l<tHing transition.

Tho most intense lines have wavolcugth« of ·lHH and !'ilt1..1li7n. III order 1.0 elim-

inato the competition bctweou lines with n r-munou lower level, both SIwct.m

Physics 1<1:><,r:;US(,(\ 1L prism wavelellgth sn]('ctor to l'('stl'id. laS(11' action to It

single sj)()(~Lml lin«, III order to compensat« 1'01' tho cavity kllg(,h changes,

It compensated rod resonator structure is Illind by 1>0(,11 lasers. The SpecLl'iL

Physics model 171 laH(11 \lH(~H qllat'(,~ rods, graphi (,(' reds being usr«] ['01' t.1I('

same purpose bJ1 tho model 2020.

A Spectra Phyaics Model !'iDa illt.rac~iwit.y ctalon, which iU·(.H ali i1 haudpus» Iiltor

was inserted ill ill(' cavi (.y or (,Ilch laser to isolnto a single longi tudinal tuodo.

This etalou introduces enough 10',H ill nil ot.lH't' modes provoutiug 1,]WIll Irom

roaching 1.11<1 lasing threshold. This iH l1!'(~('HSil!'y for Brilloulu spectroscopy. 'I'll!'

internal temperature of tho d,aioll was i'('gul,t(,(ld h.Y' it S[>(\('t,l'lt PhysicH IJH2 ovon

controller within (l.UI l\' during normal ambient (.('llljH'l'Ilt.IIl'(, Iluctuatiou«,
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Figure a.,l: A typical four-Icvol transition schen,» (u) compared to (,hat. of
visible argon (1)). OUt' collision ionizes neutral argon, and a sr-rond pumps till'
ion to all ('xcit.pd Ht<Lt.<'.
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lsolation from buildlng vibrations, but also isolation from vibration HotU'('.('S

placocl on 1.1l('table itsolf, This llH'OIIlH that. t.ho Sandercock tandem interfcr-

ometer isolated by 4,]lis sysl.om wlll remain ILl,r<'st, despite forn's he'iug applied

to tll<, rest of tho system.

Tho Fahry-Perot intcrforomuters, collection and dc'L<'cLiol\systems wore mounted

in light-tight boxes in order to minimise parasitlc light Irom reaching the pho-

tomultiplier tubes,

3.1.1 The laser

Tho laser is It very important. part or tIw optical system because for light

fH'l~tt.orillgstudies OIIe needs lUI intense, monochromatic, highly collimated and

polarized beam of light ..

III lllC' present. st.udy two dilf('t'c'ut kinds (if argon-ion JaHNS \V<'I'C'employed: n

Spectra Physlc» Modo! 171 and it SpocLra Physics Model 2020.

'I'h« laser ill it -levicc which aurplifles tho iUt.!'IlHity (II light hy 1l1('CU1S of a quan-

tum Pl'O(,(,SH knr.Wll as stimulated ornisaion. A practlca] IlIlil'l' IH'Pc1s it IlH'1UIS of

amplificatioll (sUmllIated emission) and a means Ior [(,('ding 1.IH' C'IH'l'P;Y hack

into tho system (.0 build lip sustained oscillation.

An argon-ion lasor op<'ra(,('s using it four-level scllf'lllC', as d<'pictec! ill Fi~. :U.

'l'hc ncutru] atom is pumped to tllP '1l1 ('IH'l'P,y level, the' origin of tiL<' laHinp;
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Figure :3.2: Experimental arrangement for Brillouin measurements using the
Sandercock (i-puss tandem interferometer. Ll-L:3 refer to [em ('H, BS is a beam
stop, and PH 1 is the interferometers's entrance pinhole.
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interval, the photomultiplier IlH'HS1U'PS background only, During ('adl ('hUIlIH'!'

OIH'll interval, the photomultiplier measures :-;ignal plus hClckgroll!l<l. A signal

supplied by till' chopper to the photon counter PAH 111~ triAge'l circuits :-;YIl'

chronizes the signal path switching with the light CilOJ>pillg adhlll. B~' using

two diflercnt signal counters and the suhtrac facility of thiH photon counter,

the signal can be measured without til(' therma! bad:p;t'ollllll ('(tlls('cl hy IH'atiug

the sample in tlw furnace.

The laser 1>('(1111 was directed onto till' optical furnace window by 1t mirror and

a 14 ern focal length lens Ll which fO('11S;;(';; tllt' beam into the' t'1l('ltpslllat('cl

crystal. TIlt' optical furuuce was mounted 011 till' optical track ill it way which

mado possibl« to position the' crystul Pl'OIll'riy ill ('1)(,boam. Light :'H'at,tl'I'C'<L

at, ~JO(J by tIl(' crystnl was ('ollC'(·t,l'rl by it 11'111-1 I,2 of focal h'up;tl! 12 em. As tIll'

entrance slit of t.1l('monochroruator has it V<'l'ticitl crloutation it was ll<'('('HS<LI'Y

to introduce a dove prlsin which l'otat:(,d t.}J(' beam ])y !lO(). The' illlap;!' was

tht'l'('aftl'l' fO('\1;;S('<1 hy yet anotln-r I:! rni Ions La onto til<' out 1'1l1lt'(· Hlit uf l.ln-

Jarroll Ash monochromator. This arl'H.np;C'lllf'llt giwH unlf mngultirntiun at the

out rauu: slit.

'II
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lens IJa (f::»;l20 I'm) arc IIK(!d to raiso til<' sl'atil'l'l'd 1)('HIlI to tll(' ll'vl'] oj' till'

-ut I'at)!'(' pi111101(' PHl of t,}1!' (',Wdl'lll illL('l'r(~l'Ollldl'l', Illst('ad 0[' using two ('(JI"

lWI' elllw:, like ill Fig\ll'l~ a,lib, two mirrors (M2, Ma) ill conncct.iun with tlH'

aporl.urc« Al., A2 aurl one corner cube (CC) wore l'lllpll)Yl't! for lll',t1tip1tssillg

(1<'iP;II1'(1 a,H). Low Irequcncy Raman ami tlw thorma! r,uliat.il)ll1tt high tutupcr

nturcs are removed by Llw prism P all (I Lll<'aperture A4. LIHlbCS 15, L6 and

pinhole PH2 piny tlw same roll' as in tIll' PI'('ViOllH arrangement. 'l'ho S1UU<,

photomultipller tube, EM! !l7H!lB, cooled to _llll) C by ,L Pl'Ut!llCtH Ior H('H(~'ll'('h

housing, was used ill bot.h lLl'l"tllg('llwlltS. TIH' distcillliuHtd p!to!'())1l111t.iplkl'

()utput pulsos wore f(,d (,()pliotou COUU('('l'H and ro-routcd to t.lw intcrforom-

those instrumont« aH diacusscd ill S('dioll :3, l.2. TIll' Hurloigh iutorfcromok-r

was used ill cOlllwetioll with ,LSSH Model 11,l{)A photon C()Il11t<~I'?a SI.:llI['ol'd

HH ,lOll photon counter boing IlH('<i with tlw Sandorcock tandem iustrumcnt,

compuu-r.

'l'ho Haman HC(LLt.erillg oquipuicut iii SIWWll ill Figlu'(' a.a. Via a (,YIlLI'1ll of

mirrors t.lH' InH\'1' beam was miHPd Ln th« 1(\v<'1 of till' (\11(.1'1111('('a[>l'rtlll'l' 0['

all AIHtHjl!'C aoo S coutinuously tunable la:wl' Iill.or monochromator ill urrlor

(,0 l'l'dlj('(' 11IIWilllL('t! plnsma lines ill t,ll<' lasor output, This onl.put 1)(';1111wa«

dlOPI)(~d HI, 210 IL: with It Rolin IvII\II fr<'<{lI('llC,Y pl'Ogl'itllI11l(l,bk ligl!t dIOPP('I\

bl\(',LIlHI' ,IL tl'llllwratlu'('s :t],uV!' tillO 1\ it was Ionurl Lhat Lit(\l'1l1al raclia(.ioll

ollSl'III'(,(1 th« Ramun liigllals, As LIl( ChOppl'l' I'OI,id.l'H, tltl' lighL lx-am is n'll!'!.

iLj\'('I,v illt.I'lTllptl'd a! till' choppillg rn\qlll\ll('Y, I Jl1l'itll!; PHdl rhoppor rlw;('d



(:l.ll )

The light, beam leaving lhp iutorfercmetcr if; ('olkc{.!'d by ,1 bill (L5) which

focusses t.ll<' boam Oil <til cxi t pin !1O[('. This pinhole ill 1'<'" illwge<! Oil Ul<'Hl'llfli t.ive

11,1'<'<1 of tho photomultiplier (,\Ill(' by anothe1' klill (LO).

instrumeut i" similur ill IlHLlly aKI)('ciH with lil(, Ilrst 1H1<'. 'l'hc sanu- Jll'incipkB

J)I ()!rip!' to d(Wl'Pu/iI' I.JlP I'lw,l,kally Hcatl.(,l'(,d light, an Iul,mJ\ct.ioll morlol ,(()

lU'OUHtIHlPt.ic light modulator ill mounted ill Irout of [.111'lnser. 'I'ho 1aH!'I'hcarn

purtloual to !.II<' (t('oIlHt.k fl'!'<jIl<'lH'Y awl morlulutcrl by t.!H\ 1iigual Hill plitud«

appliod (,0 th(' Jlit\~Ol\k('l.ri(' 1,1'a.llHdll('I\l' which )~t'lll\l'H.t(\H I.!H\ Hl'llllHl.jc waves.

By HYlj('hrolli~itlg thl' [ight tnodulutor with til<' illt.I'I'l'I'l'Ollll'kl' H('iUlllill/'" 1111'

light ia iuodulatod only timing tili:; oporatlou, Sitlt'(\ (,WU la\illllS appuar rllll' to

dill'radioll, t.ll\' tmdill'I'al't.I't! beam of light iH ('Ill. ull' by a IH'Hlll st.ull (BH),

Tho satn« kind \If It'llhl':; Ll (1'::1,1 em) Hwl L2 (I' 18 I'm) iUl ill t.11<'first. 1ll'l'all,£';I'

mont ill'(' n:1l'd for fUI'w;:dng !lllel ('\llb,t.ill/', t.1l1'light,. Two lJ1ilTOlH muuntc.: al'LI't'
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rcdu«- l)()}'lHiblp low fl'l'I[IWtH'Y liamau tralwitiollS awl !.IJ(' tlwl'lllallacliatioll af.

high t,Plllp!'ra!'III'I's. '1')1(' /tj)('J'f.lIl't' Al WilS ill}1('1'!'I'c\to limit till' lH'Hlll (lialll!'{,l'l',

'I'hc ln-am of pal'alll'llight !t'/Willl!; LIl(' spat.ial Iiltr-r runl.ain» mainly light «las

til'ally Hcat,f,('l'('c1 lrum !'lIp sample. 'flit' tillY signal in which Olll' is illf.t'l'l's(.pd

iuterferometor, 'I'll" contrast 11Ilt! lill('SSt' of this instrumcn] i:; drastically im-

proved liy jliUlSillP; t.1l(· (,l'llmHllitf,I·t! beam Hl'qlll'lltially thl'ollp.;h 1.111'<'('dilfl'l'C·t1f,

pOI'tiolls of {;)J(' illt(·I'J'('I'()IIl!'f.C'r mirrors. This is nrcomplishocl by UH'lUlK uf f,ll!'

two 1'('(. \)·r('Il<~('(.jllg prisms, CCl and CC2 as shown ill Fip;tll'C's :3,1 and :3,Ga,

III 01'<11'1' to cnsur« that l.h« ('OULI'lISI. of f.!)(. mulf.iple-puss instrumou! ilol lIof.

am,ct('d hy t.1ll' c1iv('I'ge'!lc'c' of tho bC'HIlI kltYillg f,ll<' Hpat.ial Illter, 1.11(' focal

(:1.10)

whore bi is t.it!' Itc'c'!'p!'all(,(, allgl!' (it'lillt'd ill S('dioll :U, '1'111' diatuctcr of f.iH·

hoam or jllu'aliPl Iil!;ht. i('i\.villp; 1.11(' h'llH IA rl .l'l'lllitU'H tlu Hiz!' .<.,' or f,}\(' 1l1't'<tH

Sl'h'cL('(1 for 1I1uHipl1HSin,t'; oil tit!' illtPlof!'I'OIllI'L('r mirrors, This eliallll't('l' iH or
til!' ()J'd(ll' of 10 llllll.

'l'he focal !<'llgf.!tH of Ll and L2 1l1'1' IJ('tl'l'lllitll'd by f.hc' condition that. till'

illci<ic>nt. {'m'al sJlot 011 1.111'snrupl« !tilS t.o hI' illlilg(,ll right. Oil or insi.l« til('

and fIll' :mliel'lllg]t· n uhout if, Wit.h this ill'l'illlIV'llll'llf., til<' Hllt'(lild in s('at.tl'l'illl';
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inator followed by a PAR Model 1112 Photon COHIll,,!, PI'()('(,HSol. An Olivett:

M:H computer captured the outpnt <lata from the photon counter using all

appropriate intcrfaco and software devolop-xl in 0111' laboratory, The data was

stored directly onto it hard disc convertocl by software from wavelength to

wavenumber.

3.1.4 Auxiliary optical system

III this section the dC'Hign of the optical arraunement will IH' outlined. III 01'r\('1'

to measure th« Brillouin and Haman frequency shift, till' laser beam ha» to

1)(' passod properly through s('\'('ml opt kal dc'vic('H beforo and aftl'!' its pasHagc'

through 1.11('spectrometers, Tilt' I>I1I'P0:-l(' of tIl<' minot's. lenses, pinholes anrl

other optical oquipment will hI' nnulysed.

