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Abstract

The crr\'l'ls llf Hll',tioll-lral1sbtillll (R,],) r"uplill~ in s"lhllll\'lh;\Iw (l'll,1.

cspt:dally ncar thl' 1-11 ph'lS\.' transitiun. h"w hn'n iUWSli!!:tll'd lISill~ III\' tl'l'lmiqu\' "I

high resolution Rrillollin SPI'clftlsc0I'Y. Largl' singk lTYS1:lls "f 1ll\"h;lI11' Iwn' gro\I'1i iI'

;I liquid helium \:r)'o.~t:11 and werl' suclT.~sflllly cOllII'd t!tIII'1I hI 15.5 1\ Il.silig :1 nUl'd

cooling IcdlllillllC. Laue X-ray diffr;lctillll pholllgraphs \\'l'rl' lakl'll 1\1 drwrlllim' l'rysl;11

quality 'l1ld the orientation of the nysl:d ;IM'S. R,ldi;llillll fnU\l ,Ill :'''gull !;lSl'" was ilKilkll1

along the axis oflhc ccll. whik the scaltcrCl[ mdiatioll \V,IS an,i1yt,l'd al'.~r' II)';, Ilrillouill

spectrometer.

The lcmpcr<lturc dq/Cll(IL'un: of the <llli:i1mtir l"Ia.slk ullI.Slalll~, Ow da.\1Il

OJ1til: cOt'fficiellls, the hulk Illoduli ,111<1 Sht'ar llwduli h<lVl' IIl'\'n dl'h'nllill\'ll ill IIIl'

temperature r,lllge i~.~ K < 'I' < \}u.-! K. TIn' l'Iil~lil: l"l11l~tilills ,til sh"w ill'1l11S1il'

.momalics "t the transilioll temperature of 211A K. II lhemetical ,lllil1ysis hilS .SIU1Wll l!lill

these ,ll1ol1l;llic~ arc t:nll~istcnt with a dct:rc:I.'i.C ill 1<'1' t'llilpfing hom til\' hi~h 1\'11I11\'l:Ilun'

phi.l,~c 110 the low tcmpcr<llufe pha.\c II, Thwugh ,Ill an:lly.si.s of i1l"oll.~lil" vdlll"ilir.s in

high symmetry directions, CH, -II has .ShOWll a .strong similarilY 111 Ih\: rille ~as slilids.

espcdally argon 'Itlow temperatures,
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Chapter 1:

Introduction

/./ ONIJfN-IJ/SOIWEU Pll"S/;' T!MNSITIONS IN MIJI.H'/IJAf( ('Nl'.\T..H..'i

111C main emphasis of this Ilwsis is ,I Sllrdy of thl' lInkr-disllnln to Il) pll;!.o;<.'

tr;lIlsitioll in CII, using the Icdl11lquc ur high rc.sulution IIrilllluill S!W\.'lflIWllPY. This

transition ('ll 20.4 Kl fro1lllhc high ICmpl.:rallll'C phaSl.' 1111 the luw 1l'lIllwl'alll1"t' pllas\' 11

hus been 0: I1\lIch interest and confusion ill the p:lsl, cwn wilh 1"0.::_]1\'\'\ 10 ils "nl,'!. A

vcry brief lcview of 0-0 ph:ISC transitions in mnkclllar s"lids will 1I0W Ill' g;wll.

Every crystalline solid is charal:tcrizcd hy a (ll'rilldi,,:. ll,n'I' ,iiml'lIsillllal

array of atoms in a bukc. '1111; ,HUIllS (llr ll1oll'clllcsj :tIC. howl'vl'r. lIul !.~l·lu.. r;l1ly fLs\'d

in position or orientation with rc.sl)C(;1 10 the otller ;llollls in Ill\' lalliee, 'l'lIl'I\' ;111',

I:onsequelllly. two typcs uf onler assm;iah:d with an O-lJ ph;lsc trallsilioll: (II plJ~jli,,";il

ortlt:r, in whil'h molecules arc hindered in their uhility 10 move 1'1'0111 sitc 1" sile ill Illl"

1:11I1I.:C unci (2) orient,lliun'll order. where Ihere is .. (/!.'I.:l"C;N: ill IJIC IItllllhl'f lIr 1lf;1:1I!'I!i"II.\

the l1lolccult:.~ c,m occupy. When discllssing ll1olccuJ"r solids, cach plla~l~ flf tile crY'''lal

is ch'lmcterisl'd by the amount of order or di~lJrdcr inherent withill lhal pllase. III IIII~ I:a\\:

of meth;lI1t:. the rOl:llions uf (1 of the Xnllllccllles inlhe IIUil 1:c11 ;If!: fnll.Cl1 (lUI in ('11,-11,

whilt: <III X molecules have rotation:!J freedom ill Cll.,-I. The I-II Jllla~e Ir;111sili"l1 ill



1tlc1lwlll: i\ an c.,alllpic "I a pure order-disurder lransitiun in which lhe fcc laui..:e

cIlnfij!lIraliou n"ln:,ills the .~amc in ulllh phasc I and rhase II, In other tWllsitious the

illCl'l'aw ill "rdc, is lIsu,llly abo accolllp.mied hya slruclural chauge (all e:"<lmple being

III\' ph:l\c II phase lillclr;lgonal distortiun in CO.,). II tYllical O-D transition then can

11'I'plllt'lynriclilatil>llaJ.lllIsition;1I,nr;lmixlllreofuoth,

M"sl pha~l' transitions. regardless of form, :Ire dllssified nn the basis of

Ihdl' IhenlludYllaluil' rlt'lllwni<.'s anti <.:hangcs during lhc transitioll Ill. In <I typical 0-0

II":lIlSiti<lIl tlw (iillils frCl' I'n~'l'gy (G) val'ic.~ ccmlinllously, whereas many other

tlH"nll,~IYII:llllil' Ilrulll"llll'S sud I as l'nlropy (S), volullle (V), ;lI1d heal capacilY (Cp )'

ull,!.-r!!" (lisl"!llllilll:I'US dlallgl'S during thl~ Ir'Il1.~ilion. The plHlse tl"ilnsition is dassified

;11'l'ordiu!! 10 lu,w tlil'sC LJu:lll1ities :Ire relaled 10 the Ilerivmivcs..:of Ihe frce energy. \Vilh

thl' 1"1'1'(' I'lll'r!!)' given hy (; '" JJ - TS lH being Ihe enthalpy), and dG = VdP - SdT.the

foliliwing rel:lli(lll~hips exist bctwccn the fir,~t ,lUll sl.-'I,:ond derivHlives

(aG) _V
ap i (~L'-S

(a~~TH¥rL .Va
tl.l)

I kn: C/'" a, ;1I1d p, :Ire thc 1K':Ltl'apacity. volulllc lhermal expansivily, <lnd isothcnmll

l"llllll)rl'ssihility rl"'pl'l·tively, A tl'ililsition is called first ordcr if there is a discontinuity

in llll' first llL-riv;lliw of lhe 1'1'1.'1.' elll'rgy (i,c, in volullle and entropy), and second on:kr

if tlll'rl' is a disl'lllllillllity in the SCC(lIHt derivatives (i.e. in heat capacity, Va, or VP).

A sl'l'ntHl Ilrlkr tr.\IIsitillll in whkh the hem Capacil)' goe,~ to infinit}' as the tr;lll~ition

tl'IllIWl";UlIl\' is approal'll('d i.~ ,giVl'II;1 spl'l"i:llilallll', a it - If;msitioll, Clusius ':1 Ilolkcd

Sill'll an :mllm:Lly ill tlw I - II lransilion in (,H~,



Orde,. Parwul'r(',.,\,

Thl' !il~r:lll1l"l' nn the th"IlI)' l1fph:ls"lraIlSiliolls is \''lSI. TIll' IH;my din,'ll'llt

~·r)'.~t;J) .~)'ll\m"lri,·.~ :lml dll'llli",i1"lllllpnsitil1lls haw ~r":III)' hilull'l','d Ihl' dl'vl'1"I'l1\I'lll ,If

;1 gelll'r;I!thl'llry whiehl:n..:omp;\sS\.'s;lllmoll'l:lIl;lrsl",,·i,'s. !!I"W\','r iIIIIHI~II1,'II""III:11

..:ryst;Jls, lhe pas.~age tlf the solid through Ilh:ls.. Iransili"ns is an'''11lI'ani,'d hy .-llall!!I·~ in

symmt:lry, llllhc higllerlcmpcralure phasl'sa 111111l'l'ull'r:IIl""'lIl')' IlI'lIl'lh;Ul'lIll''''llir,'

Sill', and hl'nn' ther~ is;1 1I01l-1.I'm pwh<lhilily lhat il I":UI bl' (Illlild 'II :111)' sill' in th,'

!;,uicc; Ihis defines a disonkr.·d .~lall'. III Ihe !nWI'r 1,'ml'"raHU\' phasl's. 1';lrh llI'lkrllh'

OIXliPics its OWIl sil~ with a pl'oh;lhilily of IInity, whil,' lh,' prllh:lhility "f il h,'illl!:11 ;IlIY

,'lher sill' is 1-<:1'0; this is an unkrclt Sial,', TIll' lran~ilillll h' 1lI1l1,'rulal' dislll,k'r is

;ll,:cOlllplishelt hy Ih,' ll':lI1sl:l1iollal III' rolaliollal m(llilltl Ill' till" lIlokntks ill llw !:Iui.....

