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o

acquisltion and st ﬂimtﬂm system‘

'AxsniAq o
Brﬂlmnn scattering exvenments were carwed out on single
crystals of - cyclohexane (CEHIZ) in the plast!c phase. near the triple
po'mt, and adiabatic e'lastic constam.s were eva]uated. Four single
crystals were grown ina quartz cell. The crystals were rotated and -
their nr,lenta,tions v‘\ch respect to, the laboratory frame of referer\ce |
Mere determined usmg X-ray laue transmission methnds. Light (514 5%

nm wave]ength) from an Ar jon Taser was incldent a'lnng the vertica] axis

: of the lindric@] cell,and cattering at an angle'of . 90° was ann]yxed :

and ucorded'ﬂy ?hnton chu ing ! us'ing ap elect: ically

sca;me“ﬁTdeny-Pe

' - The spectra usually showed a quas\longitudmal component and
.a sing)e;.very mich weaker, quasitransverse‘compnnent; only three
_.spectra Showed both transverse components. By least-squares fitting

§ » _different frequency shift measurs the _elastic

'constants were detemlned to be. at 279.2'+ ‘0.2 K (in units of .

ngm Yy . ; % -
& d & *. ' .

. 40."35(5)

€1y 72808 & Ty = 24072)

with an estimated absolute uicertainty of Z% Tnis resu]ted inan

adiabatic bulk modulus By

factor A= 1.8 - ok :

2:60 x10° N 1%, ‘and an elastic anisotropy ;

s




I ¢ o The results have been cnmpareﬂ with thn ohtn{ned h,y ultra T
sonic meusurements on pulycrystal'lhte sanp'les lf cs";z-""‘t" thnse of

~ . 'nther plasnc me1ecul ar :rysta'ls and also Mtn rare-gas and nun-p]astlc

mu'lecu'lar crystals. This is_the: only .experiment

V3:

L
S 4 <\
& ) constants of a plastic’ crysta'l of cumpl:x mol Ecu'les have' been stuuied Sy

‘very close to- ‘the. triple pomt. It was further established tnat. ‘even

at the trivle puint. the crystal rema'lrﬁf amsotropi;. e
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* Mandelshtam=Brill

’

“by Gross (1930

‘the acaustic absorption.

CHAPTER 1

An tsporEant Tandufk in the history of mlecular SPectroscopr—
was the revival of Brillouin scattering Experiments in the 1960's. After
the initial presentation of the theory of light Seattering from thébmal
phonons by Brillouin in 1922 [Russian 14 tersture refers to it as the
not much’ ‘progress was made in this fle'l d.. This nus
mainly because of the'severe limitations on the equipment ava1hble for' o
high resolution (about 105) spectroscopy and the unnvaﬂ.hﬂity of Mghly
mnndlmmt1c sources. However, working uith tne |v-nab1e eqn(ment. e
Kl‘isv (1955) clearly demonstrated the valve of Brilloufn scﬂttzring
as_a probe to the dynamical behaviour of solids. \'ht advent of hsers “in
1960 provided an ideal 1ight source for, Brmwln sut.terlng
experinnts because of their high mnochrmﬁcit‘y. power and directivity. ~
At the same time, refinements in interferoseters and detectors were made, *
thus making it possible to obtain very high resolutions which is essential

for Brﬂ)oui TOSCOPY - .

" The Brillouin spectrum of lllght scattered frmneml phomns
contains, in its shift, the phase ve!ocnu-f sound. andytn its Hneuldth. :
The sound VeTocities in snlids are th‘u- used
to calculate the elastic ’cnn;bants’ of a crystal if its or(entat“lnn 15,
known. Brillouin scatteringds now a we11-as:ah1ﬁhe?ﬁecnn1q0e to
study gases (see, e.g., Rawson et al..1966; Greytak -and Benedek 1966),"

in tneory) and the subsequent experimental vermcatlon .




quuids (sqe, e-g., Qﬂao and Sto';heffu
ST Clouter et al, 1973, 1875), and soHds (see, exg 3 Bene

. ; 19663 Shapirp et ot al: 1966).  The' théory of ngm scatterx‘
’ . fluctiations in* transparent med'lads extens've]y referenced by.Rytov ‘_ i

s 7_ (1958) and Fibe]‘h’lsk“llQEJ 1968] An excel‘lent mtroducman‘w

. BriHouin scm:ev-ing in snuds anda rev:ew ‘of he theory nnd.exﬂe mnts

on ands have been g'ven by Quate et al. (1965’), Sm'l“th (1971]. cumgs _

~ and Schnen (1972), nmt Ha,yes (1975) Bomher‘ﬂs {1973): gives an intro-

- duction to and a simpuﬁea ‘theory of Brillouin scattering in' cubic .-

o crysta\‘s. wnereas Benedek -and Fritsch (1966) and Born and Huang (195{1)‘

deal thoroughly with the scatteri,ng cross-secuons i the saime. -

SR g A smsitive test of 'Ia‘tt(ce .dynanical theories and of the L

vatidity of varlous 1ntenm1ecu'lar patenuals requires an’ acdurate

% .. ‘knowledge of the elastic constunts.' A trad‘lnnna'l method fo?- d cermfnmg 1

elastic cunstants invu]ves using u'lt"ﬂsonic techn'ques. If thE me] Hng

point of a plrﬁcu'lar érystal mater'lal s weld }buve room temperature,
Pa : ‘it n be. cut-and orfented and then the acoistic velocities in spec1f1c
L 4 Sos crysm divections can be messired by u1trasnmc techni ques., Tnis_ymins ;

- * " quite reliable adiapatic elastic cnnstants. adiabdtic modu1h aﬂd elastic ~

., i panisatropy. However, at comparatively Tow ‘triple po1nt pemturgs, it

is difficult to grow, mintain, cut.and. orient large crystal “Specimens, '«

T I ; -partigularly, when it is necessary to bond tiwgm to u1trqsun|c trin_sducérs. VT

U0 eThus,in such-cases, only polycrystalline samples can be useds thereby
5 Josing important v‘j"fnnnatién )regin.ﬂng :thefams;i';mpy‘ and elastit ” st
b anstants of single emstals. < . Lok ;
* - Y v
‘@ Y . i : T o pab
: e . e =
.. e R ”. o1 i A -




- - »
# - 3
3 g = 2y
= - 4 il P 2
- 7 It nas already been mentioned that the elasfic constants of
tr’ag;parent media, especially at Tow temperatures, can also be %,

determined by Brillouin spectroscopy. In such experiments, the minimum
2 mui’reu s:at}% volume is about-1 _3 and, hence, m\x small singl:l

crystals need tobe grown. The crystal need not be physically disturbed

either during its growth or~in the course of experiunt.} 'l;he crystal

e “orientation éa_n. be determined by Laue diffraction photographs. The

orientations are readily c_hanged without disturbing tho‘/srysta] and, °
hence, velocity as d function of direction can be studied. Also, because

"~ of the high, resn1 ution and tne’v'larée signal to noise ratio that can be

nnta\ned by us|ng photon counting techniques, the elastic constants,

. etc., are ?e ined to a high degree of accuvyy. Brillouin scatterivg

- - ° has.been us successfu’l 1y tc\detemlne the adiabatic elastic constants
X of many t) oi tran[arent crystals ranging from diamond (Grimsditch
.+ and Ramdas 1975), quartz (Shapiro et al. 1966; Durand and Pine. 1968),

J « . _ionic crystalsL(se?. e.g., Berickgrt and BackStrom 1973), moleculgr
crystals’(see; e.g., Swanson_and Dows 1973, 1975), to Tow température
rare-gas crystals (see, e.g., Gnmall Ind Stoicheff 1971; Gewurtz etal.
1972), and dmtwic gas crysta’ls (see, e.g., Kiefte and Clouter 1975,
1976).