Th« optical system fol' thc' Burleigh Brillouin :;mttl'ritl!~ arrn'lgnllll'llt is ch-,

pictl'<i in Figur« a.I. A 1,,[,;(,1'!H'illll is £0('118(,<1 by tIlt' lens Ll on tilt' ('l1('ap~\l'

lat.('d aampl« which is of :2,..1 nun si?!' and mouutod in tb' opt.ica! furnac« ill it

DO!)light H( cltt,('riU,I!; arrangoment. Throttp;h all intcrnrtion Pl'l)l'I'HH. som« of this

iIl!'i<l('llt light is :il'a!.t('l'l'd ill('la~tj.oally und culll'd!'([ by tlu- kns L2. In order

to unambi, ,lOU:-I!,}'ddiw' t}ll' Hr'at.t:('l'illg volumo in t.hl' :-Iltillpll'. n Hl'Htia! Illter

('UllHisting oC 1,]11' two (,(1I1ful',tl lPUHt'HL3 and Ld, unil a piuhole PHl iK intro-

I,ll'('(\. Ikt.wl'C'Il tlJh, spatial Iiltor uud t!tl' (,llU('('LiIlP; It·llS. 1LC'orlon SP,.1H!'i ..1

uarrow baud spil«: Jiltl'!' with a linndwidth of 1 nn: for t1w !'i1,1.:; 11111 liu« (or,

nltornativoly, a Corion SP ..11'S 1 !ilII'I' I'll!' ,1SS rllTl line) is \lSI't! to substrint ially



A ontraure slit II collimating mirror
B collituathu; mirror I gmt iIll';
C grat.ing .1 fll('tlssillg mirror
D I'HI1lt'l'a mirror K 'lrill minot'
1'1 ·1!'i(J mirror r, exit slit
It intcnuerliat« slit M swing out mirror
G ,1ill) mirror N light pit t 11 wheu using

llllly ItPIH't' section

Fig1ll't' :Li: Optical diaur.nn lll' t hI' .Iarn-ll Ash mouorhromntor.
(( 'lll\l't!'HY .J arroll ,\,,11)



3.1.3 The Raman monochromator

A Jarrell Ash model l m double Czcrny-Turucr 25,100 mouochromul.or was

employed to carry out. Ramau mcnsuromcuts at. high tomperatures. 'I'his model

ccnsists of t.WO complete Czomy 'Iurncr SJl<~cf.I'OI1H't.(,l'H11l0UIlt.<><lvertically OlW

above the other. Both gratings are mounted oil t.IH' samo pivot to ('IIS1I1'('

perfectly synchronized rotation. The diagram of tJ1(' instrument is shown ill

Figure :3.7.

Light, ontcr» the monochromator at the entrance slit A going directly to tho

collimating mirror B from whence it is rellectcd as ,t parallel beam Oil to tho

first grat.ing C. TIlt' dlspersod light, Irom C is l'('lkc\'('([ to mirror D and from

there to 1;11(1 ,1/)0 mirror E which directs it via tho horizontal lntonncdiato slit

F to tho lower optical path, IIel'C~it in m[Jected from tllC' 'l!i{) minor G to

tlw cell.muting mirror II to tlt(, second gmt.ing I. The gmting l'l'liPcf.s it to

tho focuasing mirror J WIH'IlC(1 it travels to tho mirror K which rdb'(.H it out

of the instrumcut via the oxi] slit L to the ca(,h()(h~ of til(' photomultiplior

tuh«, TIJ(~ slit,s WOl'(~ all adjusted to 100 11711, this combiuution p('l'lllit.t.inp; till'

acquiring of spectra with it relatively good signal to noiso ratio tip (.0 high

t.<'lllpl"'atlll'('H. Tho wavolongth runge used was Irom '!!l10 l:> liiOO A which was

acauncd with It HI>('(1 of Ji A/lI1in, {,hi:;HIWC'd Iwing ill til<' lower 1'itllgP of tit!' 12

dlllcront :,wCllllling H)('l'ds available 101' (,hill mcncrhromator. The light leavil1g

th« spectrometer WUH d(\L<~d<'<1by it Burl« modol (::110:H 1\-02 photomultiplier

(,niH' with UaAs photocathode. This t.ube Willi pliL('(~cl ill a PI'Ot[IlC'{,:; Iur i{l'"

search (USA) hOtlHillg ('()olC'ci to ..:W C in order (.0 r(~cll\('(' tlw thermal noise,

'l'h« pl!o\,()1Il1l1tiplkl' output was bt l.o a PAl{ Model I I ~ I Amplilicr Discrim-

MM
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the finesse 1wUnr than can lw achieved manually.

The Sandercock tandem interferometer requires a more sophisticated form of

dynamic control in order to maintain both parullel alignment of tho mirrors

and coned spacing. Using the same principle of comparison of two different

scans as in the case or tho Burleigh interferometer, but more advanced circuitry,

four successive scans should be required ill order to obtain error and correction

signals for the two axes X and Y to maintaiu parallelism in <L single iuterfcr-

ometer which operates using only one piezoelectric scanning transducer and ,L

compound tranelation stugo, Tho moans by which IJlis is achieved ill described

at, length by Saudercock (lD7G).

The Saudcrcock tandem iutcrferomotor SYHt()ll1 requires many more scans ill

order to obtain correction signals because !lOW correct aligultwnt involves ad

justmont« about Ii ItX<'S, namely Xl, YI, X:h Y2 and !:::.Z. Of these aligumouts

tho !:::.Z axis which is tlw synchronisation axis, iH tho most (',ritical and so pro-

port iouatoly llWI'O t.i 111(' is spon L on HLabiliHi 1lP; this axis, 'I'hc scheme em ploynd

ill th« lnl.orforouiel.or C\llltl'ol l lnit (leU) llH('S a cyd{, or lf scans [,0 achieve

axis :;t,abiliHatioll. If Hl.ai>ilhml.ioll of SOllln axos 1:; 110[, I'('qlli('(~d it is pwmibln to

shorten [,II(! stabllisation cycle to Iewrr H(~ilIlH (Sandorcook, IH!l4). (\ Z stahi-

lizor is also employed by the !CO in order to maintain a, 1)(\(11\a[, th« midpoint

of tlw scan.
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normally 2b.N encompasses approximately the full width of half intensity of

the 1'('[('r<'11c(' spectral line. Ignoring statistical Iluctuations inherent. to photon

countlng detectiou, tlio P1'('S<'I1('('0[' more counts ill r(~gist('r A than in register

H, or vice-versa, indicates a. shift, of the spectral peak away fro III being ('.('11-

torod exactly on channel N. Befor(' the inltiat.lou or the next. HW(,('P 11 digitul

correction is made to the zero-lev-I of the scaler controlling LI«' ramp ill such

It way as to compensate fot' tho drift.

The procedure used for Ilnoss« st,i1bilization is bas('d oil the fad that lilt' max-

imum transmission of iL spectral line by the Fabry-Perot interferometer is rc-

lated to the Ilnosse as describod by Equation a.:L During swccp« 1, '2 and

a, 1 counts are accumulated ill a register whenever the chanucl add ref'S lies

ill a window b.N' (,C'lltt'l'<'CI Oil chaunel N. This window usually encompasses

less titan the halfwidth points of the roloreuce spect.I'a.1 line. Tho smaller the

window width, the ll10W sensitive the procedure is to the Ilnesso, On the first.

of t.WO SW(1C'PS, th« contents of the register are stored Ior tho ('xiHt.illg mirror

alignment. On tIl<' noxt sweep one of Llll' mirrors is tilted a small amount about

one of two orthogona] (LX('H I;t('h that th!' distall('(' bo(,wC'pu CIte ('('Ilt",';; of till'

illt(~l'f('I'Olll('t,('r mirrors romaine unchanged. A cornpurison via logic clreuitry of

tIl<' counts accumulutr«! dlll'ing till' two SW('('PS ('s(,ahlishpl-! which dir(,(·t.ioll 1'0),

tilting about, t.his axis will increase tlu- number or counts ill tit(' window flll!l

thcrelor« tho peak ht'ight. and {jlll'SH('. ApPlopriatl' eorroctlon volt,ag('H, dIOS('1I

to be small!'!' thau tlw (,(>st. 1lt.('!>S,(LrC' thou appliPtl to til!' )lil'zo('}('('t.)'ic elcmnnt

to make a corrocl.ion about. this axis Iwfo)'(' t.hl' lI('xt scqur-nro of sW('('jls. ))\11'-

illg tIll) Ill'XI. t.WOHW!'('PS (,ll<' itliglllll<~ll(, is (,('st.('d /llld COl'J'I'('('('ciahollt, (,)1(, OUI('!'

axi«, This procedure Hot only mninl.aln« opt.inuuu (j1l('SSt' lin]. also lllaxillli:t.I'H

7!)
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Figure :I.(): A diagr arn in-licatiug the electronical procedure of acquiring a
Brillouin spectrum during 01,[' scan provided by a ramp voltage,
(Courtesy of Burleigh Instruments)



In tho case of 1.11·Burleigh instrument, pulses Iron: a digit.al dock incorpo-

scalnr output, is converted from digi!.aJ"tO"Hllaiop.; to PI'OdllC'(' 1L v()j(.np.;(' ramp,

as shown ill Figure :Ui, which iii appliod simultuncously It 1:1, !.Ilr('(' pi('II(H''''('.

trlc clements Oil which one or {.he' mirror plat('s is IlH)1'
, 1
(1. ~

til(' scalar is controlled by drift, «omponsutiou logic circuitry, The clock iH also

used to address sequentially the MeA, L 'ullwls of 11 ,lOnG channol memory via

DAS ..10 stubiliaation murlulc, 'I'horcfore, assumi ng a liucar relation lH'tW('('ll

piezoelectric extension and applied voltage, tl)(' chaunol uumbor is din'dly pro-

portional to the frequency shift" Tho output of \,lw photon counting apparatus

is accumulated directly ill the appropriate chauuol. Furthermore, changes in

the clock rate during it sweep aired ouly !,}w Hip.;llal amplitudo ill It giVC'u :'1('('.-

Lion or tho memory and not tl)(' frequency shift-chanuol number relationship.

The alignment voltages applied to the three symmetrically placed piezoclcctrir

dements are adjustabl« illd('JlC'lldonLly and ('ontr'oll('c1 pal'lially by t.he DAS·l 0

finesse stabilizer logic circuitry to optimize interferometer alignniout, Au miC'iI-

loscopc is incorporated into til(' system in order to disp:ay the full SjWCt.I'UIll as

a result. of applyiug it SILW(.O(Jth scauning voltag(' to Ute' illtel'fel'ollwLer. Stabi-

lization against drift iH achieved by l't'[prclldng tho Hity!(~igh H('at.tN(~d light as

it prominent sp(~dra.1 f('tttllr(' to (L HdecLI~d memory channel N This procecluro

actuully locks til<' IWWI' ft'('<[lWllC'Y to channci N. Tlw lipl'ct.l',d lino iii bl'ollglit.

initially into coincideuco with channel N by adjltHting t.iw zoro-levul of til<'

ramp scaler. OU HW(~('(JH1, :I, ii, cic., two DAS·l!J digit.al rogistors accumulau-

('UuutH ill chauucl windows IO"HtC'd from C!Jilltll<'l N·j.N t.o N (regis!.c'!' A) and

from N l.o N+/::..N (1'<'I~ist.('r B), The window width if' [o)('I('cLabk lligitally, anr]



Chapter 4

doped ]LaJF3

':t.l Introduction

III this chapt('l', l.ho OilS!'!' of disordor ill (,ysollit(' ·:·d.I'It!'(.lll'(,d superioui« ('OIl(\tH'"

tOl'r with 1I101>il<' Iluorlu« iOUH is i1ua.lys('cl. Pill'!' lauthuuum [hlOl'iel(' (LaFa) unrl

LaV:! ([\11)(\(1 with BaF~ ill :Ui and Ii mol (X, ('oll(,(\ll(.rat.itllw hnv« IH'1'1l iuvosti

p;itt(·d, A f'olllp:u'ativ(\ Ntllcly of tll<' df('ds (If int.rillsic ilnd I'xtrllwk dflfl'I'tH olt

t.1t!' (\'astic !'O!ls('an(.H as (1!'t.,\l'llliIlC'ci by Hrillouin H(,i1(.(.(ll'itl~l; anrl oil till Ruman

fl'l'qll(lIWY Hhif:. and linowulth is ('oll(ill!'1l'tioll th!'H(, materiul«.