COllsider the case or CuZu'" whid,. ill lit" order\'d ph:t'il:, has a .~iU1l'k nihil' I:ltlin' (('II

alOIll :l1lhe ":1'1111''':, 2n .llolllS;ll lhe ":Ortl.-r,'i of th .. ,,:olll"'lIlioll;t1'"I'lIl. Wh\'l1 'h" solid

cnlcr,~ the disofllcred phase, the lll11k..:uJc l;;tiIIS nlt:ltil'Il;11 rrn'l!llIlllllltill111111 till' {'u :lIlIt

Zn :tloms can occupy any laUil'e site with cqll:tl I'rnll;lhility. This illLTI':lsI'd 1'01:lti"l1

illlroau..:es a new lanice vector 1Ul(lll'ansforms thesYllllllelry Ill"lheerysl:t1lalli..:e III h(~ly

centred cubic, On lhe olher It<lnd, ill lhe high lernperaillre ellhi~' plta.~,' IIf lIa'I1f1, /11;1

aloms at the ,'Ofl1ers, a aloms :tl the r;lee ..:elltre~, Ti ;tlolliS at Ih.: euhc ":Cllll\", WIt,')1 lite

solid is ..:noled through the ml1lsiti\lII the lilaniulli alld oxygclI l\lllVC relalive til Ihc h:ll'illlll

<.Itoms along the t:(tgcs of Ihc ..:ulJc. The result is an ordered ph:lse Ilf lelr:I!!IlIl:11 SYIIIIlll'try

111 the ll)]tl'.'i Landau'" itllt'(lllm:ed:1 qu:ullilative :11I:lly.~is of I11C SytlllllCllY

ch;ulges which accompany phase tr'H1.silioll.~, lie illtl'Oduced 11le ":OIl":Cpt 01" WI IIIr1er

parameter 11, which is a physical IjlWlltily 'hal lakes IlOIl-/.crtl values 11'1J~iliv,: 01

negalivel in the unsymmelrical ordered j,hase, varics ":\l111iIl1l(JU~ly 10 ".erll at tIle lr;lIl,illllll

temperature -r,. and remains zero in the disordcn;ll phase, In the ca~e Ill' (\1/.11 lin: OIdel



par<llllel,:reall he wrinen in lerms 01 the [allil.:c.sitc prouabililies via

(1.2)

whl.:re Wt:~ :uul Wz" art: tlie prohahilities of finding a ell or a Zn :1l011l respectively. at

a givcn Iiluice site. Following Lmdau's Ihenry HU", in the region ncar the phase

tnmsition Ihc fn'c clwrgy G(P,T,rll is expanded in tcrms of the order paralllcter T'J.

1,'1'0111 Ihis expansion. along with cerl"in syml11etry arguments, it can be shown lhm for:l

sn:und llreln Iransitiull there is:1 discontinuity in ,ill secllnd derivative ~Iualllitics ,~ueh as

Slwcific he;ll. cllIllIHe....~ihility and volullIc cxp:lIIsivity. The first derivative quantities. sm:h

<IS Clltflilly, n:lllain ~'uillinllulls, First order InLnsition.~ arc descrihcd by discominuitics in

entropy :lIul volumc accolllpanicIl by a cOl11itlll()ll.~ varialion in the heat capacity.

In lhl' disl'll.ssinn so far the Imler panlilletcr has ocen a molecular

displal·l'll\etlt.l'ilheflr;Ulslational or ml:ltion;il. The syJllmetry orthe cryst;ll, howev~f.l;'ln

II<,' 1'l'lllIl'cd hy till' onlcring Ill' other physical parameters. Ferroelectric transitions ,Ire

dmracll'l'izl'l1 by lhe introl!lIl:tion of a .spont'lI1eous polarization p. wnile ferruclastics arc

nallll'd Ill'cause till' transition e,lUses an induceo str:,in e. Otner transitions may cause the

I'rlT/jllg OUI of ,~llel'irie phullon cnordin,lles in high symmetry directions. Large density

1l111·tllalillns 1ll':U' sl'col1d (lrdcr phase trall.~itiollS arc common allli in turn produl.:c

;l:'nlllaiks in lhl' llil'll'l'lric constant ami the illdc.x of rcfraction. In light SC;lltcring

l'.xpl·rillll'nlS lhesl' :nulIll;llil's C'IlI.sc the Rayleigh intensity to im.:rease drastically. For lhe

s]1wifil' l"l.~e of Ilrilll\uin sl'altcring, dmll}).c.s in the il1lCll.~ity of different phOllOlll11odes.

till' OIPIll'ar;lUCl' ur diS;I]1I11';lf:mce 111';1 tran~"crse mode, or sudden changes in the phonon

fn'lllll'lll'il's 1ll;L)' hl' noticed, A Illuch morc detailed discussion of possible al.:oustic



!I('(J/{slic SfUdi('.r Nl'lIr Pitasi' 7i'I/I/S;rillll,\'

ultra~(lnic nll'asurC1l1cnt~, yil'1d illlpl1l'lalll inr"nn,l1i,lIl "hOIlI ()·I) I'h,l~l' Ir:llI~ili"II~.

Al:Ollstil: I11I'a~urt"ml'nl~ ,II'", USI:d 1\1 dl:tl'r1l1illl' Ill.: daslil· I'Wlll·l"lk.~ til' 111\" ny~t"t hy

mC:I.~llrinA! Illt' t'lasti.: n'sp"lls,: fUllctilli1 t]IUllkl·· .. I.a\\· 0,," L C"~ICIi' .~I·I· l'!1:lptl·r.!1.

Thl.: I.:laslil: l:1l11Sl;l11ls, as wl'll as phllt\\lll v ...·lo(:ily pl\\l~. 'Ire \I.~dlll <llId :1f1'\Ir:II,' hlllb ill

deterillining th..: lo...::lIilln of thl.: Iransilion 11·l1\lwr:llnrl·. '1"" TIll'Y ...·all :i1Stl I...· IIs...·1l I"

(ktennillC thl.: plwsc diagrill11s alld the onkr (If thL' lransilioll. (If ~n':n illll'n'sl .11\' IIIl'

fcrrocla~lk lrallsilitlils whl.:re lhl.: strain is the llld...·r p:lr:lIll\"ll'l~ Iwr\' 1111' :u1\Il1Ialks in 1111'

However in a gre'lll.:r numher of l1\oll'l.:ular t:ryslals. illt:hnling Iht· l'UI"I"\'1I1 wurk tlIl

mClhane.thcSlr:.linisnolthcor<krll:lf'Ill\l:ler. III <l\';lSllllajlll'ilyllfllll·St'\·O\sl·slIl'ill,.uili

scaUl.:ring l:atl still be used bel::luse I1rlhl.: Slftlllg l"lilpling whit:h exists IIt·lw....I·lIll,,· slraill

,lilt! thc order parallll.:ter. The resliltill~ ,1II111l1:llies Illay IlIlt hI' as slrulIl:! as ill 111,'

fcrrodllstic l::ISC. but tlll.:Y slill warranlthcorelical ",onsi(kraliull 10 lklt'rnlill\' 1111' v.. riull."

coupling parameters.

For II Sl..'t:und Oft!er 1r:lllsition, lhl' lh\'llrctical al':llysi.~'" 'If 111(' cl;lstil:

t:onstant obsl.:rv:ltiuns c;m b'~ tkrived frOI11 Landau's lheory wlil~rc lhe fll'e CIICI'~Y dt.:llsily

is I.:xpandcd in ll:rms of the order p"r;nm..-tcr '1:

fl ..l1

Keeping only the lowl.:st ortlcr tcrm in G(P,T.'l)). :Uld thl:1l perf"flllilll' :1 lil~l nllle!

eX[lunsion of a(p,n in the: vicinity of '1',. l1ivcs

a(p,n = a; (P)(T - Tel CIAI

There ..1ft:. howc:ver, lWO Olhcrl:tJlllribUlions lU lhe I"ree encrgy. ThelC is lht.: "twill CIICI~y



LC"lIllillllli'lil iCoe2 i11ld tlll':l,;'Ulp1illl! of the strain to Iheor{kr parameter whio.:h inlrodUl:es

'H1illle!";lo..;tillllll:l"tlIl,'ivcnhy

(L5)

rill: dhnlssiou hl:l"c is kept silllpk by dlOo.~ing to work with a t:rystal

slr,lili in OIW diuu..:nsilill. The results fill' Ihe three dimensional case ,Ire the same, except

r"r 1I1:IIIICIll<llil'al :-.illlplio..;ity. This argulJlel1I may bt; 'lpplicd \0 lhe Ihree dimension"l c",se

lly <lllplyillg Ihe ;Ippnlpriatl..: .;oordinale frame rolation.