? Brillouin spectroscopy up to now has not been used extensively

+ * to'study molecular crystals vm’icn are technologically becoming im;orunt

ma'teria1s (Swanson et al'..,197'5) 4 However, ysome emphasis -has been laid.

on partlcu'lar types of iblecular crysms called "plastic ir;ysta]s"

Such crystals arg formed by cyc'lnnexane, succlnumtrile, p1vch acid.

B S D S




norbornylene, ci
Timmerman (1953),
-anomalous- (1ow) Valuedof the em:mmes of fusion of nrﬁmc compounds..
He found 'thar,- globular cnmpnynds (i.e, thuse qqmpnunds vghose_ molecules )
either have a higr; deg.ree of symmetry about trn/e|r centres, such as'CH4.
" or appear to be ‘spherically symmetric because of a rntut1vun\ébou1‘:.én”
axis', such as cy;lahexane) have Tow entrepies of fusion (< 20 eu).vhigh

triple point. temperatures and.exist in at least two solid phases. The

first phase that'is furmed Just be]ow the tr'lp'le pnin! xs usually the
plastic crystaﬂm

phase The crysta'l is clear, tacky and easily -
deformed. hence the tem\ “)ﬂast’lc“ At Tower temveratures, this. p]nsti:
phase transforms into one or two or. more non-plastic phases.. X-ray
stud1es of”this:phase indicate scructures of high symetry, usually face

P Lor bndy :entered cubic Lor, hexagona1 close packed. The ){-ray s'pectr‘a .

tend to be diffuse and thefi’ mtensnies diminish”rapidly with Bragg &

angte which' is evidence of the bngh degree of mIecu’lar disorder

(Dunning 1961) NMR and Raman experiments on some of these p]astic

““¢rystals show that the malecnles mve a high degree of mtatmnal and

translutmnd freedom and that the Raman. spectrum‘is not -very s|gmhcant1y'

mfferent from that of the liquid phase (see, e.g., Mitsuo-Ito 1965;
< sitbert and Drifforg 1977). . : i
«Brﬂ'louin scattering experiments have been carried nut on qu!te
a few compounds showing a, P'lasti: vhase, viz., sm:cinomtrile (Boyer et
a'l. 1971, Bird et al. 1971) pivalic acid (Bird et al. 1973). norbornylene
‘ (Folland ‘et a1. 1975), polycrysram,ne cety (Levy:Mannheim etfal. 1974),




afd CBr,*(Tekippe and Abels 1977). : However, only in. the case of pivalic
acid and norbornylene were the crystal orientations known and: the

o B

. elastic. constants. and elastic an{sntmyy calculated. . o

The ‘ultrasonic nensurenents (Fm\tainq and Horlmz 1968) on
single crysu'ls~of succimnitrile indicated :Mt it is very close to
being ehsticnﬂy fsotmp!c. similar ohservatinns were made for pivalic
acid and norbcmylene using arulaum spectmscopy. The 5r1'l'lan1n
Scattering experiments by Kiefte and Clouter on yoxyden (1975) and

B-nitrogen (1976) str_\g'le crystals. at ‘their triple ‘points also ;indicated -

that these crystals, especially oxygen, are highly isotropic. Nitrogen

*'and oxygen both exist in the plastic Form just below their triple paint.

Hence, - it was suspected that there .may be:some relationship between the
plastic phase of a substance and its elastic isotropy (at least at the.
_tr||ﬂe point). .For tms reason it was thought'necessary tostudy

e ,armamn scanering in other plastic crystals, particularly at-the

‘:oqnex plastic crystals. |

triple Wint. which has not heen done, in tlle above mentioned more

One ‘such ‘substance -1s cycTohexane (CgHy,). It consists of a
wirg oF six «carbon atoms to each of-which are bonded two hydrogen ‘atoms.

The carbon ring is not n a plane as in the benzene molecule hut has” the

“‘ehair' puckered structure with Dy symmetry. (Andrew and*Eades ‘1953,
and rbferences cited therein).  Cyclohexane forms a plastic crystal:
phase. (phase 1) in the temperatube. range frﬁl the triple_point* 6.68%C -

*Physical tonstqnts of ¢y lohexane and_their source of references are
y!ven “in Tab‘le 4.1, N ‘ 2




' (éntropy of fusion 9.2 eu) to. the first-qrder phase transition"(non-

plastic, phase II) at -86° c‘ .In phase T; X-ray 1nvesngamons (Hasse'l

and Somerfeldt 1938, Krishina 1958)) have shown the crystal Tattice to be
fec with four:molecules per unit cell, and is confirmed-to_have space
group T2 ‘(Mitsuo Tto1965) . bee” & 5
Previous studies of morecmar motion in. this plastic phase,of
E cyc]nhexane have included MR méasurements (Andrew and Eades 1953, "' .
" Folland et al.’ 1973), Ramén spectroscopy (Mitsuo Ito 1965), infra-red i
spectroscopy- (Carpenter and’Halford 1947, Dows 1965) and sel, f-diffus\on\

-+ Hawthorne and, Sherwood 1970). Measurenents of \

of .vacancies (see, e.

ultrasonic velocity undébsorpt\on have been done by Rasmussen 1962,
Gorbunov et 1. 1966, Green and “Scheie 1967, Koshkin and Dobroiiysiov

1970, and Dnbv‘omys'lov ef: als 1974) Green and' Scheie (1957) have
estimated elasﬂc constants. of phase Iof c_yc]ohexane from their ultra- At
sonic ve\ucﬂ:y measurements on po'l_ycr_ysta'l'l'ille smnples. ~[PEA
. In the f_o]'lowing pages;’. some’ Br11lou1n scattering experiments )J
on single plastic crystals of cyclohéxane very. close to the triple point

“are described. | A cryostat was especially.designed -to grow-single

s crysta‘ls and’to maintain’ them for days N‘ltlﬂn 0.1 K.temperature

/" variation: .The crystal.could be rotated about an axis, and the orienta-

- tions Were’ détermined ny'Laue photographs. * The spectriin was recorded

at various orientations: by- Fabry-Perot ‘and phosoh €gnting techniques:
In. the remaining part of chap:er 1, a brlef thenry of arﬂ\oum \“\

be presgnted. In Chapter’ 2, a descript'lnn of “the apparatus used to grnw .