!)(;



(,Il th('1'Illit! expanslou oi t.ll<' fnnw('(' ('OIIlPOW'lltS. SppC'lra WI'1'(' tul«-u lido)'!'

and aft!'1' ('V('l',Y roalignuivut anrl tlu: ovaruul.lon of tIl!' fllI'lHU'(' nrur ltllll) 1\

to minimiso tll(' hiAh l'(·(l.l'tivit.y Ill' LaF:l with wah'!' at liiuh \1'11l1)('l'ntlll'('H,

it 1'1'1ntivp l'('flndioll ill tlt(' int('llsily of t.1lC' Brillouin ,\11(1 Ruman Ilt'ak~ with
d

I

Although till' hltl'l'~'1'01' Brillouin au.l I1Il' dltlJlP('l' 1'01' Iiuuuui 1ll\Wi1l1t'llll'ul ~i

tt'lll}H'l'itt1ll'(·h. Till' ('olkdioll Ill' (!alit Wit:, 1,t'1'lldlla!t'11 wl11'11tlu- "1)('('1.1'11111 bitHt'



pu(1 awl KO WHS jlJ'ott'ct(·(1 Irom hC'iug 1)('<111'<1significant.ly durin!'. tIl!' st'lding,

This final capsulo (Fig, :U()) was 111011111,(,(1 ill tilt· Iuruaco

3.4 Experimental procedures

'l'he oxpcrimontal PI'()('(I([tll'(,H Iollowo.l ill high ('('lll)lI'l'lttlll'(1 Brlllouin aurl Ra-

man t'X!)(lrilllC'IlLs will hI' outlined in this }wdioll, 'I'h(1 aligllllt<'llt of til!' sampl«

aud fUI'IHU'(' and lIlPI,!JOdli of l'iiminat.i.ll!; high 1,(IIII!H1raf,tll'(' ('fi'C'('I,Hwill 1)(' om-

piJilHill!'c1,

Sinct' til(' principal p;0l11 of 1,11<'light. H{'itt.t!'l'iug !'xp(,l'inWllt.l1 WitH to d<,f,(·ct.

chaltp;!'s ill tll<' fl'!'!jtt('llcy of t.lH' Brillouin and liaman romponont« and the'

liuman lincwklths, it. was !'HH!'uLiid to 1'<'<'01'<1 tIl(' sjl('('tm c1tl'!'ftllly ill ()J'(jpl' to

llH'IlHIIl'(' t.ll<' fr!'qtlC'I1<'Y shifts aile! lill('widt.It~1 ilK il('('tlmt!'ly liS possihlt·, Ac·

('lim!.!' \lI('ltsttrl'lll('llts d<'))(lucl 011 t.11l' sampl« aligullwlll., III ol'(kl' to ohtaln

('oIlNis('('ul. results, fltH'CC'lllliv<, HIHlctl'H W<'I'<' 1'!'l'ol'(kd fol' it, nysLa.1 b(ofol'(' awl

art(·l' ('I}('apSlllai.ioll awl iwdd(' 1,]11' optical Iurnaro. All tilt,;;!, HIHlcLra 11['(·<11)('

id,'lltind, 'I'h« snmpl« wns a1igllPd ill HIICh it way lllil1. tht' iuddl'llt awl rdh'ri.('d

laser 1l('i\1ll ('o,illdc1pcl Oil tll(l minur which hi pla('l'd ill front of 1.hp fOCIIN:dllg

lc'llS Ll as shown ill 1"11':\11'(';;:1.1, :l,:! lind :1,:1,

Aft,PI' clulIIping thp Iuruu«: III 1,11(1tnhj!, tht' t!t<'I'lIltH'llllplp WiW mounuv] and til!'

Iurnn«: was plllllp['(l down 101\ Pl't'HSlll'(' h(lilpl' than :hlO,·f, Torr an.l thou rill!'(i

with PII!,(I al'goll gin; 10 it )lI'I'S:llll'(' or nlmll!' IIH) '1'01'1', 'l'h« Iurua«: wa« lwatprl

!It
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There arc (lxpt'riItl{'lltal problems with LnF:i rlu!' to its l'l,ltctivity with O:\.ygl"ll

and water at high t<'lllpt't'at,1u'('tl (Chadwick c! Ill, UJ7!1), In orrler to avoid

(}C't.('l'iol'atioll or the sample Iuros, the crystals wert' (,lll'ap~\I1ilt("\ill Iuscd quartz

capsules Illlcd with ultra pur« argon gas. A ('apslllc> ('(JllKist.N of a cyliudrical

quartz HItPPOl't lull!' of kngth Vi nun ( .<1 liameter I~ mm. OtH' 1'11(1 of till'

support tube was clw,{'(l with a flat Cjllitl'tZ (lise and tbl' opposite, <'!HI was Ipft,

(1)('11, A shallow 1'(,('('88 was ultrusonicully drilled OIl tho Ilat ('lltl of this tube

using a brass tool which had tlw dimensions of til!' ('rYHtal to Ill' encapsulated.

This tub,' is introduced togethor with tlw crystal into the' side· lc'!,; of til<' Hpecial

'l'tnrtz pierc «specially cll'HiglH'C\ for this operution (Figtll'1' a.ll), Prier to this,

all tIl(' quartz PH1'tS 'N('I'(' I'karH'cl ultrasonirully ill d,,·iouizt'cl watt'l' awl pnn:

alcohol.

An outlin« of till' entiro l'l1c!Lpt11l1atioll sy:;tt'tn is PI'l'lH'IlI.(\(\ ill Fi,t!;\ll'l' :3,11.

Till' HYHtl'lll wus ('VIl('\ i~tt'cl by a Pfl'ilf'l'l' uubu-inolerulur plllllping statiou type

TV ~!inwhich harl tho lu\vantap;(l of ultra d('au oporution. A vacuum of :JxlW u

Torr WHH olltaizwd witu nil stoPC'OCkN oIH'Ilt'C1 and aft!'l' t.bat t IH' capslllt' Hy,~tl'l1l

was tilled with nltrn high purity ill'P;OIl p;as from t.ltt' Ilask, TIll' 11l'('SS\t[l' iw;jcl('

till' ('iLpmli<' waH raknlatl'(\ tu Ill' atll\ospill'l'it- at ~I)llll 1\ which is ahov« tIll'

higll<'tit. t('lllpl'ratlll'l' acilil'Vt'd ill Uti:> I·Xlll'riUI('lIt. TIlt' d<'lHchahll' qUitrtz part

was t.llI'll Hl'ah'(l at tilt' point. whor« it Wa" w'ck<'tl down. TIt(, t'fy~dnl and

til!' li\ll'Port; tuh!· Wl'l'C' g('ntly {llIsht'd hack to tilt' 10 WIll OJ) (!llar!,z t1l1)(,

of 111('Hlll'cial qnHl'lz Pl"('{" TIt(, linul sonlinu u] t.lws(' tlllll'S was dotll' ill th«

<llilKsllluwillg I kPlll'tlllt'lJt IIHillV;it t'JH'riiLl t!,t'hnicj1it' which allows "llllling of Dill'

<'uti of tltt· (1I1blitlt' quart.z (111)(' by {ittillr: t.hi» ourl in i. I, PI)('I' 1'ltP utul Hb'lft

which was irnmerserl ill liquid ui tl'Op;t'Il, 'I'lio <Tysl.ilJ Wil~·; kt'pt ilt t IIi:; cuult'll



mounter! on the saw goniomctor with (Ill!' orieutatod fact' S('(,l1l'l'd t u til<' HUP"

pOt'tillt~ plate. The n-maiuing two pairs of fan's wer« chost' 1 t.o 1)('P('qH'lJf!icuJal'

to 1,11(,directions [110] and [llO] as explninerl ill Chapter' 4, For this reason,

Law. back-rellertion pictures wcrr takon L(, identify Oil!' of till' two high SYIll-

nietry spots, i.e. (100) or (010), Once a high symmetry spot was found, th«

crystal was rotated by DOo ill 01'<11'1' to find til(' 1'1('('0111\ high symmetry spot,

Only after that, the crystal was rotated by 4!ju awl cut Jl(\1'JlI'llClieular to this

direction. The resulting crystal had (110) and (i10) tYI>" fact's. The diagonals

of this crystal are [LOOJand [OW] directions, A bevel was made between (j·fold

planes to identify 1,11<'8(' facPi).

Samples were fixed on it horizontal plate of it three stage Anshaw model :3

goniometer which was transferred directly from the x-ray track to all Anshaw

model 7 saw. This saw makes verrieal ('nts Oil t!t(, sample, III Ordl'l' to (,O!'-

rcct small misorientations of !'l'Jst,ll fan's after cutting, it two slag(' Polaroid

goniometer was lW('I'Hsary t.ll be lIS(,([. Crystal polishing iI, essential in order

to mako crystalH transparent to, . laser beam and to minimlse parasitic light

smit(·ring. Emory pap!'!' (.JOO, {iOO, 800, 1(JOO. 1200) was (,1l1pl(lY('cl for hand

}loIit-;hillg. Medioinal pnrallln was \It'I('(1as lubricant l)('t\\'('('11 tho crystal and

tlip 1liL!)!'!'. 1\1'111.Mark II nnd Mark III all toiuat k polishing rna chlncs were lIS('!I

for tlu: tina] poli 'l't';, ,\ ["'ciall'oli:;hinp; pad, Ii ft lIypr!'z diiltlWllcl polishing

spray and Hypro., jl(!iultlug lubricant wero l'lllploj'('(l as abrasive. Alcohol of

Jlllrity D.I % Wit" \,.,('t\ to clvan tlu: crystal 1.I'(:w('('l1 tlw::(' Sl\c!'<'ssiv(' oporatinns,

'1'111' Ilnal clt'1tnillg was dUll!' hy slowly )JOiliug 1.11(' l'J'ystill ill lllt'tli;.:latd Hpirit

anrl afll'l' that kil\,jll~': tit!' crystul ill .t bilt h of DH % pure alcohol fll!' ultrusonir

dpilllin.lr,.

DI



tube operated eLL ali kV and 20 m A was omployecl to ohtuin 1111 x-ray bC'i1111,

Agfa x-ray film was used to dekct, til!' La IH' :';1'01.:-;, Tho {'XPOSUl'<' times wen-

between a and Ii hours. III 01'<11'1' to facilit.at.l' a good alignmont (If 111<'rry:;t"d

with the' x-ray noam, a Iluoresccnt H('I'<'<'II was IlHl'd to couvert 1,11<,x-rnys t.o

visible light.

A hexagonal LaF:! crystal with a random orlcnt.ation was 11IOI1I1t,('11 on it llat

plato of the Aushaw goUillllJt'Lt'l' using Cottrell dplltist.ry llJ()(ldlillg wax, TIJ<'

heating was made slowly during til<' mounting procedure to proven! till' crystal

from being shocked thermally. '1'1)('arCH of I,hC'goniometer WC'l'('sd, at 0°. ThC'

goniometer was t11l'11 attached to till' mouuting track l)1I th(, Philips x-ray

goucrator, A Laue blU'k-rdb't,jou plctur« W1Ui taken, TIll' six-fold direction

was id('utifiecl lil'st by til(' appoamnc« of tho x-ral piel.ur« which must contain Ii

adjacent axes st'pamt('(l by GOoI in accordance with 1,1)(,standard f;t('l'('ogl'apbic

projection,

For all the ('l'YHtaIH used ill this sttldy, til(' top and till' liutl.om fac('s were planus

cut porpondlcular to the' (i..fold iIX.is. 011('(' I.lIl'Sl' fac('s WI'I'(' idC'lllifil'd <tlld 1'111"

they W('I'(' chocked Ior misoriontatiun which m:wllly had orcurn«] during rut-

ting. Bml'iH corrvctiun l'ods W('('(' \Hwd ln ordcr to l'<'I'('i(v slight. mlsoricntul.ions,

'l'h« l'otiH wore llHlCliiu('d surh thut till' iueliuut iOlls uf 1()\V<'1'('1)(1:; WI'I'(' l'I'Lw<'I'1l

1n awl a.lin with incromonts of D.nn. If tlw j'li('l' orientation WilS ('un('('t, thl'

stuuplo was polished djl'\'I'LI~{ 011 t.il(' rod. TIlt' final fan· orirnf.atiou i:; (lCClll'iL\.('

to ()•IiII,

To d('j,('l'llliJll' t.lJ(' orloutatlon 0(' 11j(' next pail' or !,,\I'c's, the' S1I11IP!c' was 1'('

!)(l



3.3 Crystal preparation

AH was presented in Chapter 2, the phonon propagation direceion must he

known precisely in order to conduct Brillouin scattPl'ing mensuroments. This

is not as important for the Raman experiments. TIlP tcchniquo used to pre-

pare' an encapsulated and ori('lltatt'd rrystul sample for Brillouin and Raman

experiments will be' outlined ill this section,

The present samples used for Brillouin and Raman scattering were' prepared

in the form of oriented parallelepip.xls. For Brillouin s('att('ring the phonon

propagation dil'(,('tiollS arc' tIll' diagonals of th('s(' bodies,

The back reflection Laue x-ray method was used for the orientation of the

('l'YFt,als ill tho present work. This method IlS('H a "white" beam of x-rays

to obtain diffractlou maxima (spots) from it singlo crystal plal'('d bohiud a

flat photographic Illm. This t;(ldllliqtlC, onablos OIlt' to d('tlll'mill(' the rcquirerl

crystallographic direction for a. p;iVt'1l unoriontod crystal. '1'11('technique is most

eflicicnt for d!'t.('l'llliniup; the orientation \)1' ruhir crystals: hexagonal crystal

systems givo moro complex pat.tt'uIH ,\IlII rolationshlps between intorplauar

anglos and Mill!'!' indices. Thus, t!t(' task of fiuding t.he orientation of til!'

main crystallographic 1tXl'S is not stl'aightfol'wttnl. '1'111'vertical aud horizontal

deviations of tIll' I",lW spot from til!' ('pntt'!' of x ray picture WI'!'!' (h't('t'lIliIlt'(l by

t.ht' polar itllglc':,; f) and (~of tIlt' spots w)':('Jt WI'l'l' "tlrlllat:(',J from till' Cnl'tt':,;iatl

co-ordiuutr« (X,!, 1 hl'cording t.o I'reuss (1 DTD).
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rent transformer. An IU':C Proportional, Integral and Derivative temperature

controller model PF-()2 was used to stabilize automatically a preset temper-

aturc to better than ± 1 K. An important advantage of this system is that

large current changes can he proprogrumrned to occur slowly and so tlu-nual

shocks arc avoided through the low resistance furnace element.