Fell' hililll:ar cUllpling helween the order parameter and slrain only lin: fir.~t

11'1I111l!" Ille illlel'aetilll\ is t1ullIinanl ( i.e. Ow" Fell ), These forces of interaction :lre

pmpll1'lioll:i1 !lilly III lhe straill, and since there arc no other forces, implies

Nllw 111l' l:CIlHhincd cxprl'ssinn I'm G(P,T.ll) is given by

which, llptlll.~lIhstitlltilill into (1.6) gil'l's

This givl's ,Ill expression for the onkr parameler nUclllation:

(1.9)

WILl'll' X'I is till' mda Ilar:lllICICl" Sl1SCl'!lIibility defincd b}'

(1.l0)
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which. Upllll suhstilution of (1.9) givc.~

1l.lll

cl.l.Il

This c.~pr~,~SiUI] shows that till' d"fl'ct til' OI"ller parallwtcl . straill l'lIUpljll~ is t" l-auSI' a

rct!Ul'tiOll ill thc clastic Cllnst,lIlts from the Ilis(lrdc!"l'd tll tlll~ onkn'd ph;ISl'. '11l<"

relationship is giVt.'1l lly

where thl: final e)(prc.~sloll cmplllYs CqU<lthlllS /1,101 :Ill/I (1.71.

TI1U.~ in the bilincar coupling rqinll:, the c1astil: ClJllstallts Ilr"I)(: dil\'ctly

the order parumcter sUKcptibility, This ill turn provide, SlIllie undel'st,1I111i111! or til('

llIob;ular dY(l;llnil:s ~(lvernin!! the transitioll. 11 i, il11port,lIlt ttl !loll:, Ju,wevl:!, Ih;lllll('

clastil: l:oupling is very mudl dependent on the type of order paraliletcr. lumally l'a~\:,

thc coupling may not be bilim:<lr hut qU<lllratil: Of l:uhil: in 1I,Itilre Jll tlii~ installce 1111'



cJ,l~tir allomalies l11ily not he as pronounced <is in the foregoing discussion. In many

C,I\<,;, till: tnll1\ili<>Il can hc noticcli more I:<lsily by lookillg <II spl:l:ifjl: combilwlions ofthc

cJ:!~tic I:UllSI<UILS. Some .spccill1.: cxamrle.s indude tht: 0, - 1"1 tr:l1lsition in NH~CII'lat

T=:!<1J K, where the I1l1lre prOllUuneed anomaly occurs in ell .,.2C12 For the 0h - D.h

ll':lnsitinll in NI Ilir If,. "I 1'=2J4 K, the anomaly is !!iVCll by Cli - Cu. In these ca~~t:s the

strain I.:'lllpics ,0 orient:ltion of the NI-ll telrahedron. For the [ransilions ill SrTiO,1 (Oh-

D lh <II T=IIJ5 K) <7_lO" and BaTiO\ 10". C~. aI T=4lJ! K) <I", [he order p,lnllllclcrs me the

ol,:[ahellr;i1 rotation :lIul clcl.:1ril.: (luhlriz<llinll rcspel.:tivdy. Within this disl.:lIssion, tlK-

h'n,,{·bslil.:s cumpri.'il· an illlpnl'1anl class ur materials wht're the strain i.~ the ordcring

qnamity, III t111;se case.~ measurements of lhe elaslic l,:ollSlants help to delCrlllillt: the sort

:!l.:lllJ)'lil.: phonnlls. :lnd hence Iletenninc the spcl.:ifjl.: planes ,mel Ilin::l.:tions in whkh lhis

mOlle snftelliug OI.:I.:\Ii"S, An example of lhis lype is the 0,,-0:. transition in KeN at

'I'=IM~ K. ·111e ordcrinj! strain is e, = e4,cp e6 , ,lI1d the corresponding el:lstie anomaly is

Sl'l:n in C44 • llrill11uin .'iC,lttcril1!! e.~perilllcnts l.:;J.n dearly he;J. valU;lbJc prolJc in studyillg

lhcst' lypcs uflJlHlse lI',ul.sitiolls.

1.2 Mr;T/lilNl:': A LrrEuATUNE Ur:I'IEIV

Thl; slLIlly of 111lliccular sui ids is a vast and evre growing subject. In recent

times, hll\\'c\W, no 11111!cl.:uk ha.s at1f;ll.:tel! more attt:lltion lil,1ll l1lclhane, i,e. CI--I~. or lhe

dl;lIl1'1,1l~'d l,'UlllllllUIHls - ell,D. CHID:, CUD1. and CO.' MUI,.'h of the t:arly work with

1ll11!l'I:ul;lr nyswls \ViiS dnne on the rare gus solidsll:1 because of their molecular

s;lIlplkily. While CIIl is not a rare gas solid. il does c011luin many of chamctcristics of

;1 .si1l1]l1c s)'sl~'rn SUdl as :! dosed e1eClron shdl. light internal bonding. \lIeak coupling

III:t\\'I,'\'1I Il1llkl'lIlcs. and :111 ;,IIllIlSt sphcrically symmetric mokclilar structure. The rJrc

gas mllst dos.:!y re!;l1el! [0 lIlcth,1llc i.s ar!!on. as may be seen through :1 comparison oflhe
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is Jllam:k"s l:onstJnl. 0 is Ihl.' mul'~lllar \lkll1l1:tl.'f. m is III," 1l1:1S.~. :nul r. is Ilw Ikplh t.r

Ihe immnuln:ul:u [IOII.'11Iiai \\,,",1. fo.·klh:ll1l' :I1Stl ~'xhillils htllh nllalitlllOll :mol U;lIIslali"":l1

1ll000ks whkh provilk a lugical CX1I'llSitlll Ilf il.kas ,kWI<I!""d using rJI"t.' go's Slllills.

SOl\)~' nf thl.' lirst exp,,:rillwntal wurk with lll'·lh;lI ...· W;L~ ,1"11,,' loy I'hrsilll<o':'

in Ihe laic 1920's while h')'ing In wrif)' ,h,,' 'l1,ird !.;l\\' nf ·11".,..nlwl)'l1;ul1io:. lIis h,';ll

c:lp;ll:ily measuremcnts shuwed tWIl sln1llg .1. I)'fl\.' ;llll1l\l;l!i"'sin ('Il, ,II 27.1 1\ :11111 !.!..ll

K. while only onc ocl:urrl.'d ill CI-I~ al 211.4 K. 1.:11,'1' ,'alllrinlt'lrk Wllik .1' "., Illll "111)'

confinrll.'d this. but rnutHI IWll phase Ir.lIlsilillns in lh" Illlll:r ,klll"ral,',1 1I1I'll1<1IU'S ulld,"

zero pressure, Thc phase Iransilillil 11.'11lpl.'ralurcs of lhl.' Illclh:lI\l.' iSOh!llI.'S an' ShOWl1 in

Tallie 1.1. II shuuhl be Ilulil,;ed how Ihe l,'mperallife ur f"Slll"~'li",' Ir;lIl~ilillll.~ ill,n'a.w~

wilh the ;1l110UIll of deliler.lliull. FWlIl lhe CII" plwS\: Iliagl"illli ill l'igmt' (J .11, it ,':111 I...·

,.~n that the pha.'iC II -phase IlIlralisilion exi.~ls (lnly 111 pn:sslIn.:s ;IhllVl.' II,::! "hlr':".

The discovl.:ry of IheSt: lransitiulis dill nlll spm" lhellrl'li,':,1 iUlt'l\'\1 ulilil

ItJ5tJ. when James and Kcenan"l1 UK) publislM.'d their fanlllllS pal"ICr ullthe IInkf' tliS<lllk,

phase tr.msiliol1s in CD~. Th~y cmplu)'Cfl a classio.::tl mc:m l1.:klllppruadl. '1111'tIIWllII1ll1

lIature of the rnolt.-cular mliltions W'JS nq!k."\:lcd ;Ulil lhey railed I" irKllrpClI':llL' 111\'

o.:onsequences of nocl~ar spin o.:ullversiun. The inlerno.:liull W'oIS as.";lIlllt'tl In 1-.: a lIt':lt,'lot

ndghboor Ql;lllpolc-octupole polI.:nlial. the octuJXl1c heiug lhe JUWt;.\1 lIC111-vauishill!=­

mullipok moment for u lelmhl'tlr..1 dmrgc dislrihulilln. Frlllll Ihcse OIssmllplil"'S Ihey

Compound PhascTransililill 'l'clIlpcmlllres

IIIHII IIHI 1~liqujil

CH, 20.4 'X[J,7

CH,D 1(1.1 B.I '}lIAI

CH~D~ 11).1 24.9 ')0.17

CHD, 20.9 2(,",1 XI).%

CD, 22.4 27.2 Xl),7l!

Table 1.1: Phase lr.lnStllOn teffillCrJtures fur methane and liS dCIlH:rJled ISU!upo,:s.
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ei);!hl sublallil:e .SlrtlL'lllrL', in whil'h Ihl\'C HI' f"ur nlOkcuks al,,' Ilril'lIl:lli"n:llly "l'll,·l''''l.

while tIll' othcr dis\lrt1l-n.'d l1lokl'ulL' mainti\ins till' sy11l1ll,'lry "I' !lhas-' I. Fin;llIy, ph;lS"

same way, Thl': rn,'llkti,'IlS uf ph;,-~c I and II wnl' lalcr r'lIl1'iruwd hy Ill'ulf""

sC;lIIerillg"~""'1Iand X·ray (liffractillll,~"u:I'for hUlh ('II, ;lI1d ('I)" t'h;IS<' t is li:r wilh Sil,'

symmelry m.1m (Oh) :lml ph:N' II is kL' with ,mk'l\'ci sill's h:t\'ill~,'YIIUlh'IIY :I~1Il tll:"l,

The structure Ill' phase III shows a slighl Ictragunal disllll'!illll, wit I! :1 vllhlllll' l'h:lIlg" "I

Il,S4'i'<'~h; Ihc cX;lcl poilll and span' grnllJlS nlllid IIl1t Ill.' d,'l,'l'Illilll'd I'nllil Ih,'s,'

e,~perilllel11S, 'Illl': ,S1rUClllre Ill' CII,.II is shown in figurc (1.21.