“Crystals, to control the temperature and to record the.spectra is given.

In_Chapter 3, ‘the procedure to analyze the spectra dnd to calculate the
elastic chnstants 1s -described. - The ‘results and error analysis are——

" presented in Chapter 4, which also.contains a discussion on these-

“ results: % . A

11 Classical Tnéory of ‘Brillouin Scattering in Cubic Crystals

S Tha scattering of tht geneuﬂy nrises as’ ‘the result of ;. .

upﬂcal 'inhomgenuities in the scattering medfum. In humogeneous, pure

.suﬁstances, the rensun for. optlcal inhomogeneities I\as been estnb'lished !
as the fluctuation of tha aptfcal dielectric constant, brought about in ¥
tum by the ﬂuctultions of ‘the density of the substances and fluctua-
tions 'ln the orientation of the molecules: ; 3 ’
Using the aboye arguments, Brillouin scitterlng in solids has
been discussed by many amnrs_(see_, e.g.; Born and ng 1954; Bugdek
ar;d Fr'lt/ch 1966, Fabelinskif 1955, and Cummins: and Schoen 19’2).'1 In this
section, the theory developed.by.Benedek -and Fritsch (1966) anq later on
_by Gornall and Stoicheff “‘97.1) s g1’ven’!n brief. This thnov‘y pmj(c_ts
:the iyntengityv. polarization and frequency of the s:itteredbe\ectm-
inagneﬁc'ra}imtnn ‘from A cublic crystal:  Only Ehat pabt of the tneory

o has been discussed which is relevant to this experiment. -

W There are two baslc assumpt1ons made:. 1) the solid is ragirded

as continuim, and 2) the volune, elenent |dr| involved {n calcu'laung

the scnttered a'lectrlc fie\d is much smaller thun the unve]ength cuhed

-7




of electromagnetic radiation being studied. With mese' assumptions, the

" theory proceeds as follows. T
An: electromagnetic wave passing through a medium produces an ;

oscillating dipole monent per unit volume, F(r.t), at each point ¥ (ses :

The scattered or radiated electric Fleld produced by the 7

Fig. 1.1). 5
ns:\lhting F(r ) in the small volune element |d¥| |s given by
s
w Xilgihsx au’(r /et T L X .

aE'(iie) - Rov P . (L) :
. e [RF S ’ ¢ B

oy ARt
E! (rit)=Ege $orret),

AR M DR

g e e
z FIGURE 1:1 g
¥ Disgra showlng the-Incisit wavé vector Byt Qhe 1nurce poiit . :
the field point R; and the scattering angle 6. ¢
where the vectors are shown in-the diagram, R betig taken inside the -
scattering pedium; t' 1s the m.ardea “tine and c, = o/n is the vefoctty, - :
~of, e]ectmgnauc waves (n the medtun. e 2
Let the a'luctrir. ﬂe]d of the vave"incidefit wnnin the_fiediun




4 1 .
o B =Boe L0 L (1.2)
0 | where the wave vector (K| = nsy/c = 26/, u, ‘is the frequency and A,
|15 the wavetengtn of tne incident Fleld.
{this field can be written as .~ |
#| 2o k2
ity eil 0 F(r,t)‘= [<o> + '(F.t)] ey

The. polarization induced by

T 1.3)

|nto the time average purt <o 2. and the time-

pace fluttuations sa(¥st).
Also, ‘a 1. approxinately related to the dielectric constant of -the mediun |
as B :

S e e (1:2)

: sa(F,t) = se(Fot)/an (¢ —————==_" (L.5)"
L — ! > : 3 1 . & -
In 11quids and cubic crystals, <a>-fs a scalar’ times the uhity’tensor,

1 the index of: refraction n is independent of direction of propagation.

Scattering in.the forward direction only is produced by <a>; whereas
scattering in all other directions arises solely from éa(¥,t). The
fluctuations-in'the tensor elements of sa(F,t) are produced becaise of

the density fluctuations which, in turn, are composed of-adiabatic
I fluctuations' (thermal pressure T

“tuations); and jsobaric f
(entropy fluctuations).

The’ pressure nuctunons‘rap;r'esent randori
local compressions or rarefactions which, as. a'conkequence of the

efastic properties of the medium, do not remain fixed:in position but

propagate thraighout. the ‘volume of the sample: Thd numerous random




-d‘é’ (K t) i (m /c)’

. - ; 5 10

om‘pr'!ssio‘ns and rar_efjfﬁons nﬂsingwﬂ:oni the thermal pressure fluctua- ’
tions can be considered as-elastic waves of different frequem:les which
are pmwgnted in all pessme -ﬂrectinns inside- the vo]une under study
These elasﬁc waves have characteﬂst(c frequencies 10° Gm which is

small compared :a tha Tight frequencjes in the opticul mginn ~ 5X108- GHx

“Hence, " in evaluulng 5’3/&.‘2 sa may be re@arﬂed as a very weak function

of t{ne. Hence, Eqs.-(1.2) and (1 3) give

A WP e i3
's«bsutu:(ng Eqs: (L:6), (1 3 and (1:2)-4n (1.1) and uung 1nm account
tb! time retardation, the ﬂﬂlmﬂng EXDI‘ESS'OII is’ nbtained.

.u-, ;
(SR LT ,

) .
ik F R-7 |-t
g T l r| )H #

X |TgipX ((<a> + 6a(F

a;m_ carrying
retarded time 't! to get: o . T LET .




JIt-can, be seen right away that the cuntr1but1un by the <a> Lerm ds only
in the fnmard direction because of: the Dlrac de'lta fum:twn. “Hence, m‘
tms Case ‘Where AT ;

1t has already been stated"that the fluctuattons in the mediun
take place in all the directions. Hnwever,\ﬂn'ly particular fluctuations

are “are responsible. for scattering m a particular mreman. .In-orden to

find that, the fluctuations are ana’l_vzed mtu their “spatial Fnurier

Gon =t i‘ E
sa(fat!) = (2n) =/t J 1dq[ au“(a) e (?i i (Q)t ] . (1.10):

comporients:

v

where © 1 2vr/A is the vave: “wector of the ﬂuctuatmn ‘and . uy (E) Is the,

‘fréquency corresp % this f 5n’. . The 1ndex 4 denotes the

*." possi i'ln:y.‘of a ‘number: ‘of - branghes 'iufthé' dispersion .re1at1o|r connecting '




7 \ 9 and o, The doub1e value (£) ‘of - u (3) 1s ‘taken, into account or waves
in opposite dirdctions.’ " i « s di o T l

10) 15 substltuted Inm (1 9) and the retarde? tim is

ot kg I . SN
J,]da G =(zg)?c¢§-(f-I5)) ‘,

\cal'led th scatteﬂng ve:tnr - This means tmt the f'luctuat‘lnns which give e




- E 13 -

rise to scattering in the T, dlrecnon nust -ave' waye ‘vactor § = %, which’

satisfies the implicit Eq. - (1.15). 15) - . <

‘dependence—oi—ﬂ\e-sea'ttered field.an the direction of scattering D.V o, 800 N

r‘e1abelﬂng E'(i £).= E'(x,t). s s gty i

Thds“1t can be seen that' the am;ﬂitude of the scatéering From each branch
u'is propnrﬂonal to that spatia’l Fuur1er cumpunenc of. the ﬂuctuatmn 'm
€ chh hns wave' vector x. Tne frequency nf ‘the scattered gq‘e is given

by’ y

S

\Hence. the’ spectrum of the scattered tht >cnnta1ns sets of doublets

locatad symetrically around the incident 1iant’frequency:. (.