To ensure temperature homogeneity in the sample rl'giou th« furnace is back-

fill (,,' .vith PUr'(' argon to it pre. ate of :HJi kPa (2!iD Ton). This provide's

efficient heat transfer between furnace element and crystal capsule at temper-

attires T ;$ 1000 K. Above 1000 K where radiative heat transfer becomes wry

efficient the furnace is evacuated completely. The' vacuum inside' tIll' furnace

is kept around <lx:10-'[ Torr by a combination of an Edwards dilfusion pump

itt .1 a two-stage Edwards rotary pump via a 2 111 long flexible metal tuhe. A

special gas supply system W,lS used in counection with tilt' pumps to evacuate

the furnace and Jill it with the pure argon gal' frolll it low pressure resorvoir

through a needle valve in order to avoid over-pressurizntion.



The central core of the furnace is an alumina tube D (:1.2 ern X 11 (,111) around

which the heater wire is wound inside a spiral groove (l,G lllIll deep and with

a 2 mm pitch; the resulting heater coil has -if) turns with a total wire length

about Ii m. Molybdenum !l!UH) % purity wire was ml<'d with it diameter of

0,25 mm and resistance about 7 n at room temperature, Radiation lOHses are

minimised hy shielding the heating element. TIlt' furnace tube is surrounded

by two coaxial cylindrical radiation shields F and H made of tantalum foil

with the apertures determined by the solid anglo requirements of the external

optics, Support for the shields hi provided by two pairs of alumina disrs E~

and G such that the ends of tlH' tube anrl shields fit firmly, Holes H2 in this

tube acccmrnodate the sample capsule. This IWllting clement iii supported by

a water-cooled brass flange N which b O-ring-seahx] to the quartz <'ylillclt'l' K.,

The flange carries pumping ports Q and electrical leudthroughs P viet glass 1:0

metal Heals,

Sample tcmperat ure was moui 1,01'(\(\ hy a plati num- platiuum 1:llYtI rhorll um

thonno. "npl!, with tho junction place.l immediate next to tilt' (\llC'<tjlHnllltt'tl

crystal. It. ill led through <Ill ,l·llOlc' alumina tnbing which is H(\itl('d with an

O.riug to the concentric alumina tulle' L of the furnace element.

At til(' elevated temperntnres t'('acilt,!l, radiation is the major HOlll"'(' of llt'nt loss

and So tlH' shkldiug is the limiting facto- or tli« cit'sign, Nevertheless, this 1'1IJ'-

naco operated at temperatures lIJl tI) 1iiOO 1\ during th« Brillouin exporimont»,

'I'll(' furuar« is powered by A( I rurrvnt« up tu ,1A 1i1lpplicll through it IWiL\,,\' l'IlI"



A

------J

A large end window J Kao wool
B outer stainlees steel casing K thick-walled quartz tuho
C bisected piece of alumina rod I. hollow alumina t111)('
D molybdenum heating element and M dual hoi!' alumina gnil\t, for

hollow alumina tube molybdvuuin h(~(.titlg element
E hack alumina disc N water !'uul<'d back nang!'
F' outer tantalum radiation shiolu 0 glass to metal seal
G front aluminn (lise P lead for till' 1walillg nit'llll'llt
II inner tantalum rndiatiou :,hidd Q vacuum pumping port
Hi holes for the pasHag!' of light .~ side window mount
1'12 holt'S to arrommodate a capsule S slth' arm of the quartz tube
I sliding alumina disc

Figuro :~.!l:Val't111111 uptkal fuma«-

Kti



3.2 VaCUUlTI optical furnace

A special Iumace was employed ill order to conduct light SClttLuring oxpori-

mcnts at high-tcmpcmture. This Iuruaco is similar to th'lt (kscribe(l liy Harley

cl ol. (197H) and N~()('l)(> (1DH7). The Iumacc is ovacuahlo and allows for back-

filling with argon gas. All windows can be removed for cleaning. Figuiv :LD

shows the essential [t',ltUl'<'Hof the furnace. 'I'll!' innor quartz cylinder K (lUi em

X :38 I'm) and the side-arms S (2 em x 8 em) form it cross-pleco, Fused quart,;!,

windows are sealed with rubber O-rings ill hrnss mounts R which also carry

C)-ring seldH (,0 the quartz tube, Air cooling for tho side-arms was suilicicnt

to prevent dotorloratlon of the ()-rings, hut, t.h' large end window A 1'<'(ptil'('S

water cooling. The inner quar(,z lube is surrounded with Kao insulating wool

J and contained ill a stainless st,(~PI cylinder B of 1:1 ClU diamctor. The st.(,PI

coutuiner did not require water cooling, Tho whole assembly was hold by t.WO

imlHs collars with hrass rods which fit, ill short cylinders 1l1OIU1Ll·r! Oil HL(~el

plates, 'I'ho rods lU'(1 throadecl l.o allow for t.h(· vertical adjustmunt of the fur-

lHLC('. Th« bast' plat« assembly provide» Iinc horizontal ,',djllstllH'IlLs ,dollg aut!

orthogonal to tho length of the fIU'lH\,('(~, All moving pa.l'(,s of thi:; system may

bo locked into positlou, III t.he normal llWril! of oporntion !.Il1' laser lx-am is

incident through a side-arm window R awl Hcat.(,(~r('dlight. iH ('()ll(,rt(~d through

the larg(> end window A.

Tho priuciplc A opcratiou is (,0 produce di1'<'('t.radiative h(·ilt.ing or t.1l<'sample

in order to increase 1,11<'tompcruturc, and (,0 minimise (,(·llll)(·rat.IU'(~gmrii!'Ilt.H

by placing 1.11<' sample ill tho interior of the 1H'(1t.ingcoil,



Measurement of Brillouin sped a

Due to illlioIllogl'liPity (a.wwcl by (Iopillg, t1H'l'!' was VI'I'y intoiu«- dastkally Hcat,

1,('1'(.<1 lin;ht from 1,)1(' c1o]>l·d n,Ysl.nIH. Using tlH' Hll1'kip,h a pilBH FPI dis('IUi:i('[1 ill

sort.lun a.l, it. wa» pm;sil)I(· to ('olll'd Hrillouiu :ip!'dra aL high LI'IllIH'ml,lu'(' only

Ior LaFa (~!.ri% mol BaF~). III Ol'!kl 1.0 O!JH!'l'V(' t.lu- ('xl 1'l'llwly weak Ihillouiu

t,ignalH Iroiu th:H(, (TY:,!. tlK, Lltl Sallcll'l'l'()('k tandem iul.('ril'l'Oll\l't('1' lfil't'!.illll :1.1)

with it contrastul' 1012 was I'lllpio'y('(l, IT,;illg l.hi« iust.rumcnf., two 1'1I1l!i Oil LaF:!

clopI'd with 2.li and;) 11101 % BaF~ WI'I'U performed. 'I'll" two 1'1111:1 011 LaF, (:~.ii

mol % BaF ..!) IUlillg t\i(' (lill'pr('llt int.('J'li-I'OIllI'{.t'I'" ~~HV(' slmliur n-sult«, A !lOll

H('(tl,t,('r;lll~ A( 'ollwt,1'Y Willi 111:1'<{ {'Ol' all l,tH'fi(' Illl'tlH1I1'('1lH'Il!.H,

A:i described ill (!hapt.l'1' a, the (~ncapHlll;tt,('d l'l'yst.iliH W('I'<' pin,(,pt[ ill (,Ill' optical

furuac« ,),1l11 i"ligll('(1 miing t.11('HHUl!' pl'lll ('dlll'!' for 11l)!.1tiIlLt'!{('I'Oll1Ptpl'H.

III tlw ('WoW of LaFa (Vi mol % Ba(2), 1'1'('" :qH'rl.nd !'aug!' of f'i 1.1H (HIt, waH

found il.d(~(l'ml,(' 1'01' t.it!' uu-asurvmont of 1.111'fl'('(Pl!'ll('Y liltift.:; aloug till' [100]

phonon propagat.ioll dil'(·l'tillll, llI;!llg t.1l(' Bll.'j('igh illt,('t'[('I'(JllH'\.!'l. Fill' tit\' l.an

dent iutorforomotor, tilt' fl'('I' s]H'cl,mil'ilIW' WiH; c!tWi!'lJ til 1)(' !il.,J'i' (lI!;I,.

TIll' flH.ii 11111111[;('1' lin« was 11111'<1 to I'xci!.!' t.1t(' Hrlllouiu "!H'!'(.!'iL lItJt,aitll'd I' IIIl

t.itt' Lalld('lll iu(.<'l'l'l'l'OIlI('(.(·l', "h[' ,IHH lilt 11t:it'1' till(' hdug 11tH'll fill' tIl(' nltllH' ilL!

pmi!' witl: tIH' BlIl'it'ig!t illl(·l'f('l'IllllI'L,·I'. I.a~('l' out.put pOw('ni of apJll'l)Xitllal.!,jy

[jOO lll\\ WI'I'l' Iound (0 b(' ad"qllitll' fot' I,aVI (:2':; 1l1ol'j(1 IlI1FJ) oil tltl' Illll'h'igit

in 1.1'l'fl 'I'Olllt'(.PI', whik- apJll'OXilllill.I'I:,' ~!i() lllW IV.r:; :;t Illidl'lI I wdlJl'. Ill!' ,I)awl,·,

curk t.illldl'lll iUHI1'111Il"llt.

lOS



4,3.2 High tomperatur« studies using

Brillouin scatterlng

III tlti:; NI'd.ioll (h,taik(l ('Xl)('l'illH'lllal PI'(J('l'dlll'l'!; follo\Vl'd ill 1,1t1']1 'llouiu stlldy

or til(' (l()p(~(l l,a1<':1 lTystalH it!'!' olll.lillC'd,

'I'll!' iJil'('['l'iug('II('(' of uniaxial nYll(.alN j.; a well-known ilSPt'ct. or t.11l' tlH'OI'Y of

li,l~lll" Thl' .'lplit,f,illf.', (If the' l'<'fl'<lI'I,l'd ('it? mIn ol'dinill',Y allli <,xl.l'a IlI'dill1tI',V 1'ay"

dHlll!';<' til!' Hrillouin SPl'ctl'lllllj (lilch Brillouin :-i('l1(,(,('l'l'(! ('011l1)()IH'1l1. ('11111)(, split

into f01l1' litll'N ( !IHlIJ(it ilHl'kbat'll11 I !Hi!i),

It. was shown by Kollor .uid SOlldl'l'ganrd (1!I,(.l) that. ill hl'xnp;ol1al ('rYHf,aIN

uo l'lrl'l't.s oj' Ilil'l'~l'illl';('l\l'(' a)'(' llhs('l'vl'd ill u plun« IH'l'pl'lIrlintlal' t.(1tit" c"ilxi:;

[(HIll. while ill it plano cOIlt.aillill,t'; (' axiu t.hiN (,m'e( ~H WI',Y liI,!'!lIl!,; ful' l'I'y!;tah;

wil.h Inr!',l' di 11'(,1'1'11('('H ill l't'rl'iH'1i VI' iIlIliI'l'N.

I'rcvious Brillouin ntllCUl'fl (Lailro r! al. l!lH:lll, Ng!)('IH' r! Ill. 1!)H(i, MjWHl'iI r!

Ill. l!l!ll ) haw 11itow 11 that ill pradirl' 110 lIj1lilt.iU,I'. of tIl(' Hrillouin ('(lIllPOlll'ut,ll

('(Jill!] hI' Oh:HII'Vl'd rill' Iip,hl. Iillll.hilllidp t rillnori.lcs. Thin opl.ind i:mll'oJlY Wil:i

1':<1)('('(.('11 :.il)(,t' till' I'd'l'ill'liw iUtiil't'!i U" nurl n, dilJ'I'!' h.v only (l.t·l IX,(Laiho tl

II!, !nH:lh).

Ill?



file('s orlontod parallol with tho principal cr~'stalll),l';r<tphir' plallt·s (1 (10), (010).

(OOl) and \\las 11:>(,([ only for Haman iuoasuromeuts. TIll' has!' lit' this Slimp it'

wa« C}JOSI'll tl' 1)(' a plaiu: porp-ndicnler to the c' axis [001].

Two l'l'ystals of LaF:J (2.!i mol ,/(1 BaF2l and (HI<' of La!":l (Ii mol % BaF~l

wore cut with tho intoution of c'xtl'aCI jpg (~ll <,la;;tir eunstants. TIll' sixfold

symmetry plane, normal t.o t.1t(· (' axis sl'I'Vt'(l it:; t.ltt· bill'H'S of the'HI\ SillllP!c·;;.

10'01'thi« caSt'. ill tlH' 1'C'lltt(\ring plant', phonon propagatiou (lire·"tiollS [100] and

[010] ar« equivalent. To obtain th('~(' propugatlon diroctlons, tb!' two pairs of

HieIl' fac'l'1'iWI'I'" cut porpondirular to 1.1)('dil'ect,jolls [11OJ/ ~~' and [110]1 V~',

All t.1lt' orientod (l'yst.aIH wor« puhslrod into ('niH'S with (l,vC'l'agp dhnousious of

:~ x :3 x a mm aml sul.seqtu-nt.ly cnrapsulatr«] ill high purity, OIl fret', siliru

capHllh\14 ill which Iht' odt'ut(\(l cTy:;tal was illst'l't.t·(l in a 1lI11tl'iH'cil'!\('('SS drilled

ill tlw capsulo Im!'(' ltH shown in "'iglll'(' a,!),

lII!i



data, it was shown that it divalent rntionir dopant (e.g, HaF~ J npprnrs to

increaso, and a tctravalout cationic dopan] «',11;, ThF.d appears to dC'('l'('a~('

the ionic conductivity of 1,<11<':1 and Cd,'!) with 1'('HI)('I'(' to thc' nominally pH!'t'

materials (Hom; ei al. l!lS,k, Takahashi It at. l!li'('),

4.3 Exper-imental procedures

In this section spoclflc aspects IH'l'taiuillg to tlw proparation of the pur« awl

doped Ln.F:1 crystals for the' Hrillouin ilnd Haman experiments will he' lib, ..

cussed. 5\, mo (tSPl'cts of 1 ['ystal pl'(\pamtioll and tilt' analysis of th« Brillcuiu

awl Raman Hped1'a wl'1'(\ dl'l·wdb('cl in elt'tail ill ('hapt'('l'S 2 aiul :3 and will !It'

referred to as appropriate.