The JK modd could ollly he u'iCd ljualitaliVl'ly illiksnihilig 111\' stali"li,';l!

mechanic,s of CI·I., Due 11) ils sm:llh,:r 1I1l1l11CI1C of illnli" (willi rrsl1l'l't III ('Il"l. 111l'

libratiol1al cnagies aTC Illuch grc:ller, ;u1I1 hCllce Ihc llIokcular rocalions IIiUSt I", 11"':lll'lI

quantllllllllt'Chal1k:llly, This problem W:IS lllldel't;jkell Ily Yall);[nlllill ,llltl his l",-w,u'kns

in a series of pape!'s helwecn lIJ73 allli IIJ7X.'~:' They wer\' "hk tll ohlain qU:llIlilaliw

c,lku!;lCiOl1s of thl': cryswlJine licld as wdl ;IS llie Uril':rll;ttillllalll:lllllf 111\' rUll'lmull-cu!af

ililcractioll, 111is new Hamiltonian was thell suIJsCiltlled ill10 lhe allalysi., Ill' JalllCS;[IIll

Keenan to give the Extended James ,md KcCn,llllllllf!c1 (I;JKj, l.ike IlwJK Ilullld lhis

eXlended picture showed lhat CII.-1 and CI[.-II are is'lllIlll'pllic l'IIIIl: f\;sp,'cliw Ilhas,'S

in CD., One of the most important conclusions In cOllie 1'1"1111 lhis allaly.~is, how,'vn, is

th,lllhe t - It Iransitiolllllusl be lil'slclnler, This fact wascl!lIfirmed lall'j tlu"lIl!ll x·my

meaSllrCI1lCnl.~of the volume cxr:.lIISiml and laaire rarall1ele,.s.'~'I!~"j

The dynamies of the pha,se 1- phase Iliransitillli in 111C111:lllehas:l1llaCIl:11

much experimcntal uUention, 'nle early infra red'tl,n~"2"';UIIII<;1I11all'~I,wllik wele thc fi',\1

to predict the f!.;l,; slructure of phusc I and phase If. l.atcr Il1eaSllI'C11I<:nh 'II till: 11<

"



Fi~llrc 1.2: Structure of CI1~-1I showing the octahedral symmctry (sp:ll:e group Fm3c)
with a disordered molecule;l\ Ihe symmctry centre. The ordered molecules have different
llrimlalionseach with site sYlllmetry 42/11'

sJlel'lnllll(.:>I\I~) showed frcqueney r:.ltios consistent with the theoretical predictions. while

thl' overtone bmlCls in phit.'ie II showed a full vibmtional structure (comainin!1librations

:lnd full Tlltatiorl.~) consistellt with its pilrtially ordercd structure. The anti-ferrorolalional

strurtnTl' was also e);hihitCj,l through measurements of the dielectric constantl
"') iJnd thc

Sl':llIl'ring 11~ incl1l1erl'nt neutrons' III, lile hiller of which calculated thc energy Icvcl.~ of thc

frl'l'ly Tlltatillg 0h molcl'lJlcs :lI1d the tunnelling ,~tatcs of the ordercrl T~ lIlolc(ulcs. All

thrl'l' uf CD~-I. CD,-II. ;lnd CH,-1. showed no notice<lble bircfringem:eo:l, accept that due

tll intl'Tnal stmin, (,D~-I1l, howl·ver. was l1l<trkedly birdringent, consistent with its small

12



Iclragoll:ll ctiswnioll, CH~-II did ~'xh;bil a small il1\Hllllll 111' hil'l'frillgl'n,'\' ill 1111'

h.'mpcr'llur..: r'lIlg\' 17 K - ::!ll K, whik al lo\wr 1n111Wnl1UIT,'i lh.. dl't'l'l diS"I'!,""lI-,'d, '\1

dev;llnl pressures llll' hir~'fri\lgl'l1l"l' ill CII, rl'SlIllll'd ill phaSl' Ill. X-ray ditTrilrlion':'"

prOVCIllhallhis Wi!St'Ollsislt'lll Wilhllwll'lragllnill isul\lurphkslrlll:lln..'s"I'('II,aIHI ('1),

in phas~' Ill. 1...klh.1I1l' lVilS alsll Ol\~' uf llll' first moll','ular .s,'litls hI hil\"\' ils I'hilSt'

lransition slmli..:d hy NMR SP<'I'\roSl'Opy. TI1l'se l'arly r,'sulls \\\'n' lIht.,in,'d tnllll sal1lph','i

n:sults Ill' Nijnmlll1i!!.'''' h;lve produwd lhe lIlust iln'llrat~'l'haSl' d;a~rartl "I' ('11, III dilt,'.

above (l.2 kbaT, while 111l' cxislelll.T!lr ('II,-IV WilS rllllllli al pn'ssnn's ah'l\'\' J kll~lr. 'l'll\'

complete phase diagram of CII" is shown in rigur~' (1.11.

The ;lllsence of phase III al zcrn pn,:sslll'e, is .1 char'll'lnislir whidl

dislinguishes CJ-I. from its rleuterated isolO[1es. It was, 111'VCI'lhdl's-s, bdil'WII Ihal Illi early

thermal incrtiallleilsurelllelll round "t ') K was imlcc(ldue llithc lI-l1Ilrallsi!iHlI."" Thi.s

l'ollclusinn seemcd wdl founded whcn e)ltraIHllil1ill~ rnlllllh~' It-Ill UallSilillil h'llllll'l'illlln's

of the olher dellleniletl species. NMR e,'lll:rillll'nlS "n 111l' Ir.lIlsilillll II'lIll'l'ralllrl'.s ('Ill

CDJ mixlllres'4U'" have ;tlso extrapolated ,I CII" II-Ill trilllsitioll ilt . ,') K. '1111' Il'sulls l'l

x-ray diffraction and neUlwn sc,lllcring, however, h<lvc di.sntisscd Ihe e"i.sll'uu' 01' pIt:!\\'

III in favour of rhilsc II slructure down 1<1 (I K (at I.eTl) prcssure). 'l'I\t' IIucsti'1I1 Il'lllaillS

as 10 what caused Iht:se early clltro[ly'lnumalics, 11 is kllllWIl thai ('II, cxists illtlncc Slliu

slale,'i, A f1=<OJ, T (l::I), ;nJ(1 E {[=2J. In Ihe hegimling, intelCllllvcl'siulluf IlilTer~'lIt ~piu

s[lecies was dismisscd a,~ a J1{ls.~ihlc explilnalion IlCcillise lhe Illagniwd\: uf tire l:1I11"py

measurements were so .small. Me'l.surelllcnts of the nw.:lcilr llJilgneli/alilJlI'~"Wl'H' al,\"

sm'IHer thun Ihe predicted values for tottll spin conversinll. elide £li!!."" cXilllIim.:d 11ll'w

differences under lhe assum[ltion Ihm llilal convcrsiol\ d,,,,:. 1101 occ\lr. TIIl'Y ~lIgl:'es','d

Ihill there must be .. fust conversion of the llisordered IIlOIeCUleS ilud il slllw clll\velsiHII

"



11I1l1cf1;tkcn"~':l1lis analysis <:ondud<:d that the cnl1vCT,~ioll was duc to a coupling of thc

illllillllO.lcl:ular lliIH,It:·,tipolc inlcra<:lion :lnd the interJ110lccuhlr O\.:tupole·octupo!e

illtCl"actiull. '111<: llicory was fOllnd III be in guml :.lgreclllent with both thc tlu.:rmodyn;unic

and lludc,lI" m:ll'lIctil.atillll I"esults, and has been cited .IS the e,~plan:ltion of the carly

<.:.dorililell'ic IlH:asun:lllcnts. Thu.s CI l~ cxi.~l.s ill only two phase.s, but <':;lkulatiull of thc

CII""gy kvds is mall.., o.:.~tr"'l11dy di(fjClllt 11l'C:llISo.: or this cOllver.sion pro<.:css. where

illll'r:I<:lioll wilh phlllHlIl prlll:csscs is nlll nllllplelo.:ly knowtl, Much work remains if the

lHol,'<.:ular dyll<lmil'S is II' ho.: cnmplelely undo.:rslood.

Thc preSl'nt thesis involves measurcmcnls of lhc clastic <:onSla11lS as a

funclion 111' lelll]1ermll!'c, wilh Iwrticlll<iT clllphasis olllhc I-II phase lransilioll, in;m effort

10 pOlin rUl'lhcr in.sight inlo the 11l01cClllil1' dynamics ;IS rel'lIed 10 the couplint,! of thc

rOI:nillllal :mlt lr:m.sJ:ltl0Ilal Ik'grl'c.s of frcellolll. First, some backgwund thcory will be

clisl'lISSl'lt fl,llc'\\'('lll,y lhl' l'xpcri111o.:l1wlllletIHll:lnl0L!Y.