= The physical 1nterpretation of ‘Egs. (1 15) and (1 17) can he .
‘, described in two ways: o v i . $s Pt D
S 1) In quantum mechanical language, the incident rad'la':mn B Vidhne Sl

“""5‘5‘5 of th"s of energy fug ‘and omentun L elastic vaves S e e

consist of phonnns of. engrgy hmu/and momentum A In. ghe.scattgr1n_g

‘process. depicted by Fig. ‘1.2, the Tncident photon efther creatés'a phonon

or anniﬁiht&s_ a phonon at ‘the scattering point: ' The conservation’ of
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Scattering of an incident photon. *The d’ia"gram repres n‘ts‘phnnnn'
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c1assica] Bragg ref‘le(:t'lnn of " the ‘mcMent 'I|g||t wave b_y elastic S

waves:




‘fnet;gy,'

" Fig. 1.3, satisfying.the condition

with velacfty

“homéntum, and energy ‘then Tead to' the conditions that the Zcattered: photon

has: momentum

ﬂm‘ﬁw thu

The doub’lets ubserved 1n the spectru’m thus represent “the Exﬂhang! nf o

energy: thu between the phomn .and’ the pnunon. Egs., gl.lB) ‘and (}.19)_

: are identical to Eqs:. (1.15) and; (1.17). e susiakl

2) In c'lassical mechanics, Eq. (1. 14) detenn(nes the manner in,

which the- phases’ of ‘waves scattered from each pomt of the small scamrmg

- volume add uw. If tl! phases add up in acqordance with the condithn of»

£ (1. 15); the Scattered radfation adds. constructively at eich point." .

This correspnnds to.a Bragg reﬂecnun of the tht waves: af wave'lenqth'

Ao aff the Navefronts ‘of the f'luctuannn of. wave'(ength A=d, as shown in

wheFe ‘only one order s’ nbser\red Slnce the acnusﬁc waves are mvemng




Howe.ver, ne’lther of tne two interpreta ions. mntiuned ahove takes into
accaunt ‘the' Finite ertime of the seund waves in the me‘diun wnich resuIts-
|n the hroaden(ng of the Brillouin cmnponents. TMs IS taken 1nto nccount A :

' Benedek and Fr‘lt.sch ‘(1966

. ,by the‘theory presented

¢ If the fréquency. shift of tna Brl”l]omn comy nents is. measured.

then accprdlng to Eq (1. 22), the angu‘lal dependence Qf the velogity af
; 3

these "sound waves- 1n the crystal. can be detennined oIn the next section..

it H'H be:seen that solle very impnrta t pmpert‘les of. the crys’ta'l medium,

‘suh as the adiabatlc elastic constants amLthe .adtabatic bulk modulus

_'af the ubic crystTls ‘can a'lso be ca’lcu]ated

i, ro@gg‘:h’n of E]ast!c wms i’ Cubic crzsm
It has; a‘lready been’ pointed out: that the Briﬂouin scattering

arises frnm the thmm f’luctuationsijn the cryst

are, in fact, the theman excitzd elasﬂc waves. wn'lch av:e caused ‘by
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e

N

) Tigratany point of a body are & Tinear function of the compnnents of - the

(e LY

where T

element in the sample.
The generalized Hooké's lawstatés that the conponents of stresss

and ¥ are the displacement and position vectors of a volume

strnn at the point. This s wr|tten as o

R

£ 'J. K1 =1,20r3 .(1.25)

TU = Sisa euj
The C's are the elastic stiffness constants  (usually referr® to as
elastic constants), and the indices refer to the three orthogonal
directions corresponding to_the coordinate axes which coincide with ‘the

edges of the cubic crystal. Tne/stre.ss components are defined as

s

> 84 . 4
where aF; 15 the force acting in the'i-direction across. the element of .
surface aA; whose normal s in the j-direction. : : =2
& In general, Eq. (l 25) represents nine equauons involving 81
e'llstic constants. - However, by applying the condition that the: total
8, torque on the cub{c soHd snou‘ld be zero, che number of stress and str'a1n e 18 3
comporients raduce to s1x ench and the ehst!c constants tb_36. - Considera- il
tion of the e]asnc energy density of the :rystal further reduces the
number nf elastic coristants to 21. . Again, the inherent symmetry of a Fubic




SRS

crystal ‘(Kittel-1971) reduces the’ number of -ndepéndent’ elastic constants

~. to three. In the Tight of the above disctigsion, the stress -components. are '

'syl-etriul, T < o %
-7y (.27) z
and the symmetrized strains are then defined a5 £ 7 % R
AL % . B EANS au i i R
1- 20y SR8 |
[ ! (1.28) - mm—

Pl ; 1 z[“ ] s i
1 “For’ cnnvenience, Eq. (1.25) 1s written‘as ' ©. ' 9

" where the tensor notation has been replaced by the matrix notation as =

follows: " i Sy

Mt S Mt 0B
: e 0anst
5 : Gyt




b lfor an 1sctrop'i; cubic crysta‘l. pb _‘ D

where Cyy I the ongitudina) modulus ‘ajang a cube edge, Cy is a

twagsvérse (stiear) -and (cll-cié')/z repre

~ The elastic energy density given by

kv[w] Gt +’Z°fz>., 7..'.".7,0-33) “
e o £ A A 4

tvmere V ls the vo]ume. T the temperaturé, and P |s the pressure af tne |

nts a.second transverse modulus.