4.3.1 Crystal preparation

1"01ll' crystalH W('1'(' PI'I'))(ll'('11 ill ul'cl('!' to carry out Brillouin and Ruman mea-

surouieuts. 1\ high pnrity LaF:1 ('l'YHtal b01lk with It random oricutatiun WitH

bought from Atollll'rgic Chvmvtnl Corp (USA), bdllg tlll' sam: as thilt llH('cl by

Ngoq><' rt Ill. (lm'Hi) to produ«: HiLmp[t.Hfor tlu-i: Brillouin S('lttt.(·rillg st.lldit'H.

Lt~F:lcrystal« dop(\d with BaF~ in:? t1iH'a'l'Pllt ('olll'c'lllml.iolls (2.ti awl !i mol';;)

\\'<'1(' obtained from Prof. I\.V, Chn.lwlck from University of Kent (llK).

TIll' 1)\11'1'LaF:l samplo was Pl'(\jlilI'Pr\ in tlu- Iunu uf a IHlra!Hqlip('I\ with til!'



that of (Ioldmun and Slu'i! (l!){i{i) wlu-r« tIll' ratio (If fm;t f.o slow moving ions

W,Hi 2:1,

Anlders ct ul, (lH~:3) and Howi rt al. (ID~1) Pl'O]H)!'(,I\ another model in which

at low teuiporutures anion V<t('(lUdI'H Ill'('fe'r(,lltiall~' rt'sicll' Oil tho B sulrlattice

whor« tll('Y exhibit t ho fast!·!, motion in tIl!' (' direction. Thus the ratio of sit.!'s

allowing fa,;(, mo: ion to t.huse' involved in th« :-;iu\\'('l' migration hi 1:2. It h; only

aliove ·lOll K that varuncios litart to pupnlat« 1,111' A suhlattico, 'I'his inorlrl was

invalidatorl by tltt' computer HiIII 11Ia ti011 of Jordan and Catlow which ShOWH that

011 O,V('I'(1gl' tho jumps with the lowest activation t'Ilt'rgi('H are nearest neighbour

It t~""'jo n jumps ill 1,1\1' Cl • Ii plano.

Following tIt!' rl'('('lll, work lUling computnttoual shnulntion of ion tl'iLllKpnrt ill

pure LaF:, (Jordan aml Catlow IDN't) it was shewn that th« Ionuatiou ('l\('l'gy

fll1' FI'I'I1[\I'\ (h'f('ct.;; is lower than i'm' Schot tky dl.f(II'tS at t(lmp('rat1ll'('s below

lOll() 1\. ThI'HI' results tnp;eltlH'1' with tlH' computationa! simulations of til!' <'I11s",

tic' <'ollstnllis oHailll'l\ front Hrillonin scntt('l'illg Htllt[il'~ (NgOI'I)(1 .t. al. 1!)!l())

111'1'('oIlHhtt'ui: with il~Hlllllillg that au ('Htilllatl'li '2 mole % Fr('11kl'l (lis(Jl'(h'l'

\)(,('111':, on tilt' fluorine fillblat!.it'(1 ill t.it(' suporiouic phase', Ilowevor, thc' Pl'('}i'

('WI' of limit.('d Sdwtl'k,v dh;ol'th'l' I uot 11(' ruh«! 1'111 Oil t lit' basis of lattin·

paramotur and dllnt.ation l'PslIlts (Sht'l' r! al. !!Hi(i).

III prvvion« llludd;; (SliPI' rt ul. U)liii. Cluulwlvk II rd. urm). th(' IlIl'dmuiKIlI

of (lisol'(\(11' ill pun: LaFa was bil:il,t! till tIlt' ~V'lll'ratilll1 ()f Sdtottky dt'l'(·I'I,s. Fill'

dllp(ld flllnridt'H wit II a ty:;ouitt' ';11'1l1'l,1I1'1' Howi If at. (l!lK k) Hll,lJ;gl'stl't/ tIll'

}lam(' SdlOt!.ky Vill'(m!'~' m.vlinulsm for anion "()Udllt't]Il11. From ('XI)(lrilw'llta1

III I



('vid('nc('

Whatever model or toclmiquo was involved, at. ambient tompcraturc t.Jw COli"

ductivlty parallel to t.lw c-axis was Iouud (,01)(' twice its illl'p;(' as tll!' couductiv-

ity perpendicular to it (Chad wick rI Ill, 1!)'7!l, Hcho()ltlll1tll r! al. HlHO), This

aulsotropy 1'('<111('('<1 Irot-: 2 at room tomperatur« (,0 1.·1 at (iIiO K.

The ionic conductivity is nlf(·ct.C'cl by (,ll<' motion of 1l1lOl'iI1C' vacancies. 'I'll!'

possible 10'- motious are dC'scl'i1H'cl in Table 4,~ ami illusf.ratod in Figuro il.~.

Nearest twighhoul' jumps of ~; 2.7 J... involve' n (o~} (V, (v H {'J and n (-4 'Y

motions and are predominantly iu the a-b plane with it small component in t.1l('

c dlrectlou, A seroud n (._) IV t.YP(' motion of ~ 2.[i A is it singl« jump along tlio

(' direction, further motion helllg blocked by til<' Pl'PS(,U(,(, of lantluuunu ions.

Coutinuous motion in tho (' direction can, however, he achieved by j'J !._-) ('J

or 'Y ~--) 'YlllotiollH of ~ :1.7 l\, 'I'hcso a!'C' the' most, probable type's of jumps

and hav« 1)(1('11 !.Il(' subject of lItlllWI'OUH studios.

Cillulwkk ri ul, (l!)7D) and Jaroszkiowk'» and St.rculp;<' (lDHii) l1Hiug NM.H awl

('oll<lnctivity technlquos ('!'!t.ahlislH'd It (Hodd ill which between :Hlll··[iOO K t.:l<'

fadl'!' F-' mlgration ()(,CIll'H in tho tl • b plano ]J('LW('('ll :;;t.(,:1Oil t.lH' A sllbla.t.t.i('C',

Accol'<ling (,0 t.lliH model, all activatlun ('llC'rgy ol 0,27 ('V WUIl moasurorl, which

W(Ui ill good ag!,('[lIlH'nt witl: t.hat dpt.('l'lI\itH'd Irom ('(Jllclltrt.ivit.y data, namely

1l.:.lH (V. NMH cl,J{,a show t.hat til!' (lXclta1Igt· 1)1'1.\\'('(\11 A and B sit(lS wa« slow

(,11()11~~h to allow t.]l<' t.wo Sp<,('jI'H to 11(1dist.inl\llis)J<'(iIl1l1,il high!'!' tl'1Il})('I'aI1l1'(,11

when I,ll<' oxrhanno h('(,OIlH' t.oo rupid. This 11l(){1<,1 is ill gO(l(i agl'l'(·IlH'Ilt. with

t{):!



Table ,1.1: Propert it'H of LttF;j
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this model (.]1<'1'('are two kinds of 111101';11(' ions: HOllin of them lie in 1,\1<' La-F

layors ({'J aud I), and til!' romalnder Iii' bot.ween t.h« La-F layers (o), This

structur« ('(UI 1)(' approxhnul.ed hy two sltbJnttic('s 1\ awl B with llllt!tiplicit.[Ps

1~ and HI l)('('awi!' 1,\1<'I'J and, Hllhla,t,t,icps ill'!, not ousily disl.iuguishablo. A is

id!'lll,Hbl with til(' n-sublauic« and B wil.li ;1- and "Y- 'lllhlatt.ic('s togl't\H'l'. In

this model the A Iluoriuos C1tIlIllOVP prodomiuautly in the (a-b) plane while' 13

Iluorlnc« can move perpondiculur Lo this. '['11<'1'('is ample HCOjW Ior cxchaug«

b!'\.w('('l\ tlr('SO two Hllhlnttk('H.

In detennining \.Iw clastic properties Ior the purpose of this work th« lH'xap;.

onul approximation \'0 the trigonal structur« is sulliclont because in previous

ultrnsonic (Krischer U}(itl) and Brillouin tic1d,{,Ninp; studie« oj' LnF'a (Laiho ci

at. lDRaa" Ngoope cl cl. l!lHG)1 Cni"a (Ngoope and Comins U188), and N<lFa

(Mjwam cl al, l!)!)1) it was found that the elastic constant CI.t ~ 0, and the

velocity of acoustic phonons is virtually constaut in n, plane perpendicular to

tho optic axis, i.o, the x-y plane, 'I'ho properties of LaFa arc' presented in

'J';tblc· /1.1.

4.2.2 SC'ransport properties

TIt(· ('oll<1ud,ivit,y proporl.ies of t.YS(}llit!' matcriuls are rather complex awl ill

1l0)1l(' jPsjJl'l'bl all open problem. lAd":! is ono of 111<'lit's{, ('l'YHt.als id('lli,ilipd 11.;

HllOwinp; trnnsport bdw(,l'll iuoquivalcnt tat.t.i('!' sl\.<'s. Intorprotntion of trans-

port. data iN, however. tlw Hllhjl'(,\. of (",haLe', with ('oullidinp; experimontn]
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(a) I-u114c8
-1/2tu

.!.Q.N TYPE sns SYMMETRY
O~I2F1 -E

4 F2 - c.~
2 F3 - 03

o 6 La - C2

U' 0.581
v n 0.:313

(b)

ION TYPE SITE SYMMETRYo 12 FI ._ Cs
4 F2 - C3h
2 F:3 - 03h

o 6 La - czv
W·O.175

e>

~--(0-~O---C.l

Figure .[.1: POHKibl11 LaFa hexagonal ('('llH: (it) pad crystal structure of 1.<11":1.
(b) PG:I<'Ul crystal structure of LaF;l. The prujcction of particlns ill the hexag-
onal cell an' shown on till' plane perpendicular to cryst.al (' axis allii passing
through I.ht' ol'ip;in, (Aft!'!' Hast tf at. 1D()tol)
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EX('('HH specili« heal, capacity monsurcmcnl.» huv« 1H't'tl (,Olldll('(.('d Otl Lit!":l by

Sp(.{ldi1lg c! al. (ln7il) and Lyon 1/ al, (Ul'7H) Above IlFiO K LIt('J'(' is a sub-

stantial increase in C1, which is wry well correlated with reduction ill elasti«

constants measured using Brillouin :·waU('rillg. It is noted that (,IH' heat. vapuc-

i1.y of LaFa is much higll<'1' LImn that roporh«] for C<'l":h 1> I'l-'a , and N(W:l and

their t<'I1l(l<'l'atUI'Ps 0[' 01lHC'tarc I(,HHwell d('filH'd (Lyon t-l al, Ill7H),

At this moment, it seems reasonable to attrlhut« this clifrns(~ transltion to tho

generation of anion Frenkel disorder on one of th« Iluorlu« :mblattic'C's aH will

hI' outlined in ill!' following scctioua,

4.2.1 Structural properties

La Fa is representative of tlw ionic trivalent halides WIth \,]1(' tysonite structur«

This structure has b(,(,11 tho subject of much controversy, with <li[('1'('nt spac«

groups being prodicted, the most. prohahlo Iwing P:lcl 01' PGaCIlL Whidl<'VI'l'

of tll('s(' is 1Is('<1,tho :4trnct.IU'p is hcxlmoleculur with six formula units ])(\1' unit

c,.]1 itS shnwu in Figuro 'I. J.

At. t.hiH moment, however, Irotn cI'YHLHJlop;l'n.phk (Ma.IlHIIHLIl I !)(iii, Zalldll r! ClZ,

U)(Hi, Ch!'('Lhalll rl ol. 1D70), H11m all (Haiunan Hill I POI'(,O l!J(i7) and NM H

(Clolcllllan and SlH'1l UHHi, .l1ll'oHzki('wkz and S t rail P;(\ l!lHii) da("L Iron: La.F:1I

(\,1<':11 NdFa atul PrFa (,Il<'oxporlmoutnl evidcnro Iavour« (.1]('Lr'igollal S(.I'I1I'(,lI],('

pac!, In ('Hs('nC(" pac! is charad.('l'iz(\(l hy ('lil'(,(, lluorin« sllhlat.(k('s lV, /,i, and

'Y with si(,(·lllltlt.ipllcith·H 12. ,I find :1 1)('1'unit ('(·11,1'('sp('('(iwly (Figure ,1.2), In



plaiued in terms or current tlwOl'i('H. TI1<'sc' models are based en NMR, sl.ntir

lattice compute!' simulatlons, Brillouin, Haman and ionic conductivity stU(li"H.

4.2 Literature review' on LaFa

],1\111.1\/1.11\1111 fluoride' has 1)('('11 tlw Hubjc·ct, of many Hl.l1dic's during 1.11<'last 2!l

years. Tho I'c'HSOl1 for such prolonged investigatiou«, lqHU·t from the' potential

technological applications already mentioned ill Chapter I, is (lisagl'('<'lllC'llt

concerning tho crystallin« strucl.urc and t,ll<' merhanism of ionic conductivity

which appears even at amblont temperature (Umflill llan(nul'h tic"/' AI1O'1:(/(lI1-

£8ch('11 Clunni« 1!l7G).