14



Chapter 2:

Background Theory

2,1 TIlEOUY OF E1-~\ST/C1'1'Y IN CUIUC CUYSrAUi

1h~ th~ory of c1astkity fnl,;uscs Ull Ihe strain sl:11C (II' " slllill aud till' :1]1pli"d

several bonk.~ by Musgrave "''', Nyc """, ami Laml,lll & Lifshitz III'; \lIlIY:1 hrid 1,'SlUm'

will bt: givell III.:n:. Let '=('1"2".,) denote the Pl1SiliOiI Vl'l'[m (If" point in th,' nysl:i1

with resllcl;llu some nlOrditWlc system, ,lIullct r' '" (r:,,~.r~) dCl\llll' Iii,' position Ilf till'

point aftcrllcfOfll1alillll. Sill!;c the dcrorm:tlillil is l:lllltilllllHl.S

where ii. the displm:cmcllt VCI,;!ur. is a continuous flllll:lillil (,I '. (k"'I,2,3). Ily

considering the change in (Iislam:c between two ncighhilurillg ]J1,iIlIS i ;nul (,'. d;)

before ,l1lel <lftcr lhe defurmatiun, it t;;11l he shown Ih;t[

, ,
Idi'12 - Id;:'12 '" 2E L e,dr,tlrJ

j-IJ.1

what:: for small dl.:formations clJ is defined by;

15



(2,3)

The llu,lI1tily clJ is I:<lllclllhc .l'lmill I('II,W/"; an inspel:tion of (2.3} ljuil.:kly rcvcuh thut

clJ "' c
li

' and Iielll:e I:olllain.s ollly 6 independellll.:OmpOnellls.

The Ilel fUfl.:e al.:lin~ nn a sl1l:ilJ volume elcrl1l:nt dV is now considered,

Assuming llt"l the alumil: forces arc of zero ran~e ,md lhat body forl:t:.s I:all be neglected,

rhelllhetlnJy fllrl.:csacring on lhe vnlUlllcclcmelli arc thost: whil:h ad all the Surf:Il:C dS,

So Il'l the net fOKC :It':lin~ on Ihe volume clement l"ll: denoted F'" (FI'E1,F3) , Sillee it <ll,;ts

only 1111 rhe surf'll.:c it C,lll he expresscd ,IS ,~ ..:

(2.4)

whcr\' tiij Ls the c1emellt (,f surface area which is (lin:cled :lIang Ihe OUIW:Hd 1I0l'ln,,1 of

dV, :rud °,'00 rellr\'scnts the ph componenl or rorce ,H:tinl:! nn dij Applying the

tIiVl'rt!,'lll'l' Ihcl,rl'll1 gives:

(2.5}

TIll' qlla1l1iry inside IIIl' illlc~ral is lhe rorl.:e per unit volumc It ' while 0u is a threc

h)' thrl',' matrix l.:alled the .1'/1"(',1',1' /1'11.1'01". 1111' dements of the stress tensor arc symmetric

(i,I', 0IJ .... 0jl ): they r,'present Ihe i'h l.:ompOnCnl of force acting on a unit of area normal

hI till' .\) :lxi.s. When an objl'l't is subjecled 10 a hOlllogeneou.s stress, accor(ling 10

Il!lllkl"s l,rw, lhl'n' l'xists a lilll':rr relalionxhip betwecn slres~ and the resulting ,~lrain such

thaI
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where the CiitJ ~lrl: c;llIl'tlthc l'!rlJri,. ,\'riDi,,"~'\' rO}l,\'IIIIIf.\', TIll' <'lasti,· nlilstallts f''flll a

fourth rank tCl1snr wilh XI c1ellll;,'nts, The symmctry (If cjJ ~l1ld 0IJ l\'IIlI,',·s t)1l' uullIl ...·t'

of distilll,t dastil' CtlllstanlS tn ~(\, in whil'h C~ISI' till' daslir l'lIl1St;l11ts ran ht' ":>;Ph'sM',1 ~tS

a (\x(, matri:>; by relabelling our ;llllil:cs as follows:

TENSOR INDICES: II n J,~ 2,~ 31 12

MATRIX INDICES; 1 2 J -I .~ h

Cakulation of the sirain energy shows that till' l11atrix CjJ is SYlllIlll'trir alld tl,at till'

number of clastic constants reduccs 10 21, The ]Joint gWIIIJ ,syulllwlry Ill' nlhi,' ITystals

further reduces the number of di.~tinct cllnSlal11S tll J. ;l1ul tile llIatrix i,~ giWl1 hy":':

Cll C l2 c11. 0 0 0

Cl2 c ll c l2 0 0 0

Cl2 Cl2 (:u 0 0 0

o 0 c06<4 0 0

o 0 c06<4 0

o 0 0 0 c44

Since the elastic ener};y must be positive, it Follows tllat

(2,7,

(2.11)

In the ease of cubic crysl<l1s the Imisutropy factor A, Ihc bulk IllIHlulu,s II, the shear

modulus G and the Cauchy pawmetl:r 15 (descrihing Ihe vinlation of Ihe ('auclly 1cl:l1illll
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B = ..!.(C +2C) ~ = (C44 -C12;
3 11 12' C

l2

G'-'-[~(3'-'-)'~]2 5 A (3+~)

.., J ":'ASHe IVAl'/:'S IN CUI/fL' Ci<YSTAU'

'1'111': prllpagllliun ofc!aslil: waves in 11 solid is governed l>y Newton's Sel,;ond Law.

In Ih;' L'aSl' of Brillouin SL';lllering, Ihe c!;lstk waves arc of IOllg wavelength and thc

"1l10ullt of 11l';11 given lllT in l'lll: periud is l:llllsidercd negligible, In thi.s l:Olltexl the

proce.ss is cllilsidel'l:d ;ldiOl!J;ltil: al1ll the elastk CllllSt;Ulls will be referre<l 10 ;IS III/i(limtic

,'III.\'/i<' '·OIlJ/tIIl/.\', If It dCllotes the flll'ec per unit volume atong thc xj a.'(is, lhell u.sillg

l'qualiml (2,5). ,lIul Hunkc's law C2Jl) gives:

(2.10)

ThLs is Iltl' difkn:nli;i1 wave equation ;llul il hLls plmlc wave solutions of the form

IJl'l1ll sll!lslilll\i\1l1 inlll cqU;ltiOll (2.10) thc matrix equation

is tll>t;lillnl \\"11('1"1', in thl' l'aSl' uf l'llbic cry.stab. All is given by

(2.11)

(2.12)



dislim:t sohllions W~ ~·{1rr\·.~pul\d II> >l l\lllglllldin;ll 111lllk ;ulll 1\1'1l lr;I11Sn·rSI· (fasl ;lIld

slow) llI\lcles, The vdoo.:iti\·s llr th\"~l" al:ousli,' W'!",·S \",111 hI· IktITminnl I'r"lll

r~.I,I)

By measuring Ihe Brillouin shifts the d,lstil: cnnslants can nllls.."llll·lltly h... ,[,·I\'llIIil\nl

hy solving equatioll (2.12) using the lllcth"d of k'asl squarc.s.

2.3 HIOLI.OUIN SCATrE/UN(; IN CIJIlle' C/mil,I/S

Brillouin (~" wa,s the first tn show lhal in a l:o!lt;nUlIl/s 1tl\'diUlli. lIloll"l'IIIOfilillil"

light (AO''JO) 1::11\ ilHer,ll:t wilh thermally elastil: ."'llIlld W:lWS (A.,,'J~! t" s:llisfy tin' llnlFg

reflcl'tioll l'undition An = 2 1 A~sin(a/2) amI c;lIlse Sellll'rillf:lt ,III ;IIIFIl- a. SII1\... 111<"11,

the theory of Brillouin s.:mtering Im~ been gremly cnhanced. A ril!."rllUs Ir\·<l111le1l1 ha.s

been given by several authors: .see ilorn and lIuilng '_II., I'<lhelinski '''', :md NI'lsflll ~i!.!

,Jr'I, In the pllrticular C;lSC or cuhic I:ryswb, lhe reader i.s refencd 10 a det,likd dj.seu.~sil)1I

by Benedek and Frilsl:h '171. The main purpllse here is to give th,: l:'1U:llion.s uecess:lry 1'''1

analysi,s of the c,~pcrimenl<ll data: they show the relationship IlCtweell Ihe l:la~lil: 1:'>lI.~lillll~

;111(1 the lirillollin shifts, ,l11d hclweell the elusto-optil: /I"ll:kd's) 1:",:lkd':IIIS alltl till'

Brillouin inlcnsities.