: The ad'labatic bu'lk mudu]us (the recipraca‘l of vo‘lume :dmiz'regsi— g

IS




“4 where » 1 t density of the mediin. . If-the heat exchange during a.
period of os:i]'iatnry motion. is negligible (aé is the case n the.

i . Brillouin scatteﬂng experiment), then any part of. the body is thev-mally

v : . “ isolated “ami the defohnatinn is adiabat\c‘ thus all the curresyunding

observations are adiabatic, - e B gt

i kConsidering Eqgs. (1 za), (1s 29), (1 30), and {12 34), the

\ rect‘lon he:omes

d%uy

+ L E |
127480
[drxdrz

i Sim11ar -equations: ekisi'fn\v‘ motion in “the'r, - and. ry frections.” The;é

indrs. 5

are obtained by: the cyc'l 1c‘permutation of b

P i For the case ofumnochromutic p]ane e]astu: wave, th!su'lnﬂon is
tqe‘fnm A il s RS =
Xy : R ot e g
P ‘K(?.;) =,!’uﬁ) b (Q) ei@ ",'“").

where Uy s the magnitude'of the vart1c1e ampntude and l(q) is the unit

- yector in the di recﬁon of partme motinn ory 1n other words is the unit

I pnhrfzatinn vector of ‘t_he 1 ne vﬂve. Eqs (1 35) can he wr1tten as

0y ;.D'P,zsu) “3’0 e

= cu)qf G

Df




The system of Eqs. (1.37) is.a 3X3 ‘eigenvalue pmb]em.‘ It can be so'lved
by Jacobi * s method uhjch involves find'mg the -orthogonal tpnsfnmation
that dugunahzes the matrix A‘J The three,e1genvalues Mu so obta‘ined

-’ y1e1 d

=:1,2,3 (1.39)‘

B, e o (E)-Q(n’/p)m

and tne colums of the transfom\atmn matrix (the elgemﬁmnons) are t

required unit. po'lariu:ion vecturs n“(q) Because. A is symmetr'\:, tl_\e

; three () fora- given. Gare mutnany urthogonal‘ Fron-the’ dispersion |

re1annn -1

sl e v(a)‘"wm/a LT (e L
Sl o : 3 e i

5 -and fmm Eq. (1. 33), it can be. seen r.hat, since  is quadratic in.q, the\

\po'laruatmns “¥(q) and the'velocities V (q) are dependent only-on the;

'd'lrection of § and not: on its magnitude.

For exanple,"if § is paral!el to one.of the high symnatry
“directions <100>, <110> or <111>, the highest Velocity mude is purely
‘nngnud’ina] (i.e., say, n‘(q) para|1e1 10:4), hile the other two_modes

are transverse ana degenerate for propagation. i “the <100>and 1>

‘diréctions (1 e.\; uzﬁ) = MQ(Q)) n genera1 nwever. for an arbitu
\ 2

« . direcuon in-an- anisutropic cubic cr_ystal, a1l tnree mdes are non-

i degenerate. the pahrizaﬂn»s are nei ther strictly longitudinnl*nnr 3 :

str1ct'ly transverse. Woerts S5

7 L Now, in the 'Iaboratory frame of referem:e, the d1rectiuns nf
% and I “arg:knowh and the-direction ofﬁ 15 known ‘through Eq. (:. 15).
n order tw use (i). uh!ch are r.he observed Brillnu(n sh1fts.
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i
direction of ¥ must be known in

to determine. the elastic constants, . the

li's -done “as'described- in ‘Section

the crystal reference frame. Once this
3.3; the observed acoustic frequencii&fi? used to determine. the adiabatic
W T T g

elastic constants of the crystal.




CHAPTER 2 2w

© ' EXPERIMENTAL APPARATUS

W The ekperimental arraiiement for Brillouin'scattering studies

and. a1s0' for X-ray .diffractionianalysis bf éyc’lohexgne s‘i"ngle crystals.

.+ of reference. Ught frnm a sing]e mode Argun-ion ‘{aser was inc

' interferometer and & pht omumpner tube: The' spectmn wgs stored in '

7. a data dcquisition and stabilization: system. De'taj'l‘s of, the equ|.pl§|ent.

7 _are'g’_iven in the following secﬁonst o ¢ —

2 Laser

i i One of: the stringent requ'lrenents for. BnnﬁT spectroscopy
ls _that the ‘Incident rndiatmn ‘should he higmy monuchromatlc. Th1s is
y bacause the. magnltude of the frequen:y shifts observed 1§’ about 0.1 «tu"
4 10'GHz {and, i the;- Tinewidth'of ‘the incident radiation'is_conparable to S0

these ‘snifts,. they will:not b resamd. The invent'lnn of laser

provlded a highly mnnchmmatm source- to be used: In such studfes. . R

7 “The “source uf inc'ldent radiation used - was an: Av‘gon-inn 1aser,

(Mude'l 52, Cuhemnt Radht'lon Labs.). 1t essenhal'ly cnns(sts of a Mg




> Schematic exnﬂmer\ta!' arrangemei\t for Brﬂlnu{n
scattering and X-ray: diffraction - analysis of cycluhexane

s1ng‘|= crystals. 5
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dnd placed in an optical cavity of 1.18'm in-lerigth. ‘Its principal
emfssion’ (of about .2 watts) s in. the blue-green reai.un of the visible
spectrun, and one particular laser Tine at 514.5 nn was selected by the
use of an fntracavity prism (Model 431, Coherent Radigtion). This Tine
hés a Doppler ‘broadened width of 2 fed GHz, the axial mode spacing
within. the Doppler profile being ~ 115 MHz. " In addition, by using an -
intracavity etalon- (Coherent Radhtion). 1aser actinn was restrﬂ:ted to
one mode. It was observed that during “the first fow hours the ‘Taser. §

~was on, : it changzd modes

"mode.iopped") quite frequenny but, after an:.

' initia] warm-up of ‘several "hours, mode nopping was ‘about; once every two

to three hours. No “Further- attempts at staMHnng the 'Iaser were made
ln,thvese experlnpnts. The. laser Tine had a width. of about 20 MHz due to
high: fréuency “jitter?.” For'a detailed’description.of -thé Taseriand
Fabry=Perot interferometer used in this laboratory,- the render\is referred

to' the MiSc. thesis by Morgan_(1976): - - H e

2.2 ‘Spectrometer . < .+ . .

£ The Iaser beam. with an nverage pnwer of-30 mW and’always N

pu‘larlfed perpendicular ‘to tn/e/scattering plane, was directed into_the.’

.. 'sample cell by mearis of a bean-Steering-device (Mode'l BA’ SODA, Jodon

4

“Fabry-Perot interferometer. -

2 Engineering Asse:.,% ). LIt was hmught to a:focus about 4 mm abnve
the bnttam c'lip of Thecell: by a 5= cm focal length Mgh qua'lﬂ;y quartz

'Iens (L1). The Tight scatter‘ through 90“ from the chus was cn'l'lected

tm‘wah an aperture (A1) of appmx!mate]y 6 fim. dﬁmer and- then g
] 2
collimated by a ]ens (L2) of focal.length .40 & before entering . the
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jrh'e.nrlllu_ﬁn scattering technique involves measurements of
very small frequency shifts of the orcer of 107% to 10°® of the incident
frequency. This' necessitates .the use of a high resolving Mr
Smtmttr which, in the prﬁent emrlmnts eonslsled of a Fabry-
(ﬂc-u). gh) and a p

1er tube.
A Fabry-Perot lnt.rfemter (FP) :onsists of two partlllly

ﬁumltung mirrors (flat o, curved) parallel to ‘each other.  If e
- 3!’ between m two llrrovs 1s i1lminated m‘y- a mm of coherent_.
monochrosatic. 11ght, 1t will transmit the beam only when. the relation
it gae p _' '\- T2y
T iau;ma. where
X= nvulmgth of the |m:hsunt l|gnt
me= urder of 1nterferm'.e
n* refractive index-of the mediun betieen. the _
“two mirrors B t
3 d-=mirror spacing - Yol
L -, e=inclintionof the normal of. the mirrors.to
“the’ wavefront. di rection. - A
Hnwever. nnlnhe 'tht transmitted llnn! the optical axis for nmm
] © % 0 was studied. Th‘ls' gsﬁlu nenr.rnl spot scanuinq.