A gl'('at deal of information is already availahl« Oil structure, transport and

defect proportios of pure and (loped LltF:1 and will hp hl'idly roviewcd.

AccordIng to previous 1ll<'IlStll'C'llH'll1.s of plastic ronstants and l'C'l'r!lctiw index

(Lalho dill. l!lSaa, HlS:lh) of tho tysonito H('d('" LaF:h C('Pa, P1'Fa, NclFa, OIl('

can C01H'll1dn that tl1<'1'(' is it p;1'C'at similarity ill tlw optical and olastic Pl'OIH'l'ti('H

of' LlH'IW compounds,

Rl'c('nt Brillouin S('ftt.t.<'rinp; (Ngoopc I'! Ill. I !lHG, Mjwara I'l al. 1DBI), com-

putational modelling (Jordan aile! Catlow 1!lH7) and a combination of thel'l<'

tcrhniquca (Np;o('I)(' ci rd. l!lDO) have ickulili('cl 11 dillus« phas« trnnsitiou allow

1100 K ill t.h('s(' kinrl« of Illatprials.
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compared with the pure LitF:1 ('1'('::::1 HiO K) Is remarkably large.

Figure 4.8 shows tho results for Cll as a function of temperature ill LaP:)

(5 mol % 13a1<'2)' For this crystal 1'c is 7IJO K and the quasi-linear reduction

in ell appears below and above Te, this behavlour being in good agJ'()emellt

with the quasi-harmonic theory of Garber and Gl'ilIliLto (Hl7!)).

III tll.' case of LaF3 (I) mol % BaF.) the Ilnal temperature reached (11ilH K)

was higher than th() molting temperature (14!J:! K) of pure La!":!, but less than

'I'M for Bn.F2 (l1i1ia K), No melting phenomena were observed which i(,sPlf is

remarkable taking into account the small couceutration of naF:z dopant,

Th« temperatures a1. which substantia! changes ill the llnewidth occur will bo

discussed ill the following sectiolls in relation to the Haman scai'('('rillg studies.

l:.lll
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Siuc« til<' task of tlws(' llrlllouin (,XIH'rillH'1ItH was 1.0 Illl'aN11J'(' only tilt' ('lastic

constnnts, til(' peak positions were important ant) 1101. tlu-lr ill\('llSiti('s, Ha-

H ity, Brillouin peaks lnrronso ill till' intcusity with til<' t.(,Ill)H'l'atlll'<'; this

II. ual pattern was altered ill Fig;nrl's ,1.Ji 111\11<1,(i by lIHinp; <1ilf('l'l'ut. acrumu-

latiou times.

T'w HJight asymmetry which ltP1H'it!'S ill t.11(' Hayl<'igh poaks of LnFa (om!)1 %

nilF~) spectra ()cClIl'I'<'C11)('c1tllH(, tlw window which had d('ritlC'(1 til<' Hnyh'igh

peak position during th« lnterferometer scan WHS not ('('111.('1'('(1('xndJy Oil this

peak. As already explained in S('etioll a.I this has no (,(f(·e!.011 tho Brillouin

peak positions.

Figur» ,1.7 HllOWS tlw squar« of tlw llrllloul» fl'!'qllPllCY Hhil't, (6.1.1}1)~ as It 1'111)('-

tiou of temperature fOl' LaFa (2,0 mol % BaF2), On tIll' assumptlou that

f'ln2 is constant, the results indicate thp behaviour of the elastic constant ell.
'I'hese 1'('8111ts show a <1('('I'('1\S(' of ell with temperatur« from :100 K to HHOK.

A slight departuro from tho tJworotieally predicted quasi-linenr tI('tT('IUll' with

tcmpernture tGarlwr and Granato, W70) is PI'('HI'Ut ill t.his l'a,llg(' and is 110(, ox-

plnined hy t.11l1prosont thcorios. For t.his crystal, a 1llJght, curvatur« is ohHC'l'VI,(1

for th« Haman FWInvI in the saiuc temporatun- rang« and will 1)(' iUW.lYH(i(!

aft.o!' the discusslon of till' Haman results,

Allow 880 K a snbstnntlal quaai-linear d('('l'('ilHO ill C11 occur» which continue«

until 1/171 K, tlw llnal mcasunxl t('llljll'mtItl'O, It is rustornury ill tlJ(' (,IIS(' of

Brillouin s('at.t!'l'illg ('Xj)('l'illH'U!.S (Comins 1'/ Ill. U)!)O) (.0 lalx-l '1'(' t.jlt' traJlHi·

tiou t.('IllI)(·ratlll'l' at which !Ill' d('('1'C'ilsillgof ell ()('CIlI'S, Taking into ill'C()\lllt

th(· relatively small couceutrntion lIf Bn}<',~,the' nxluetion of ann K ill To 1l:-:

1 i'(
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Figure ·1,0: Hrillouiu sperf.ra of LaF:1 (Ii 11101 % BaF21 at various tompnraturos,
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F:("III'(' ,1Ji: Ilrlllouiu SP(I<'I.l'll or LIlF;l 1:2.1i mol % HilF~) ill, various t{'lllJH'l'iI.·

tures, ill tll{' [IOn] phonon ]ll'opa,p;atilm dirocl.iou. ')"1 n.fl'I'H to till' urrumulntion
l.lm«. Sp(I('t.J'iL \Wl'{' I.alwll USillll, thc' Sil'lcI!'I'('()(·j.; f.alldt'lll illt.('t'f(II'OIlH'tt'l'.

l J!'i



i-::-
~~

---------'~------~-------~
1906811111.

~

1437 J{

L ~,_

Fip;1ll'(' ,1.·1: Brillouin HIH'!'('l'/l or LaF:1 (2.."i mol % BaF~) i1t. variollH t(·tllpl'm·
t.1l1'C'H, in 1.11('[100] phonon PI'OIHu';ati()lI eli l'C'c tl 011 , '1"1 I'dC'l'H to tlw accumulation
thuo, Sp('('tra W('I'(' taken Ilsing tIl(' Hurlclgh intorforometnr,
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I.hp scaJtc'rinp; gc'ol1H'Lrips dlClmdpristje to tlit' present ('xIH'rinwIlL as shown in

Figure '1.a.

'1'11('Brillouin tci.sors appropriate to this experiment wen' obtained from Cum-

mins and Schoen (1!)72) and Vacher and Boyer (1!l72) and ar« shown ln Ta-

bin 'La. The Ha,yleip;h ratios calcnlak«! lIHillg equation 2.21 arc' shown in

Table 4..1. The Brillouin peaks were assignt«] using these results and were

consistent with 1.1,('previous results of Ng()('IW r! at. (HlRG, Hl!)O) Oil pur"

I.aFa.

4.3.3 Results and discussion

Typical Brillouin spectra 1tt dillercnt temperatures for 2.0 and 0 mol % ]]1t1<':,)

dopant, concoutratious are PI'('H('11I.('<I ill Figul'<'H 11.4·1[,(l to illustrato (,ll!'ir char-

ad(~l'iHtk f(,lLtlll'('S.

III til<' [100] phonon propagatloll dlrection, a) though only 0))(' peak WIIH oh-

served, tlw Rnyl<·jgh mtios In 'I'ahlo ,1.·1 sngg<'st that, 2 peaks aro (Ixpect('cl.

'I'll!' transverse peak in this direction is extromcly weak and was not observed.

Tho only measured peak is aSKociat.C'll with "lIP dastic ronstant ClI,

A comparison of Fip;lll'C' 11.,1 and ,1.1i shows t.Il!' adv11ntagl' of IIsing the Sauder-

cock iuterforomctor which has It much higher COllt.rast (~ 1()12). Ap. is shown In

Figur« i1,o and ,Ln, tho Brillouin ]H'akll 1t1'(\ 1l1l1'1'OWI'1' 11)1() much h('ttc~r resolver],

'I'll!' same IHlI't.iclllal'iti<'K arc' noted for t.lll' Hayl!'igh j)('aks.

Ita



K:::: [100]

(, 0 o )(0[111

L: u=[100] ; pv'2:::. ell T(l)::;:: ° 2 0t01l12

° ° 2(e]J:l1

( (!~'"
2 o ,to]ltiG

T1: \1=[010] ; pv2:::::. eGG T(2):::::. 0
~ )()

T"'=( ~
0

("'~P" )T2: u=(OOl] ; P112=. C.14 0
fO(e]i4·1 0

Table 4.:3: Brillouin tensors for 11 hexagonal crystal for phonon propagation
direction [100].

Tublc ·1..1; Rayldgb ratios appropriate to this experiment
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Figure .1.:~: Scattering g<'ometrieH for till' La!":l samples ill the [100] phonon
propagation direction. tw and 's]{ represent the polarization direction of tilt'
vertically polarized incident light and the horizontally polarized scattered light
respectively, 0(.11('1'symbols haw similar mounings, i(i is the wavevector of the
incident light,
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tiou 1.'Y the Iollowing expression:

(4.:1)

and Table 1.:3.

The Brillouin scattcriug measurements were !'(~p()l'tpdby determining (6./I}I)2

as a fuuction of tcmperatur« and assuming tha!. t.hiH represents tho behaviour

of l.h« appropriate Plastic constaut combinatioll'ij. ThiH is valid provided that

tho change in p/n2 is not significant" Experinicntal dotenniuations ll11td(' ill

it few cases, o.g. Catlow c! ol, (J !l7H) 011 Iluorltes and Bothu cl til. (UHl:l)

oil cubic zirconias show that this approximntiou holds <Illite well, but further

procedure, '1']1(, Brillouin line shapes aro Htridly Voigt functions, 111 til<' proscn]

1lIHtlYHiH, tho deeonvolutiou became siuiplo sinco tho Brillouin lines W(H'(~found

to be Lorcntziaus. Hilllilal' ('OUclUSIOIIH were drawn by Abdul and Cummins

(WH/j) OIl salol, Tlw peak 1lOighL, tI\(! full wi(U,1t aL half-maxiuu.u awl the

e(H1(,I'(~Iroqucucy of each of UH' modes hus l.o 1)(, ostlniatod as input, to the

fit.Litlg PI'Of,1'1l1l1.

Since till' illt.(~IlHit,inH of the Hrillouin peaks ar« I'dat.I:<i to tho elasto-optic eo..

Thi« was achiovud by ovaluatiug tho H.ayh'jp.;Jt ratio \tHing Equatiou 2.:H Ior

llU



chauical or ('kct.ricaJ breakdowns and IlO!. duo III IMk of resolutiou. 'I'his

emphasize» that tilt' high purity q\1art.:'. capsu}<'s with OII'('()IIi.PIlt. loss than

lUi ppm a<iopl,('d ill t.his pl'Oject. were improvinr; till' quality of tIll' Brilloui»

sp<,cl.m at. high temperatures as compared with previous work Iwing all illfl'riol'

grade (If quartz for ('11iH P1U'I)(lS<',

Analysis of Brillouin spectrn

Brillouin spoctral analysis was dono using til<' 1'<'sl1l1,H o] section 2.:3. Because

1/l) and 11,. have Vt'I'Y close' values aud usillg til<' couclnslous of 1,]1(' previous

B rillouin studies Oil light tysoui L(' trifluorkle« (Lai Ito dill, 1!JH:la, NgO('}H' rl

al. l!lHG, Mjwaru dill, 1!l!1l), tho Brillouin fn'qll"llcy Hlli!'t:> ill anisotropic

media (Chundrnsekharau l!)(ifj)

can Ill' written ill it simpler Iornu

where 11 ill tho avcrng« of TI" and 71,.

Till' Brillouin shifts l:~.111l arc' r<'iat.p<\ 1.0 th« <,Iastic constauts or their comliinn-

IIlD



A
III

Fip;lll'(' '1.l:l: Haman Hlwdra LaF:I(~,!jmol % BaF~) at various t('llljll'l'ftl \lI'PH

('Ol'l'C'('(,PC! Ior t)'('l'1lHtl population (llr(,d. hy clivi<iiug t.jJ(' ohs(,l'v('d S";1f.1('l'illp;
illtpUHit.y by 11('1),'1')+1, whcr« ll(w,T) i:; t.11!' l,o:;p·EiIlHf,!'ill fado!',
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Figuro ,1.12: 'Iumpornturo d('Jl<'ll!kllt't' of til<' E'J·lllOr\t' nut! A I)J"Il!Ot]!' hawl
mnxima ill JlUI'!' LitFa. Tit!' cirl'ks Ill'!, tilt' muxima in til!' OhH('I'V!'(\ Haman
iutcnsitios, while tli« :lOlid dl'!'\("l dt'!lot(· fl'!'IjII!'II!',Y maxima of I.'lol ilccording
to Eq, 'Ui.
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Fip;lll'P '1.12 shows that for purl' LaI<':! it complex tnorhanism hi involved. Sin('('

Llw dampinp, and :;ofl,('ninp; of lllOriC'H fol' L;lF:! sholdrl hr' II'l'atC'd wltl: c'xl ""!lH'

caution.