In (l simple moleculur cry,stal the atrHn,~ or Illulcculc_s ,Ire j'l C"Il~IIll!1 11l\~I!!I;d

motion about their equilibrium lattice pllsitiuns. The ther!l1;i1 nlll:tualioll" "j Il1l'

molecules truvel lhrough thl: solid us sound wave,s or in 'jll,HllullI lneeh:rnk:ll l;lI,gllilt!l:,

as phonolls, Thesc al:ou.stil: wavcs pruduce densit)' llul:tu:.Itions, i.l:. Me;!'; oj l:OIIlJlIC~~i"lI

I')



'1Il1l rarefaction, which in turn CUlls\: nu~tuutions iii thc dielectric lcnsor £(r:t). The

ck~lric field of lhc ineidcnt riuliation can be f'ivcn by

(2.15)

where Eo is lhe amplilUde. t.)o the al1f'ular frel.jucncy. ko '= ~(,)o tile wave vector of the

incident rmliation, c is tile speed of light in va~uum. and n the rerr.l~tiv~ index of the

mediulI1. III a volun~: demen! Idrl loealed al a point r ill the crystal. the im.:idenl

radial ion i.s scallercd due 10 lhe ny.stal inhornof'cneity intrOOUl.:cd by the fluctuations in

11K' dil'ln'tl"iL' lcnsor O€(f,t). If:1 solid continuum is assul11ed. Idfl3c: ,l,.~, thcn thc far

lil'ld L'leetri~ Iicld amplilude <II a puint R i.s givcn by

,
l'(R,ii,t) '" -(~ )'(2.,).-"1 t el{f'·J!-<.>'r)(itx{itx(Oe~(ij)lo}})

(; n ~'I

(2.lfi)

In Ihis cXjlfl'ssioll it is the unit vector in the direction of the ,scaUcrcd light, 111C

f1l1L"lll:ltinns ill the diclectric tensor 'lTI.: exprcs.scd in terms of thc Fourier components via:

, ,
Oe(f,t)'=(2n)-"1 L Jdij Oe~(ij) e~4"'''''(()'} (2,17),.,

Th\' fr\'quI'lu,:y of Ihe :1l':IlIlS1ic sound waves is denot\'<! by (,)~(q): IJ. indicates the

Illlssihility \11' having three distinct br:lIlches in lhe dispersion relation, From the Brillouin
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From C\jUilliull C',lK) it is cllllclmkd Ih,lI lh~ Ilwidl'nt r:uliathm i.~ l)npllkr shifll'll ill

frequency by tlll all'ount ±Ul/q). Sinl'c the l:hilllgl' in light fTl't!\Il'IIl")' is Slllilll (Ilf III\'

order of sOllnd waws I. tllen IfI I" 1-"01. (lsint: lhis ill l'olllhinalitlil willi FigUil' ILll

give.~

l~.I'11

whl:n: a is Ihe sc:mering anglc. From lu:re it call easily he shown Chill

(2.20)

This is the famous Brillouin equation; light waves arc Doppler shit"tcll whcli rdlcclt'd

frolll al:ouslil: w,lves travelling wilh wlodly :± VI" Bel"tlllSe of clIl' hill'llllll1l1.: 1111I1i1l1\ ul

the 11loleclIle.~ the ± sign dc),nibcs sOlllll1 waves lrawlling ill lIppOSil1: IliH'ctillllS;

tjU<lntllm 1l1cl:h:mk'ally it is lermed pillUlO!J l:realivlIlJr pIUHlI)J] ,mJlilliJalil»)), ('llIIWllll1'ully,

Ihe Brillouil1 spcctril willt:ollsist uflwlI peaks corresponding til ciu.:h ,ICllusllt: 1I111dc.lIlll:

up shifted illld one down shifted frOIll the l:enlral Rayleigh pe:lk,
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PHONON CREATION

,k", /' ./~J" k, <'.
\\-,; ~- ,

'.

:1\,
~_.._--i--

l'iJ.:ul'c 2,1: Sd1l.:m;ltk di;l~ml11llr the Brillouin sl:ilttcl'ing gcollielry,

Fill' a nyslal under small .~Irain there exists a coupling between Ihe strain and till:

(2,21)

This l'\lllpling is l"alkll the phollle!;lstk ef(ect: here &0 ==n2 and PIJH arc l.:alkd the clasto­

oplk (I'lld.:l'l'sl cllcffidcnls, Using the matrix notation on page 17, the Pocket's

l'lll'ITkkllls l',lII ab\1 be writlen as a (,:1;(1 lllmri,~, Like the e!i.lstil: const:ll1l.~, th..:rc are only

Siltlillifics \'qU:lli\llll~,~lltli



The avcragl: liltal power of till' .~l·at1l"rl'd radimillil pL'r ullit solid an!l-k' 11\'r uuit frl'qul'lI\'y

at the field POilll Ii. is given hy

Here < > denotes the aUlol:ondatioll hllll:lioll or it\Ii.,I}. Till' Sl';IULTl'd l'kl:ll'il' fiL'ld

inlcm,ity is l·xprc.~.~ed in tcnns uf thc dh'plaCl'Il1l'Ul vcl"!or ij~(ij,t) hy t;l~in!! th,' Fnnri,'r

tr,lI1sfol'lll of tILc dielcetril; tensnr. Then. hy I:aklliatillj:. tile :lllt'K.:llnd;lIinll flllll·,i"l1 Ill"

the displ:H.:el11Cnt vCClOr. thc scath:l'ed powcr inlL'llsity i.~ wriul'll as,lI.

r.!.2'1)

El!Uation (2,24) gives the full detaih Ill' the Brillouill spectrum It CClIIShl~ "I' llll"l'

doublet.~ of frequency ±w~(ij), wilh:l full width al hall' l11ax;llllltlJ 2r~(ii). 'I'hc V':l·ll.r~~

:Irises from the Fourier transform of lle(q,t) whil.:h i.~ sllhstituted illl" Ihc eXI'Il..~~il>lI 1"1

it'CR,/) ;Jud i.~ a fum:tion of Ihe clastic COII.~lallts (.'11' (.'12' L~ <llld thl: I'tld:d's

cocffkiellt ratios !2! and ~, II also ccmlains all the cla ... to,oplic iuforlllalj"l1 ;11111 u'>ed
I'll I'll

to determine the relative intensities of thl: lhree ISrillouili l:OlllJlIIIlCllls. The illlCllSilY



ratio of IWo :u:ulIsli..: IlHldcs, say L ilnd T, is given by

(2.25)

Frol11 measuremenlS of the inll:nsity ralios of the Brillouin l,;omponents ratios of the

l'ol:kd'sl,;oclTicients ..:an therefore bc determined,

2A /)YNILMlf'tI!. 1'flBJ/(Y OF !WTATfUN-TRANSLILTION

('OII1'UN(; IN SOW) MF:I'IIANF..

When alums Of 11Iolcl:1Ilcs arrange theillselve.s in a lallh.:e at the triple point, the

angular (llricnt,ltioll>ll) motion of cal'll mo1cl:lIlc Ls greatly ;Iffel:ted by its neighhours and

this IlrIltIUl:l:S an miell1<ltional cl)'stal field, IUlllolcl:lIlur l:rystals there esists a .statk'

interal'tillil helween thc tr.lI1sJalion'll and rotational degrees of freedom, 111is rOlation-

transl'llillll (If!') l'tlllpling i.s of grcat ,signifil:,mcc ncar order-disorder ph"'sc tmnsitiOllS

WhCl'l' lllolecular reorientation and hilt icc defonnation Ol:cur at the same time, The effects

nl' 1f[' l:llupling L':nl gcnemlly be secn in the anomalous temperature behaviour of the

d;lstil'l:llll~talllsdue til the softelling of the transverse w.:oustie phonons near the transition

Il'm!1l'f;1\ure,

'111C esistl'IKe of RT n11lilling in Illetllilne can be inferred from a l:Olllllarisoll of

ils daslir dala with the clastk dina of the rare g",s solids, Table (Ll) gives the

;lIlistltl'llpy A, the hulk 1Il11l11lius n, ;lIId the Cauchy parameter 6, for CH., N.::, Ar, Kr, und

Xl', As i1ll'lltilllll'd l'arlkr the floc phase I of methane dosely reselllbies th"t of the ran:

g:ls sol ilk DUl' tIl lhe r:lek of long range orientational order ulid because the crystal field

lilies not intl'nlct with the lowest ekctrostutic 11lllhipole momcllt, the molecules l:"n be

l'>lllSi(kn'll as fn:dy l'lllating and the corresponding rotuli{ln,,1 probability density will bt:

ahmlst iSlllrnpic Thl'n' OIre, howcver, v".~1 differences between



N~ " Xc ('U, \'11,

L"wT (,5 K lUI( lIlK q" , I',' I(

B(klw) ll.U2 :N,'J7 ,11>5 1(,.-1 ~h,'1 ~,l.Il

2,41 2.4,\ 2..\5 '~.4 I U' ~.h'i

-U.l155 .<I.lm U.ll5 ·11. IS

Hi~h T 24.3 I( K:!J K 11.',(,K I.'h K S'i.h K

B(kharl S,77 lS,ll :!U..\h ~~,h "'.1 Ih,.'

2,74 2.7,\ 2,71 2.7·1 I.h' IJ~1

(US .O.2,~ .u.:!7 .u.~~ ·11.11I II. til

Tallie 2.1: El,lstic constanl dal<l rur the Wl'C gas solids (st:\' WOIllll'l"'lj!,'r II ill,"'" and
l'efcrem;cslhercin).lJlclh"l1eand hcavy IllC(I1:ltW'o.".

lhe :lIlisolmpies of l1\cthan~ (A"/I, '" J.3I<lnd lhe rarc g:ls sillids (/l,..,,~ " 2..l . 2.7 I. TIi,'

violation of the C:wl:hy relalion is :llso lIluch greater ill Illl,thane (0" JlI'''; ) (hall in llll'

R.G.S. (0 '" IX',," - 22'J'r ). l~el'ell1thcor~'tical c:l!t:ul;l,iollS hy W"lllldIl'11!\'r :lIId Ilulld""

twve shown th.ll thesc ditTercl1"c.\ ,·an be ,lllrihllled III the .~lnmj! If!' ~'Illiplill'! whirl!

ot:t:urs in phasc I of CIJ~. Mut:h of lht: rllllowinj! tlielJry h:ls In:ell Wl>lh'lllllll hy llie

alxlVC HUlhors but has becn rCl'onslrucled here to emph:rsi,\c thc rdalinllship Ix'tWITli 1('1'

coupling and the clastic cunstants of ll1etlJanl·.