%

nd the
Eq. (2. l)ndun«tn ;
1

S L m = 2d (n=1, for dir)..

" Tight will change. Tuning is accomplished: by nving one mirror with

- psd

i (2.2). S
Y IE ifd is varied, then the nve\mth and u-e order of the transmitted




e

respect to the other and this 1is done by using piezoelectric (PZT)
crystals. To a good approximation, the plate separation d varies
Tinearly with the voltage applied to the PZT's. "rne spectrun of the
11§ht 1s obtu‘lned by Sweeping the voltage while observing the intenslty
at t‘he cemgr of the ring pa_ttern. “The Data: Acquisition and Stabiliza-
tion s;}stem (0AS, 'to be described in Sectioﬁ 2.3)- pmﬁded tptally.
automatic control nf the FP alignment. . The ' 1nterference pattern of the >
5 FP was.-focussed o‘n to a p{nnole of 800 u diameter by meﬂns of a 59 1 cm:,
focal e quartz Tens (L3);. ThE Tignt ‘from the pinliole was agati
Focussed, by annther 1ens -of - fccal 18ngth 7. 'em on to the taﬂwﬂe ofa ..
phn:omumpﬁier tube.

The frequenc_y inr,erva'l between the two consecuﬂ ve orders of .-

the FP.is called the . Speotra’l Free Range (SFR), and is g1ven by : T =

ssn-a/zm{ (Hz) ) 2y

where ¢ is the velocity of ngm. in vacuum. Forsome of the expermnt's;
! E
d vas 07605 £ 10,0005 cm-which gave a SR of 10714 70.01 GHz. “TIn the -

5 other experiments, d was 0. 8011 + 0.0005 :m which corresponds to a SFR
of 18.72 +0.016Hz, and was. determined us1ng a travemng microscope

Tha tnstrimental Vinevidth (fun width st half maxinm ’

1ntens|ty) is given by’ . -
el o e g i,

. av = SFRIF 2 )
B wﬁere F.i5 the finesse of the Fabry-Perot 1nterferome[ter. Thus, - the -

Finesse 15" “the  key m!asure of - the' interferometer's. ability. to. resolv

close!y»snacedl TR T deoennined«by- e Hat ENE e




R (2.5)

where Fp, Fp, Fj. and Fp are the contributions’ due to the mirror .
reflectivity, mirror flatness, diffraction at the pinhole, and the pin-.

hole size, respectively. The mirrors used in this experiment: were

5.08 cn diameter with3/200 flatness and'dielectrically coated for a

ref1 ectivn:_y of 98% at A =500 nm. .The diamter nf the pinhoie
‘aperture AZ used .was. 800 mi crons .

The various finesse contHbuHons were then calclﬂated" as

= 160

= 1007

R 340
i EEQ
and, thus,

p = 140 s
Fa7o .

llence, the_overall ins:ru'neﬁm Tine width was approximately: 280 Maz;
for’ all the experiments as veriﬁea by measurement.

The photommﬂp'lier tube used: was an ITT FW130, (Electrn- .
Optn:nl Products Div. ITT). “This isa spe:ia'l purpose 16-stage
Mlt'lp“er phnmtube having a circular end‘nindow phutncathqde of . 2. 5 L
diameter. . The tube was mounted dina themelectrically-ceoled RF-
= shielded chamber (Mode1 TEIMKF. Prvdtu:t fn( Research), wh(th controlled

- the caﬂmde tunperatur! to -20°C * (' 5°C and had ‘the effecl oF Hmiting

Ly
\
1

the dark count to. a very. 16w val e of about L per, sécond. .7




. “The output pulses from the phototube were am11Fied by an.
AT er/Discriafnator (AD) (fodel SSR 1120, Princeton Applied Research).

“The unit was Jinstalled close to the. omm S0 that the very weak

photopulses were not awnc‘lably atumnud and ‘noise pickup.was reduced.
me outm fm the. An ns cqmected to-the scalar of .the DAS” sysm.

+2.3 Data Acguisitlon and Stabmzltiun Sgsum (DASQ .
The. DAS*1 (Burleigh lnstruments In ) sysum was designad fo

.

revatnive scanning of the FP and far pnoton onunt'ng detedtiun

g ad\d;(ipn. 8 a1so nutnmm:n]ly r:nrrm:tsr For frequen:y drlfts in tbe

(E DAS-1 consists of a nndchumel anllyzer of 1024 chanmels. It.~.
genery

~syst=m as-well as for l|sa'| 'gnlnnt"ol the ‘FP uv'ltx..

5 a d191u’| ‘ramp voltage nh(da 1s uscd to drive the PZT s of m

FP lerwgh a_high vn‘ugl amplifier ndule. The sl! l‘lm vol tage- ilsd
quuenthﬂy addresses the 1024 chamne]s.- The optical freqency passed

3 by the interferoreter varies nnear’ly with the ramp viltage and thus

with the channel pumber. " Each time a photopulse arrives. a count.s .~

added to the memry channel corresponding to that section-of ‘the ramp »

voltage, and, therefore, -frequency - shift. . The o are - th
oounted and swred Ind. hzm:e. vesmt in” the icc\lulltlcm of - the
Frequem:y spectrum of uli scamred thc in- the. memory . Loglc drcultry

,prnmhns data acquisition -during ‘the ﬂy—hnck portion of the rap &

:The splctruni can be seen_ on the. cR‘l"di’s‘;;lly of tﬁe DAS-I
system. -The “Bug" is an interfified spot on the CRT nﬁjcn i:a!i: be v
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positioned to ad;ress,gny channel’ of the memory. The‘alphanumeric

+. readout on the CRT d(sp'lays the Bug channel number, tne total number of
counts . in that channel, full scale of the:CRT display, and also the.
total nimper/of

spectrim display can be Tinear or'logarithmic.- ‘An additional facility .
;for background suhtraction is.also prnv1ded. . A °
T " The. effect of Tong-term frequency drift of the 1aser. axial

i drift of the \nter:fernmeter cavity, or any other possible drifc and

‘- instability, is elimirated by the drift stabilization unit of DAS-17 .~ - ..