III order to oxamluo til<' data al)()v(' '1'(" lUI ;,It,(,I'IJllti v(' analysis can hI' usr-r] ill

which t1w temporatur« dC'IH·tHl(ln('C' of the' handwidth i:; wriuen ill tlJ(' Arrlu-

niue form:

(iI.H)

'l'ho dynamic j)l'OC('HSI'H implkxl by this ruod«] 111'(, <Illite diffC'l'C'llt to (,hOHC~ dc"

HCI'il)('{\ by t!J(\ Klemens model, III thiH approach t.1lt' hanrlwidth cOllsist.s of

(L constant vibrational part A and 1~dynamical contributlou cksC'l'ih('cl hy t.hn

IWC'()J](! tortn, (Ienerally, l,lIp R'l (,()1'l'I\SPOIHIH to t}w aetlvation l'lH'rp;y lwe('SHary

for (.lin dynamic p(,O('(~SH involved. Rakov (l%<1) jlI'OpOll<'H t.lli:; 11l()(11'1 ill ol'ckl'

to explain tlw oxtru hl'oad('llillg duo to rotatiunal tuotion of tho Hlllfa(,{' ions in

(lill'nl'(IIlt. ,lllOl'p;mlic complexes, Abdu] ,LIllI Cummins (1!li{1l) have lIs('d it situ"

ilar approurh ill 01'(1('1' to oxplain t.1t!' oxtru hl'll111h'lling of the' Brlllouin pl'ak:-;

ill salul. Following t.iWH!' 111od('IIl, E'l migh] 1)(' at.t.ri1l1lt.(·d t.o tjl<' 1tct.ivat.ioll

(\ll('l'gy. '1'11(' !It to tho data, ahov« T(~ ,U'('OI'CIiIlP; Lu this morlel is a]llo shown ill

Figlll'!' -l.l l. TIH' act.ival.ion l'll!'rp;y \If 1.1I1'1· LnF:, wa« Ionud t.o hI' o,a~ cV,

'1'111' H1l11}!' klnd or chanp;<'H ill lluewidth allrl ['1'(''111('111',\1sliifl ilS 1'01' 1.111":1 art'

1101.('(1 fol' t.1t(' clopI'd cryst.al. 'I'll!' ('UIllPllt.!'I'·1itt.!'d spi'dl'lI are nlso shown ill

Figlll'<' ,1.1·1.
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\,11('high tcrnpcratur« approximation tIl!' racton: Illultiplying 1\ and B vary 'IS

T and '1'2, l'(,Hp(~cLiwly, !THinp; it 1('aHt'H(J11al'(~H!it for FWIlM of pure LaF:J, t.ll<'

Sill!'(' tIl<' work of Linrokapi« r] al. l!JH!i I'<'P0l'(,('c! values for A (la ('111-1) and

B t 1.2 nu-I) ill \.11<'l'1tnp;t' :l()(H~()O K, 11, lit. or t.1l(' l-HUIl(' typo ill t.his !'ang\' was

At. f,('lll]H'l'aLul'l'H ahov« llli(J 1\ til" Haman litH'S It!'!' hl'oad('Ill'(l L,Y all (l(hli,

by Kkunens-Halkanski equation.

was fOIl11d useful ill severn] studies of :m!wriouic ('(lll(lnC'l.ol'H (DC'IllIwy and Ush-

indo lU7G, Ilahhnl oi al. 1DtH, 'Ib'f,('l'H and Fl'('('h 1!JH2), It. is ('aHY to show

Iroqnoncy Wo 1'(\gal'dl(,HH of til!' Hhw of I' On til<' ot.hC'1' Iiun: I, it maximum ill

sp(\ct.ra, If <lilly soft.l'llillg mechanism urr'nrs, t.h!' :lillllt' ponk posit ions an'

Iounrl ill hol.h Inti" aile! I,.,o! HI)('C'l.I'(l,

l~!l
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Figllt'(' ,I,ll: Lirwwidt.hH of 1.1l<':If):l ('111,,1 phortoll as iI flllldioll of 1.1'1ll1)('l'''',1l1'1·

Ior pun- La}'a. Tho thick solid llu« is til(' lit. or tit!' data IlHill),; Kl!'IlH'IlH model
of anhannoni« d('CHY; tlw thin line itl rov« lUi!) 1\ i:~iUIOt.h(·1' !il of' I,ll<' dat.a usillg
au Al'l'lwlliuH 11)0(1<,1, alld l.h« daHh lin« l'('l11'!'S('lltH nil (lxt.l'iljloIHt.I'(11i1 a('cordill,l';
l.o tltl' ('Xl)('l'itll(IUt ill (In1.il or Li1!l'llkapiH r! Ill, IDH!i, which W('!'(' 1l11'iHilll'(I(j 0\'1'1'

til!' ('lIll)('mt tII'(· I'illll';(1 :j()O III HOIl 1\.



diHClltlS('c! ill (~hap{,('l' 2. Eqllittioll ~.:2,1 is it classical rr-sul! of t.h« tliormul

expansion and llIay Ill' olltaill('(1 by I'!'writ.ing Lho Haman lH'att('ring t.('IIS01' in

torms of th« onc-puouon (;1'('(,11 Iunction.

Auol.her possibl« way (.0 analyst' tIll' <{('['('c(, contrihnt.ion ill <10)(·<1 Iluorite rrys-

tals was HI1P;P;(~Ht.('(tby vall (]<'1' Mar!'] and <]!'ll Ilar!.o!!; (1 !JH2). They calculated

(<l.G)

Wh(,I'P E'I is t.lH' cll'C<-1'f. aeli vation ('lI('l'gy. Du« to tlw lIn(,ur« of tIl<' pt'('S('ll t

TIt(, 1'('H1l1tH for (.]1<' FWIlM lin' Pl'l'IH'Ilt.t'd Iollowlng !.lw most froquoutly I1S('<I

('ollt,l'illfltiollS 1·l'lll'cl.illg various th('ol,l'ticill iq)pJ'(lilcl[(',~.

'I'lu- varlut.lon ill tlH' FWIfM with L!'Ill]Il'l'attll'!' is shown ill Figl1l'l' ,1.11. Also

shown in Figllt'(' '1.11 ill (.II!' fit. Lo I.ht' <lata (thin ~()li(1 I'Ul'W) giwH by KJ:.n\('IIH"

Ilnlkansk! equatlou, previously clis('IlHHC'd ill (~haJ>t.('l' 2, namvly

(.1. 7)

'l'ho hps!. lit. was oht.ninl'" hy Laking into nCl'()llI]t only tIll' jloints hl'lllw '1"" In

1')"•__.1'
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For simplic ty of computation, tJw experimental peaks were computer-fitted

with t.oreutzians instead of the Voigt profiles since the signal to noise ratio

and the relatively small Gaussian instrumental contribution were such as to

make the dist.inetiot1 between Voigt and Lorentzian curves indeterminate, The

FWIIM so obtained was assumed to be equal LO FWIlM that Olin would Hn(1by

fitting the experimental intensity with a Voigt profile. Tho thermal backgrouud

at each temperature was added as a power function in order to resolve thes«

spectra properly,

4.3.5 Results and discussion

'Typical Raman sp('etm of pur« L"J.':1 at clilf(,l'C'ui. tmll1)(1t'n.(,111'('S iU'(1 PI'('H('utOrl in

Figul'os 4.9 to illustrate their charactnris1.ic Ieaturos, 'I'li« changes in linowidth

and shift are clearly evident, TIll' computer- fitted spectra are also shown in

Figures 4.10.

Analysing the FWI 1M ill tho ('I\.S(' of crystals in which pnrtial <1iHOl'cll'l' is prosou]

at high tellll)('rat,tIl't's IH'COllWH it wry elabornte task (Elliott ct at. l!l'lK). WIJ<'lI

only auharmonleity is itlvolv('d, the H.illllilll illf,('llsity is given by:

(4.1i)

where WI) is tIl<' hurmouic Iroqucncy (tll(l, i~ th« damping constant,
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where A is a constant containing l.he selection rules and tIl<' Raman matrix el-

ements, n(w) is the Bose-Einstein occupation number and S(w) is the spectral

density function of the dielectric constant fluctuations at K~(l. Relation ,1.4

results from statistical averaging of fl'1'; ',ati\>1ls and holds regardless of tho

nature of the excitation causing scai.t('rillg. Since the naturo of tho SP(·C.·

iral density function S(w) is relevant in this study and ult.imat!'ly the nature

of Iluctuations, tho Raman intensities presented in this work were divided

by (n(w) + 1).

The tl':!C experimental peaks must be extracted from tlie convoluted spectrum

measured experlmeutally, It is common ill all spectroscopic Hi,licli('s that t!tp

observed spectrum is It convolutiou of til!' true SIH'd,1'l11ll1 chnrart.Prislie of the

processes that talw place in the system under study, in this case it Lorentziau,

and the instrumental function arising from the finite slil. width of the spec-

tromet H'. 'rill' lnstrumental function call well he approximated by a Gaussian

when the resolution is limited by aberration« and clilfm('li()'u of various optical

components in till' optical system, This kiu.l of convoluted spoctrum is known

as I~ Voigf. profile. A deviation of tilt' observed SIH'Ct.l'lll11 from til(' true SIH'C-

trum is small only when th(' lull width at half maximum of tilt' it::itl'lllll('ni;lli

Iunctlou ie; small compan-d with that of til<' tru« spectrum. Thls ('ilSP is ap-

plied to this Haman study, :JA em .. t tH'ing t.he spcctl'OIllC't('l' resolution with an

ohsorved miuimum Hamlin wi(I(,1I of:W ('Ill-I, Kuowing tlw spC'ctl"l.l bandpass

and the measured FWIlM, it is Jlo~Hiblc' to Iind tl)(' true FWIIivl for a Voigt

profll« using POSe!lPl·1S tables (U),I'iD). For this roasou, small C()I'l'('C[,jOllS for the

finite resolution of Ih(, Sp('ctWllIp\,C'l' wore done twfDt'<' l'(']lol'!.inp; FWIIM.



at ambient, tornpernture in order to teHLtholr quallty [01' Raman spectroscopy,

The surface quality of the LaFa{5 mol % BaF2) was poor after the previous

Brillouin high temperature 1'U11, only LaFa(2.5 mol % BaF~) being found good

enough [01' tWW high ternperat ure measurements. This crystal was repolished

and encapsulated again in order to minimize the e!f,'cts of the previous 1'\1n.

The background thermal radiation was the major limiting factor on Raman

data accumulation 111. high temperatures; nevertheless the hil~hest temperature'

reached for the pure LaF:) crysbal was 11100K while 1200 K was attained for

LaFa (2.5 mol Illi BaF2).

Analysis of the Raman spectra

In this Raman study, the development of disorder is indicated by changes in the

broadening of the Eil and AI!! modes and by changes or t111' Raman frequencies

as will outlined below,

TIl<' first stop in t;lw analysis of a Raman spectrum was to estnbllsh th(: IS·

sigument of Raman peaks to tlwil' aPJlt'oprillt,(\ irreducible 1110<1(,8. Following

tho information already available in t.he lltcruture (Bauman ar d Porto l!)(i7,

Cer<\('ira ct al. 1!170, Liaroknpis cI ul. 1!lH5) this JiI'Ht s(,pj) was s\.l'lliglill'ol'w1ml.

According to tho Iluctuation dissipatioll theorem (Landau and Lifshitz, l!JKO),

the Stokes Haman HIH'rtl'lI111 can 1)(' written:

(·lA)

1')')



4.3.4 High temperature studies using

Raman scattering

The features which were noted during the Raman high temperature runs arc

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 Ill' t

order Raman Ea and Ala- modes over the temperature range 300-1400 K were

measured. In this experiment, (1);. .lost energetic modes with a nominal

frequency of 2!)3 and 392 em-I could he observed and monitored: the weak

modes could not be measured,

The Raman spectra were excited by the 488 nm laser line, a right-angle scat-

tering geometry being used, A laser power of about :35mWon the sample with

a J arrell Ash sli t, combination of ~ 100/100/100 Itm was found nppro~ .riate to

record the spectra with reasonably good signal to noise ratio. No polarizers

W(,I'<'used ~()l' tho datn pl'e:l<'llte><iill this work.

Two samples were used for Raman measurements: 1)\11'(' LaFa and LaFa eloped

with 2,5 mol % Bal<'2' The lnt\,<'l' sample was previously used for Brillouin

measurements. Duo to all a1JSollce of auy previous Raman measurements Oil

doped LaF3 it was ccnsidered important to measure all the eloped crystals by

moans of Raman spectroscopy, IIow('V!'I', owing (.0 the unavailability of further

doped crystal material, the crystals previously employed for Brillouin mea-

suremeuts wore u.iliscd. As It prccuution, tlH'se doped crystal» W(,I'(~oxaminod

l~l



be houud to t.lw extrinsic structures. If this work can 1)(' pursur-I :iIll'('I'Hs!\dly,

then titt' pl'OH(1nL Brillouin atul liamun l'l'lillhH "all snpply valuuhle roulirmntiou

for (.lwHe dni'('c(' e!IlH(,(1I'H. 'l'herofor«, ('olll(lIl(,atiolliLl Sillllll;JI,ioIlH ,tl'<' n'quil'pd I,(j

Iurthor study 11u(1 uudcrstand thcso experiuicutal rosult«,

Further theoretical work is lJ('('('HHlLry to he dono ill urdl'l' to obtain i~ thl'llrdil':tl

expression for Raman FWIlM. Tho <11'('(111 function formalism call hI, used to

calculate tho additional broad(>ttitlP; due to disorder. 'l'his (,pcilniqu\' was used

by Ellio(,(, cI al, (1!17fl) (,0 explain tIl<' saiu« ('m,e(, ill f'I1hk Iluorit« l'l'ys!.itIB.

Thill claborutc theoretical calculatlon has 1101,bl'l'll d01H' Y<'(,for (,hI' ('Ylmuitl'

Cl'YH(,a!H.

Extending the st.udy (,0 tho whole (,YHollite family will provide n lWj,(,('l' iliHight

into this class of compounds.