The malhematical furrnulalilUl <It' ll'e r11t:ltl<1Il-lratlslatiI1i1 I:lllqlliu!! l:lfn'ls

il1lllctlwne begins willt u more gcncml disl:ussioll of l'Wl'elatjon hlll,'li"I1.\ and t!l'IWlillizl'd

susceptibilily. A ('IJl'I'elafiflll!l/Iw:itJlI is the Iherl1wl avcragc III variahles which de'l:lihc

the physical propertics of the system of intcre,\t. In till: prc>,t:llt an:lly\i~ they alt: llie

l11olel:ular displacement from the equilibriulll ,f(r,t), .mel (hl.; lllolcl:uJar fO(;Jlioll

o'(e.I\I.X,t) (e. 1\1, X arc the Euler angles Ill' thc Illolel:ule relative to tire ny\ta! t!:II11C),



I.l:l A(r,l) aud B(f,l) be ohsl:rvahll: qll,l1ltitil:s of the prl:Sl..'rll systl:lll, or in quantum

llll:dr:micallerms Hermitiall flpl:falors. Fmm sliJlistil:allll~ch:tnil:sthl:correluliol1 fUlli.:tiOll

"f A(r,t"'O) ,Ilul B(;:I), denuted as (A(f),B(f,t», is given by the I:.\pression

wln:re Z eo Tracelcxp(-HlkBt») is the parlitilln hml:lillil. Tile tr<ll:e npewtillil isexpresscd

ill tenus (,f 'he eigl'tl.st:lles Ilf till' 11,1l11iltnlliall vi;I'"'' HIIJ.) '" E~IIJ.)' in which l:;lSC

l'Ljll,r1iUIi (::!.:Yl) is wrilll:ll

(2,:m

'" 1.. E cxp(-PE~)(IJ.IA(f)B(f,t)llJ.)
Z.

I r it syslem ill l'quilihrillll1 is suhjecl hl ,1 small perturll;llinn at some time t",(I, the

rl'spllllSC Ill' t!rl' .systl'm is given hY:l correlatioll funr:tion intcrms oftllc dYIl:tmic v:triable

whidl cllupks tl1l' perlul'hatilllltil the SySll'I11,' Assuming a Hl1l';tr relmiol1ship octweCl1tlw

r~'spulls<' ;tlld Ih~' str~'llgtlr "r IIll' pCfllllb;rlinll tlll'll the responsc function has thl' form''''''

S(f,;'.w)" Jdl cxp( -iwt)(A(f)A '(;',t» (2,2Kl

This rtlrtll uf llw rl'spullse rlll1l'liol\ l"IUJ}CS from Fermi's GO)llen Rule for lwnsilion st:llcs

whil'h i,s :I cllnsl'ljucIlL'L' of llrsHmkr quantul11 pl·rtllrllatiol1 theory, If Ihe l1np.... rll1rbcd

11,111liltlluiall is 110 , Illl'l1lhe nnl' sySI<'1I111;rmiltolli:1l1 is !!iwil by

{2,2lJ)

!I( -"') =0

\\'IW1'l' //(t) is 111 .... ~lfL·I1!!lh l,f lh~' I'~·rt\lrb;rtioll. This assumes llral the pcl'turbmiol1 is

16



localiZl,tJ at th.: point P and if tlK' dbtllr!l,ll1n' is l','lllillllO\IS thl'llUgl1l1ut II", lllnlilll1l thell

h(t) is rcphlt:l'd by h(r',t) and lh~' rtllltl'ih\ll1llll t<l111l' 11;l1llil1011i,1l1 by f di'~ A (P)lt(F',t).

TIll' function K(f,F'",t) is .:.L1!t:d lhl' Iil/t'r/I" !"I'SI'I/IIS,' ji//wrioll. il Illl"I.~lIr\'s llll' ;I\'l'Iag\'

V:1JUC of A(f) (tuc In lhc pCrlurhation at linK' t=ll, It \';111 Ill' .~h"lI"lI "I' lhat K(F,i'~.r) has

lhe form

f~ .. \J )

For a 10':;llil.l'<I diSlllrbance with ;1 sll'cnglll hUK'liolt giWll hy It(t) =1I0CXp(ll.l" (~t)

(when,: /1(-00):0 ,lIltt £:>0), cquation (2,.1I11 has lin- 1111111

The gcncr:tlizcd .~lIsceptibiliIY is (Iclined In he the Llplaec lr;lnsfol'lliof K(I.r~,I)

i(r.P,s) = - ! dJK(r,f',t)cxp(-st) ; (2.:1.1)

combining this with 12 ..121 gives a simple Id:!liIlIlShip helweclilltl' illdlll'!'d dlOllll!C illlll\'

«vcragc valuc of A(r,l) amllhe gCllenLli~.ed ~1l.\':cplihi!iIY,

6 (A(F',F',t» "-hox.(F',F'",i(,}); where Ii ,0 (Uil,

The generalized sus.:eplihility t,;all !lOW he uscd III dCtClwilic lin:
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qllillilitative elTeo.:ls fll" RT l,;uupling un lhe c1il.~lic.: properties of melhane, 111e inlcrao.:tion

p"lellli:ll is a.~sllilled 10 he (If the Lellnard-Jones type where Ihe o.:entral o.:arboll aloms

allr:lel cao.:h lither vhl an r" potenti:ll, while the prolonsoflhe hydrogen 1l101ns repel each

IIlher wilh illl r Il PIII\:llliul. '111e towl inlcrao.:tion potential has the form '~'JI

where R
d

ami R" arc Ihe po.~itinns of Ihe ceJ1\res of m:lss of two adjal:ent methane

11IIlJct,:U!cs a and b. The IIrientaliollill dcpcm!l.:nlll:nn is given by

V(R.. -Rh,Ula.Wh )" t _~ C_ ~ 12 (2.36)
IJol IRd+'dl-R,,-,bJI

III Ihl' :1I1<1\'1." cqnulillll ;0;,/ lIClIlll..:s thl: positiun of the i'h hydro~ell :llOm of lllOkeulea

n'lativl' III Ihe n:lllral o.::lrbon alulll. while Ul
d

and w" arc the Euler angles of moleo.:lIlt:sa

011111 b willi rcspeettu the laHiec frame of rcfel'cllo.:c. The eonslallts C ilnd Dare o.:hosen

III rl'e'l'll'l' the experilllelltal values Ilf 'he bulk modulus and thc !anio.:t: eonSltllll. To

ral"ili'utl' thi.~. equation (2.36) is e:<ptll1(led inln o.:ubil.: h;lrmonics and avcra~cd over the

(ll'il'l1la,i(lll~ of lllolecUle b til ~ive

Ikrl' R" IRd-iil> I with cnm'spol1lling polar angles (6,19) and' = Ifd!1 = IfbJI wilh

("OITl'spllmtill~ polOir ;\I1glcs (fl/,lf'j)'

THlil'lell11iul,tlll' me;1I1 valli\" uf the lowl rotational pott:lllial W(LlG), the i1ver<tgc

pl'll'ulial \{ l'\)uatiIUl t2.371 i~ ;lverilged over the nearesllleighbolirs of llIolel:ule a: Ihe

,'XIU·,·ssilln is Ilf till' I"lll"ln

(2.3X)

E\llill1di,,~ til,' Ill'nsil)' of IwareSI neighbours o.NN(R) and the density of protons Q(F) into



cubit.: hannonks. Ihe dcnsity of prnll1lls is lr,lllshlrmed illln 111(' LTyst;11 1"1';111;\' hy Ilw ('ul'i('

l'OtalOr !"LIIIL'tions u~:lm'(Ul".>:

.. 2/"1

Q(f) = L L b" ..(r)KI,..,,(e.l{l)u~;l.. ,(Ul,,) (:!,,!lll

/"0 :;'~I

Sllb.~,ittltion inlo (2.3X) gives

.. 21'1

W(Ul,,)=<16nCL L B~""U~::,(Ul,,) , (2,·11)
I~O :,-1

whcre the coefficiellts n~.., ,U'l: givcll by:

B' , =< bO ,fdRR2A (rIR) al.. (R) e.·I:!1
"III '''' I R 12

The Illolecul<lr and site symmetry will C;lIl.~e mosl of Ihe n~"" to v;misll, ;llId hy

considering only the lowest order lerms in 1, (2.41) reduces to

[n Ihis {liseussionlhe lauke vibr<ltions arc assumed III perturh the nilatillll;d llllilillllilf lhe

molecule and vice versa. The three phonon modes IX = 1,2,3 have displ;u.:elllcills given

by

(2,11-1,

The choice of wave vector ii« and corresponding pulari.,.atiol1 veclili e« is ;llhitr,uy Sll

longus all thrccclastieconstaniscan bellcterrnincd frollltlie frcquclll..:iesufthcsc IIIIKteS.

2')



1:,,1" silllplk:ily WHVC vl~lors in Ihc high sy'llll1ctry directions are chosen: they arc shown

ill Tahlc (2.21 aloug with lheir corrcspomling mode stillness v~ p.