III conclusion, t.lJ<' ]>1'('HI'I1(.work has provided IWW and useful llata. 011 PH!'('

and doppd suporiouic Lal"a. 'I'lws(' data aro Ll wry g;ood ap;n'(,lllc'ut with t.hc'

Pl't'ViOIIH :;(,lIdinH on pure Lal":I. Now wry iIlLI'1'<'st.ill!!, fI1at,IlI'I'H huvr 1)('('11 IlU(,I,d

1'(/1' uopcd LitF:!.

Furthor work HUgg('H(,l'd ill Utis S('('('iOll l1lay II'ad 1.0 it bdt.l'l' lllld('rHt,HlIdillg II!'

tho i'<lH(, ion LO!llltlc('Ol'H wltl: I.hl' t.YIiOllit.I' strurf.ur«,

HI



5.2 Recommendatior-»

'I'ho following Hlllr,g!'St.iollH fot' further work ttn' ill(,(·ll!h·d to provide more clarity

on (.111' ro]« or (.J\(' various C'OIl1[H)Jl!'l1fs of (II(' ('o!tlbill('d Hrillouiu Hidllilll

(.C'Chlliqll(·s.

'I'll!' moasuromcnt 01' tl 'all (·Instk ('Ollstilll(.H for LilFa (Io(l('d with ~'!jmol %,

illld Ii mol % BilF~ shoukl Ill' lI11dl'l'lilkl·ll. Tlrt':H' ('XP('!'illl('!1tH would provklo

a 1']('111'picturo or tlt(· d('P('IHklH'I' or ('Iastic ('oIHiI.i\llls Oil Ill!' (.t'tIlpl'''alul'c· at: I

('o)l('('lItmtioll. FII r I.h!'l' III 0 1'<' , it Htlldy or t.ll!' inlluour« oi' ,jOPclllt catioll Hiz!'

HhOllhl provin« valualilc iuforrnution, HH WH!; Ioiuul ill illHl\ogOt1H (lXIH't'illlt'uts

on t,J)(1 CIlF~ (Hd'a) sYS(\'1l1H; H(' stands fol'l' 1'111'" earth. linuuui }i(·ld.(.('rill~~

studles Oil (,his kind of ('l'YHt.al shoukl ahm 1)(' p<'I'fol'llwt[ <tlld ('orr<'ia(.(·t! witl:

tlt(' Hrlllouln IlIl'llHlIl'('Ill!'llt.s.

On t.hl' ot.ht'r luuul, l~ complr-moutury :;(,lIdy of LllF:1 (\opl'd with (.C'travllkllt.

lmlidC'11 «'.r;. ThI,I,r or tTF.1) will roulinn if t.h('H!~ dopallt.s 11<'1'1'1'1111(' tlH' superl-

onir propt'l't.ks of t.ytlOlliLt' llHl(,('l'ialll HH l'!'jHH'(.c,(l by Hoos rl al. (l !ll'l1c) and

'l'akaJ.'Ulbi r! al. (l!l7'r'),

"aUic!' IHll'lItllt'tc'l' and l'Iofrcll't.iw iud-x 11lI'HSlll'f'11I!'llLH similar l.o (,host' dow'

Oil y,l'()~ (Bothil tI al: l!l!J:l) atul YA<l (Stof\clil1't., al. l!lOa) will ilH~;iHt.ill

obl,aillill[,; t.Jl<' (·lMIt,ie' (,()IIHI,illltH illldt'ild of sill1pl,v lilt' i1C'oll!1lic rHodc' fl't'qllt'lJC"iI'H,

Clllllptltatilllwi simulation iil1lClit's might. provide n I'[m;(l'1' IIlIH[c'i, siuiilar to

I.h(l~w fll1l1l!l Ior ('ubic 1'l'~'HlillH, ill which tlu-nuullv ,f',f'lll'l'att't] iUI.I'I':it.itin\:; run



1\ rompurlsou or t.ll!' I'<'stilts of till' dlllJ('([ and pure LaF:, HIIOW~, that. t.1l!'1'l· i}; a

Hip;nificllllt. ~'t ,:ilt'(,ioll ill t.hl' trnnsitiun t('ll1l)('r(ltll1'('~: '1'(' 1'01' ull r\op(·d l'1'y~:(.aL;.

Thr' rato of chanA(' of t.11I'"lastic' {'OI1Hl,illlt.:4 in puu- and r1opc'd LaF:1 nhovo 'I ('

and tIlt' artivatiou PIH'l'git'H oid,ail1(,tl from (.h!' Haman IlIt'(ISUl't'IlU'Ilt.s ill t.1l<'

superionic mil!!;!' woul.l StlAPpst that. t.ll!' snm« (I~.fl'ct rundurf.iun mochunism

()('('IU'H ill th(' suporioul« plJalw fot' pn!'c' illld dOJll'd cl',Yst.als,

1\ sligllt. dt-viul.lou fro II I It <jItHsi·IiI)(·HI' dl'(')'('ilS(' (,f' tIl(' lll<'ilHIII'<·d valli!'!; 0[' t':"(/lJl)2

ill tit!' Ilrilloulu ('XJll'1'illlC't1ts was llol.l'd ['{II' LaVl (:l.1i 11101 (Xl llaF2l nystal

lH'iow '1'(,. 11 claHsind lH'haviolll' for CII Iwillg IlH'IlSI11'l'd rOI' LaF:! (Ii mol %

BaF~) nYHl,nL

'1'111' olnstl« 1'011H(.nl1tH, ns alt oady SC'{'l1 at tuunerous pla('('~ ill !.III' lit!'I'lltUrc'. baw

proved to JJ(I V(II'y ~;('m:il,iV!' t.o loll<'cllltll[!;<' of phllH' (,J'allsil,joll tC'IllIH'I'IlI.l1l'(\ II.Y

provlously 1I0t.(,(\ hI til<' CiI'H' of t.il<' Iluorit« compounds.

TIll' fil.!.iup; PI'O(.(I(ltll't'H (1lIlployllcl haw provod (.0 \1(' useful ill til<' analysis of

Brillouin itud Raman I'XP('1'iIll<'lItal datil,

A Vl'['y impor+ant rouclusiou of (.11(1pl'C\~{'nt. study is t.hal. a small doping illlpli('H

it ([<'I'I'('I\f{(1 ill H1llH'l'iollic phas(1 (.('IllIl('l'iti,1I1'('S, "sdf.('OIlSis(.Plli. ('xplmlil(.joll

involves il ('0 oporativo g(llll'ratiOl1 of dis(l('Cl('(' oil th(1 Iluorlu« sl1hlatt.ic!'(H).

However Ill()(,jollal df(l('!.s of n Iilllit.('(lullllllH'1' of C[!'l'('cts could he' l'('s)lollsihk

lor t.Ill'IW <'Irl'!'I",

11~!



Chapter 5

Conclusions and

recommendations

only !JonII' of ('hl' prnmiuout [('atllt'('S nou«] ill Lltl' Pl'I'HI'llt Htllely will hI' 011t.llnr«],

Finally Hllggl'sLiollH will \)(' mad« which might. ilHNisl ill flll'till'l' work,

l':: '10., Conclusions

ell'n! of iufonuatiou nhout IIH' strurf.ntal dhHll'cl,'l' whirl: ,ll'vC'lo})('c\ ill thl' high

1,('1lI1H'l'itllll'l' HIl]l!'riouk }lhas" Ill' plln' and ,Iop,·,i La !o':, , 'I'hr Ill'PHI'1I1.Ruman

~iI,"dy is I.II!' lit'Hf, OIl(' which ('OVI'I'H I.hl' l'an,I',I' ui' I.hl' phww 11'<tIlHilill!:,

in



Using 1.1l!' Hakov uppronrh, similar value« fur adival.ioll ('I)('rf];~' nro ohtaiuer\

uhov» pIHlH!' t.rausif.iou, O.:tl <'V aud (),:W pV, I'I'S))(,,·tiwly, TIIiK would SIlt';P;('~t.

Ihul. tl1l' Halll!' kind of rondnctlou IlWcilil.llisllI b ilpplying to pur« awl dopI'd

l'I'YHI, tin III LllI' superioui« pha;;!', '1'111'Rakllv nu» !1'1 pI'Dvid(·s valllc's for adi ~'il

tiou 1'1.!!'p;i('.'Illimilal' Io tI!WH' I)hlaiw',l Ior niigrntion C'll(,l'gil'i1 of;' ; ,) It' fluorine

I.YP(' motion ai, etlllhi<'lli tt'llll)f'l'at.Ill'1' by Jonluu and Cutlow (1 !lH7),

TIt(· HII,!;I, important 1'11'",(,1.illl.ro(ill!'('(1 hy dilllll'r!P!' ill Iluoride« h-: that d!'f('ct.s

can l--ad to chaHAI'H ill ,loth polarj;l,ahili1.ic'H ilwl (f1'C'1'1l fUllctioll, Wh('l'<'ilH anhar-

1I1Ouidty dW,IIP;(I!j only the 01'(1('11 1'11\1('1 lou, TIlt' citaug<' ill til!' (h'('c'n function

arb,!'H fl'oll\ a. dHtllgl' of tilt' fun'!' ('OllHtiml.l{ to I.ll!' uoighhour«. Po\al'b:a.hilil.y

iH dlitllp;t'( I, bt'<'iltt~HI til!' ('!tlc! ron ic en vi roiuuout or till' )H'ip;hIHllll'H is chaugc1d,

unrl ht'I\('t' t.holr jlolitl'iimhility, TlH' ilnalYHiH ol' pulari:l.itLiol\ is ill its!'l!' it dillirul!

task Hill('1' Hhorl, mngcI (Hartley d Ill, I !l71) 01' !ong rallgc' (Chas« ('t nl. l!}7:~)

cl<IHcl'ipt.i()llll I'illl II<' aSllttlllt,c1 fOl' lllocll'llill,ll;, III addit.ioll to t.hiH, illtl'l'Ht.itiaJ

H.llet Vit('at}('J' l'ollt.l'illllt.ioliH an' <lilf(ll'(lut, ill tho (l1'e'('11 lunctiou: th(ll't'fol'C' thC'll'

('({kulal,ioIlH lIiffP!'.

Light 1l1l(IC'(,I'OH('O)lY itSl,Jf CHllI10(. dh;tini';!li~h 1)(·l.w('(·11 df('dH cltl!1 (.0 1Ulhill'lllotIiC',

ity aml e1l'fC'('10I1.i\ IHlHHihJI' way to obtain th(lHt' Ht')lltl'lli.t' contribul.iou« hi l.u

Ill.1Idy only ('11(1 (1(1'('('(, of allllilllllllllicily hy ('lahol'itlc' qunututn t1lt'c\mltics I.('clt

niqtlt'H and to rotupmv lilt's!' l'!"lll\f.S with :.It!' !'x]l('rinH'lltal vulues or FWIIM HH

WiI.H dUI1<' for cuhi« Iluoriu- !'I'ystals by Elliott dill, 1WiH, 'I'll!' d(>[,(·ct. (·ulti.l'ihn·

tiou to FWIIM run 11(1 also tit(lOl'C'tj"ally ca\clllat('(ll1sing til(' sumo npprouch.

No stlldy or this kind fill' LaF;t apP('i\I'H in til!' lit('{'ilt.lll'C· al. tilt' )In'St'lll, 1l10IlU'f1t..

I ,Ill
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III LlH' casc' of LaF:1 (2,1) mol (X, BaF~), only thl' behaviour of A1:1 (:JU:! em-I)

could he monitored, til<' errors in fitting the other two modes El:1 and E2!/ Iwin,!!;

too large, Figure ,1.Ui shows the shift 0[' A11/ mode with 1.1:(' Iemporaturo.

'1'1)(' variations ill tho FWIIM for t.he' Ala mock ill the case of doped LaF:1 is

shown in Figure 1,1G, Another typc~ of behaviour is noted which cannot 1)('

described by Klemons-Bulkauskl equation. A fit haN!'(i on tilt' Arrhenius model

above 8(lO K gave an activation <'IlI'I'gy of (l.an 1'1/.

4.3.6 Comparison of Brillouin and Raman results

'1'11('agreement between the temperature at which FWIIM of tlw A1[} Raman

mode starts to ris« and j,Jw tompernturc at which suhstautinl (h~C'l'c'aH(, in (~Il

('lastic constaut OCCIII'S iH very good in Llw casC' of pure LaF:1 and Ln.F:1 dop('cI

with 2.fi mol % HaF',l. 'I'he romhiuatiou of Haman and Brillouin t('c]lI1iqu!'s pro-

vldes 11 straightforwarcl mel.hod to cic'L('l'lllitlC' '1", as it, is shown in Figlll'l'H 'J.l7

and i1.18. The iufonnutiou ohtain-«! Iroiu both tcchniquos is complomcnuirv,

th(' eomhined data providing a 1)(·(,(,(·1'evaluation or tho phaso transition !'('Ill-

}lC'mtnl'(',

T1H' abnormul slight, ct!l'Vn(,\lI'C'H which O('C't1I'1'c'd ill thc' ]>('I1«\'i.)(11' of til<' ('lastic'

constnn] ell and FWHM ohsC'I'v('d ill La1<':1(2.fi mol % BaJ<'.,.l)comparud to pt11'('

LaF:1 (Fignros 11.7 an.l -l.l D) corrohoratcd with tlll' hehaviour of Ir,r/ Haman

peaks would slIgg('s(. t hat all adeli tional COli tri hu lion (\'(,J'Y }>ossihIy a clt·fec!

PI['c'<'t,) appC'ill'H (,0 hI' startill,U: from amhk-u! I ('1l1])('l'1lIIlI'!',

l:Hi
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