Suhstituling R -, tt + ii~ (tt) b:.II.:k into (2.31J) and (2.41 I. the orienlational

potclltial or molecule n due til its twelve nearest ncighlxllll"s is expressed as

(2.45)

will'll' a is lhe lallicc conslan1. By defining lhe qumnities

(2.46)

(2.47)

and lll"ll suh.~lilliling had, into (2..1-5) il1lplic.~

1;\llIalillu t2.-1,'i) is:! IWl'lUfbcd Ilallliltllilian oflhc form

(2.4\))
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In lhis ":;I.~1.' the gl'lIl.'fa1lzl.'d fnr":l' is giwll hy pll(t) " C~Yn(q.)ij(ii.) ;md Ilw rnl,lli"llal

variable by 0 1"'0'«(0).). Thl' Tmalinllal SlIsl"l'piihilily, XI1,«(<l), is ,'ak"ul;lll'11 h~'

..:ombilling (2 ...HO, (2.31), and (2..'31111 ,giw

Using Ihe l.'igenslllll.'S of Ihe unperturbed sphel'kal Iup, Ill\' dllS\'d forlll n.pl\·ssh'll "I

equation (2.50) is given by

when: ( b Ihe l.:omplcx crmr fUll..:!iuu.

III all inlera":lillg sy.~lellllhe 11<l1l1iltllni,m l.:an Ill' l.:~II:lI\(kll ill Ihe furtll

t2.52j

wilh gcncralized t:Uordin;tles QI' mOIlll.:l1l:l PI' allli l.:lIUlllillg ctlclli..:ienls 7(//. If H/

rlcnOh:s the 1-[;1I11illonian of ull..:ouplcd degrecs uf frcedolll, thCl1 il hOis a ":lIrrcsJlollflinl~

dynamk .~USCC['Jlihilily XI when il is subje":l III " perturhaliull H:(t) .. -F(t)Q,. lll'lltl h..

shown 'li Ihal t'llerc ex iSIs a relatiollship helweell tin: l:llllplctl :llId UIIL:lIl1l'kd

SII.SI:t:plibililil.'S Xlj "nil Xl given hy

where x( w) is lhe diagonal matrix of uncoupled sUM:eptihililics, and 7( i~ the 111:llrix "~I

)1



c,nlplil,gc()effideUlS. This invesligilliollcol1sislsol">ltranslatioll,d and a rotlllipllaldegl'ce

ur frccllmn with II conesptlndjn~ 11<ll1lihoni<l1l

(2.54)

TIl\' phllnlll1 Ilamiltoni:lll is given by

(255)

Willi t,.·"nesplllldillg suseeplihiHly ("OJ

(2.56)

//I In.-inl! IhL- Illass of the ll1okeule, Wo tile phonon fre1lllcney_ lind y Ihe d,lmping

!:llllsH!nl. The mtatiull,d term H. is ill the form of the spherk>ll top and the l:olTespon­

ding SIlSl:CfUihiliIY is given by eqU>ltioll (2.51), while the interJction term H
TR

i.s given

hy equatioll (2..t~l

N

HTO ,. Cii.(ija)?; Wn(ti.. )04(wn)

Using 11ll' periodicilY relation *n~1 e'f-
it
• =0 ~f,O ill:,11l be shown llwt

(2.57)

(2.5X)

SllhslillUillll Ill' (2.4X\. (2.%).\2.57\ .Illel t2.5X) into (2.5.') gives the coupled phollon-

phOllL11I slIsn'plihility



In th... limit IQI-O. lo)~O th ... :ll,.UIIStH: phonon \'dudl)' is ~iwn hy

1!.htI)

Substiluting th ... 111011l:S ill T(lblc 2.2. lh...11 rcplacin~ Xr hy lh~' Ul1ctllljlkd \"l;lstil' ~'lllls1;1I11S

(C~t. C~2' ~l. ;111(1 XTT uy lhe cOllpll'd cunslallts (Cll • e'l' eM)' lli~' f"llt,willj!

...xpr...ssiolls ar... obtained

!'!.hl)

D • JJ". ~Xo'(O)C'(8I1';-3"11.

The ...xprcssions (2.rl!) give a IIu.:lIltilativ... iuterpretalion Hf lin: dkclS "I'

RT coupling on the elastic constants of C()~. This das...;ieal mcan fieht ,lppn~lch is

probably not as v(llid in the case of CII. due the Illore 11U:llllum lI:ttlll'e uf 1111: ItlOll'Cul,1I

l'Olation.~. These t:lluations. nevertheless. give sOllie illllic;lIiullur how lhc clOistit: cllUSI:lJlls

of CI-I4 will behave acro.ss the 1·[1 transit inn. From cllapler I it is knuwlI Ilial lIn:

rotational motion

dttrcases from phase I 10 phase II. lly eomidering I'hase I as a stale wilh Slftllig 1<."1"

eooplin~ and phase II a.s i.I SWle wilh a weaker clJupling flf tlte rttlati"ll:Il IHlHIeS. lhl:1l

int:rca.ses should be seen in ell and Cll • whih: there shuuld he i.I (kere,lsc in ell"

:\3



Mudc (a) 1 I 2 I 3

if. (0,0,1) (0,1,0)
(1,1,0) 112

'. (0,0,1) (1,0,0)
(1,-1,0) 112

v~ 'p c" eM (ClI -C12)/2

'. 2 2 fi

Tallie 2,2: T'lhk of high sY1ll11l~lry phunon <h'I,I, Given arc the directions, polariz,lIiolls
and 1Il0lIc slilTIIl.'SS,
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Chapter 3:

Experimental Setup

3./ O/T/CAL CONrimllMTION

A Sl;hc1l1~lk rcpn:Sl'lllaliollul"llH.: cS)Wrillll"lll:11 Sl'[lIP elll hi: rlllllMI ill l"igm\'

(.ll). This Challter t:I1C{lrt1p,I.~SCS ol1ly a hrid" strlllillary: illllit/\'Ctllllllkll' <J/III ,!lolaill'll

desl:ription call be found c1st:whcrc."~IJ'" Sillgk ny.slats of C11, ;In' I!I1lWll ill a

cylindric:!! quartz l.:~11 cnc,lscd in a liquid hl'1illlll nyllsl'll. lIighly cOb""I'III.

monochromatic radiatitlll;lt 514.511111 frolll a sinl!lc nllldc arl!ll11 las,'r (Spl'I"[I':1 I'hysirs

::!020 and 1(15·IlH) is incident VCrlil'ill1y <llung Ihe :lxis Ill' 1111' wi!. The Sl':Illnilll! is

observed horizont,llly through ,I Brillouin .~rcl:lrolJlcln". TlIl' sp,:I'lmHlI'lt'r rUlls;s's 111':1

piczoclcl'lrkally. s<.:anncd Fahry-Perot in\crfcrlllllclcr (1;1'), a pll<II\lIlnlllillli~1' 1111,,', all

amplifier discriminator (A-D}, ;ulll:I dala acquisi1ioll all(I.~1ahiliz<lliIUl syslelll (I>AS-l).

The DAS~l stores thl.: spel.:lrullI in u 1(124/512 llluilichaulid Illellll'ly ;llHlllisplays Ihe

speelrum on a CRT SUl~ll.

The rnUilll:OrnponCIl1.~ of lhe optic:d setup :1Il': :llslI dlal!l'alrllH~rllll fjl!r1I'('

t3.1 l. 'nll.~ oplie <lxis of Ihe speetmmt.:lcr is dclinl11 hy a lie-Nt.: lascl' which dcsiVlralc\

the y-u.,is of lhc labora1ory rcfcreru.:c frarm:. The he'll1l uf th~~ argon laser h direcll:d

vertically alollg the axis of the cell ami (Iclines lhe Z-:l.'1is. The heam is polari7A:d alfllll~

.15



Illl:: X-n~i~ and illlcrsccts llll:: I-lc-Ne beam nt \)()o. With the labor:Jtory reference frame

defincd, the :I~is uf the X-ray collimalor CO L~ uligncd with the optic axi~. This ensures

thatthc radiatiun rnllll the X-r:JY machine passes through the nystal alollg the optic :lxis

:lIld is Ilcl:essary tll determinc the orielltation of the cryst:lI axis. The l:Jser be:llll is

flll.:used hY:I qU:.r1i". IcllS LI (flll.:ul Iength]lI em) :lnd directed :Jlong the axis or the cell

hy a high quality mirror M. The apertures Al :Iml A2 :lre used to blOl:k any unwanted

riuliation, cspeciillly rel1ccliol1.s. A high IIUi.lity quartz Ie liS L2 (focal length 45 em) is

f1K,;lIsellllll the centre of lite cell, to en.~\Ire Ihat the rr only 1'Cl;eivt:s light paraliel to the

optic :I~is. Frullllhe illlcrrernmeler, the light is then focused on 10 a pinhok A4 (fJlMI

llli":f1l1l tli:llm::ter) via anolher lJllilrlz lens L4 (1'0..::11 length XU em). The light p:Jssing

through tlw pinhllie is Ilwll colleelcd and digilized uy a combination photomultiplier tube

II'M'!') (lIlotkl I"IT FW 1]1I) and alll]Jlilicr·lli.serimil1mor (AD). The resulting pulses then

f....ed into till: DAS-I where cadI .scan is adlkd to its running mcmory and the rc.sUlti.lllt

sllCl·trlllll displayed 011 II CRT screen.
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