This is doné by 1ucEin§ the Ra;v]e'igh Tine of the Brinm}in spectrum to

= [ an artntran'ly dehned position. in the DAS-1 memory.. The stabilizer
*uses. two data windows that are symetrically Tocated with respect ‘to
. the Ray‘le1gh Hne. The center position and the windnw uldth is

» 'selected by ‘the Bug, and v:rtu:ul markers cléar’ly )nd‘lcat! the window

S pcsntmns, Suppnse thie center positicn is at channel N, and the width -
of the w-mdows is AN, channels. Then during each sweep by the vamp, .a

e register A keeps«! running total ‘of the phntnn caunts fa]'hng in the

;similar‘tota]- for the upper window, channels N+1'to Neal. If the_

3 number of counts, say, in'A are more. than inB (taking ‘into account.
R Y

. 1 o s this indicates the shift of peak towards A.

Dur1ng the f'ly~back t|me of ‘the sweep, the stnbﬂizer cnmpares the
v contents of A .and B,, resets ‘each ‘to zero, and appHes 2 smatl correction-
to the b1as sp as to shift the-center of-the spectral feature clnser to :

the center nf the se’lscteu posnion ‘ln the ‘DAS-1 memory. . The mugnitude of -

s completed if ‘the Bug is'in channel zero, The '~
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:urre:tlon apphed per- sweep is ad,ﬂstab‘fe by a factor of 1 3

| o steps
E ‘ oo of 2K The approl riate. va]ueﬂs adJusted manually by observing the

& - rate and the sweep rate wh\ch was ‘normally 2 mslch.

{ | > Using a methad essencia'll_y s1mﬂar to ‘the ahove.'ﬁnesse . o 3
i i optimization s achieved: In: twu narrower- f'messe ynws which are o v ? D
v E: centered om the seme :hnsen spe:tra'l featura as above, counts are

accumulated on gacn sweep.

On every secund sweep, small test voltnges % & T

abbut the vertical-aki Ouunts are compared in, r.he third sweep and & st

» currectlon voltage is appHed 0 mximize the.. counts. Again in the Phebh

fau‘r_‘th sweep a test vo]tage 1s apphed to tllt the' mlrmrs abaut “the
horuontal axis.

‘the ‘total counts are’ :ompared i’ the two -co Secutive ER

* ‘sweeps ay;d sma]l corren:tion vu'ltage (compared to the test vﬂ:'ltagef 8w
app'lud to the PZT e1snents v.u tnt tha mirrars in the directiun s

cu‘rrespunding ‘to a gr:ater number of cnunts. e., h1gner fmesse. The A

ok
A schem;tic diagram nf the sample ce’ll ~and tl

- - shuwn in ig. 2.2. The basic nnslderatlon m des1gning the cryusm :




LR by me'lcmg r.he quarcz. L

possible. . It was ‘decided to a\m!d the Snphisticatinn available in .

reial perature: cryostats -and. the use of cryogens:: which-vas

unnecessary for ‘the’relatively high temperatures in the present ‘work.
The'sample‘cell was & quartz tube of inner didmeter 3 mm;
1.mm thick walls and 50 cm long. -This, tube was rigorously and pains-
takingly cleaned of dust and, !mpuriﬁes with 1rwrgagjLand organic .,
* solvents. The Fnai washing was dorie With spectmscnplc grade methannl.
- Thedawew endof ‘the c&11*was closed witn a cylindrical quartz, windsw -
(M1) which was 5 mm 1n length. 'This wlndaw was' cefented: to ‘the cell by,
/r;bean's of épe‘m The two. faces, of the mnduw mere’ highly. polished ‘so as’
i tn mmlmue parasitic scattering. - ¥
“Liquid cyck:hexane (Baker Instra»Analyzed. 6B spectrophoto- :

. metric, Grade for crystals *1 and #2; and Anachemia, U: V Spectmphatn

9 lletrh: Grade. fnr crystals I.’l and #4). was' admitted ‘to the cell b,

of a syringe;  No special precanﬂnns were! taken to’ store’ the
- ‘eyclohexane saifples and no:attenpts were made o further purify-them.
The”tiibe was' F117ed with cyclohexane'{to s height of ‘about 15 ‘cn. Hae

. the tube was then dipped:in 11quid ‘nitrogen ‘fo eezé the cyc'lohexnna,

_while the open_end of .thé tube vds_connected 'to a vacuim: pump hich

remuved the-air. from: the cell.. The ce'l'l was» then slow]y wav'med and ﬂle

procediirs was, repeted; thereby ‘removing most of “the dissoTved oxygen

9 are ‘known: to have created: an_error in the‘

and ni trogen {which, i

‘maasureﬂlant of the me]tlng pﬂint of. CSH 2 (Stokes and Tom'l'lns 1974))

Hh‘l'le mintam‘lng thB vacuum, the
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Sehematic diagram of the sample cell and the
cryos‘tat. T_he FP spectrometer akis is ‘perpemﬂcula_r‘ to

: the planeof the paper.
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g brass screw, and the- other thenmcouple Juction was fastened to zh‘ls

addition; resistance neaters of  50-ohms were wound on each rod to

the central axis of tbls tube and'a ;ﬂex‘lg]ass spacer p‘lnced 10.cm from'

36

( <
With reference to Fig. 2.2; a spring'clip 5 mm wide and made
R

of ‘brass.shim was fastened to thevbottom of the cell with a screw--

iounted GaAs diode T6-100-T05 “(Lake shore Cryotronigs, Inc.). One

- junction q'f a (aifferential). copper-constantan thermocouple was also

fastened to this clip.near the diode using a ,gou‘d thermal campound.

Care was. _qa_ken that t‘he thermu‘caup]e did. not: make electrical cantdcé w T

Awlth the ¢l Another 'c]ip was fixed to the cell.at'a heighi of_about

1 cmabove the first l:'Hp. The second clip. wa's:attacherh?mraf av

ch. Copper rods, of 5 mm Tength und 2 mn diameter, were so'ldered to
\each clip, and’ conducting paths-to ‘the tﬁ:mﬂe'lectnc cuo'Hng element : N

‘Were provided by flexible copper braids attached to the rodse, .t i T

*‘permit control “of the el temperature. 2 o

il f Tne cryosta

ons1sted of a phx\g)ass tuhe nf 8. 75\cm 1nner

diumeter hav{ng 3 mn th'ck walls. - The sample cell was suspended a'long

the“bottom of ‘the cell eqsured»shat the- cell re(\ained along the axis of
the tube. The t.op and bottom of the cl;yostat were glhsed with plexi-

g'lass covers 1 3 cm thick With the help of a rub T 0-ring Varrangenie‘nt i

S0 as to. make the cryostat vacuum tights Every other lperture (to be

des\:rihed helnvl) in. these: covers was 4950 seal!hrt’ﬂ'v‘uhber 0-rings:

Tne buttum .cover had a cm:u] ar aperture ‘whose'center was

s'light‘ly off the! nx's of che tnbe. Th'ls aperture was c1nsed by




was equipped with three heavy -\enl lzgs and was_firmly anchored to a

5 cnmpnnents. g i

incident along the axis Gf the sample cell: Another apertire provided
2 continuous- flow of water to a copper heat sink inside the chamber,

and the thermoelectric module (described in Section 2.5) which Was used

to cool. the cell was mounted in good thermal contact with'the heat sink..-
. The water supply to the heat Sink-was filtered and the pressure and flow .
regulated 5o ‘as to avoid blockage of the ‘tubing and to prov(de a constant.
flow of water.. . ¢
“ The top.. covér had a small apertun in the center through which .
the sump'le celi passed 1nto the cryostat.‘

A cnnlbinutian of. pumping.- 110 €
‘and electiical feed:through was. also provided-at the top. ‘Orice the
whole cryostat was ussemled a vacuum about 2 or 3w ccu]d easily Be

v
miintdined inside.

This nas necessar.y to avoid tnem'l convection by alr
"Isi& ﬂ\e cryﬂsnt And consequent un:ven qriﬂ‘ents ulcng the walls of
" the sample cen 1 z

The :ryosut was suvwl‘ted ahﬂut 5 cm_below its I.on by l-lns ‘
of a ball/bear‘ng nrrlnqulent which p!mitped rotation of the whole
c;yn_s}a’z’axgaut its (vertical) axis. ‘This rotation could be read.to an
Jaccuracy of 0.5° via a protractor mounted on top of .the cryostat. Thus.
Brl‘llouln s:atterlnq could be stulﬂed at vlr'ous orientations of the
-crystal. ‘The hl"-h“ﬂng sleeve uas. jn turn, fastened to a: ﬂit
2.54 cm thick vlltﬂ of aluminum by" three leveling screws-

This vhte <

wooden bem:h which ‘also _senved as a munting surflca for the Dptlca1




2.5 Temperature Control and Growth of Single Crystals &

It has already been pointed out that the\sample cell was
cooled by conduction through copper braids. These braids were pressure-
b bonded to the cold surfdce of the thermelectnc mndu'le as shown in . &

F‘Ig‘ 2.2.: A tnen»oelectric mndule 1s a nevlce which utlees the

Pelner effect to pmduce a teniperamre difference between its tuo oy
surfaces when a- direct current is passed througn 11:. _ The themoe1ectr‘le

modulés used were Module Nos. 12HK and two 8AB8"s:.(NucTear Systems Inc.).

The '8AB8!§. were iounted on tup of 12HK and a1l of them were connected in oot

series. to a' power snpp'ly ‘(Model- 6471, Niclear Systems lnc )s-which was’

capable’of \proyid1ngsvar!ab'le voltage from 0-6 V.dc and a current of up i

F : . "t0.6 A Cooling of ‘the cold sirface was proportianal to-the amount of -
; it Fmour

Al

_current passed through the module and also dependent o the’ témperature

of ‘the hot surface.’ The hot surface of this Module was moiinted'on ‘the ..

heat slnk already described (Sectwn 2. 4)

- To”measure the tanperature nf the crysta] and also to keep. H:

= at a constant temperature a cryogenic Temperature lnd!catar/(:ontm'ller.
: e .. Model DTQ-SOQ (Lake Shore’ Cryotronics; Inc.}{;aas used-in cnnjuncunn
with-a-GaAs tnenmmeter r {Model TG-100k-T05, -Lake Shore ‘cryatromcs, Inc. ¥ o B 2

The GaAs. diffused Junctlan themometer is'a diode whose fnrvﬂard veltage

changes with temperature when a cunstant curr‘ent 1s passed through it. n., i

AN
In the present ce e;: the constant current uas 10 mdcroamperes. and the

resulting signa! (w 1V) frnm the diude was ncl:epted by the tenpernture 437

. controller mentlnned above. This signal was compared vm:h a Mgh]y ' .

& stalﬂe |nterna1 set polnt vo'ltage' the difference ( »_the errnr
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signal) was mliﬂedmd used to regulate the amount of :urrent flowing
thmugh the hnters wound in series aroupd the copper -rods snppnrting
the br'a(ds. This automatic temperature cuntrnl ws stable to within

about 0.01 K per hour.

5

4 % Apart from playing its part in temperature control, the GaAs .«

diode was also used as a thernometer. The diode was calibrated using

“constant. temperature baths in the. range 300 K to 190 K’ (Meyer 1971)‘so
that, with a current of 10 yA, ‘the Yoltage-developed across. the diode

. s ‘related. to 'the ‘tenperature in Ké'lﬁns. The output voltage of the

/ .diode was® equal to the set peint voltage when tne error signal® 1nd1cuted e
by- the null meter. wls zero. “Thus, by referring tMs set point vo'lnge

“to the'voltage versus temperatiré calibration curve, its temperature was

\ \\ . _obtained. ' The calibration was accurate to 0.2 K.~ - -

= $ ) In-order to grow a single crystal, it is necessary to maintain
: “a ther-al gradient between the top and bottom clips of the cell.” This
, wWas achieved hy dividing the heater current to the top and bottom

heaters tm-nunh a potentiometer connected in parallel with Ule two

g 3 heaters. . Thus, by adjusting the putentlueter. a thermal gndient of
== about I'K was created between the top and the bottom clips.  This,

2 qudient was y tore by a-.copper "’,N

conn:cud toa m1cvvvomneter (Hodel 1503. Kefthley Insmments). While

i
- nammninq the:gradient, the temperdture of the cell was slowly lowered
by ad.lusting both the currant thrnugh the tnenme'lectrlc nndu’le and ':he

set” polnt vnlune. When the; set puint vo]nge reu:hed the aet{

pnlnt of r;yclohaxnne. 279.87.K, @ small ‘seed" crysul abom: 0. 5,mm Mgh
was fnrped. I{nls crystal was-annealed fm: about two to three hours ¢



<
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following which the temperature was slowly lowered so that the crystal

grew at an approximate rate of 0:5mm per hour. When the crystal had

grown to about 0.7 cm, furtmr'lmring of the temperature was stopped -
_ and an Yray Lave (transmission) photograph was taken. If tbe' crystal

appeared to be a cu-mhtaly s1ng'|e crysnl_md_[mL!m an.v strains and_ s

visibh defects sucnhls tucks etc. - “the teﬁaerltur& and the gradient
. were kept consunt hroummut the duraﬁon of the experﬂnent. Othenﬁsa,
the crysm was malwted and dnothar ane. grown.’ o ', 3 gl X




CHAPTER 3-
- (S
EXPERIMENTAL ANALYSIS

3 l Orlentatinn nf Cubic. Cr_vsta'ls b_V X-ray Diffrachon
In order to orient the cr'ystal with-respect to t‘ne laboratory

Frame of reference;’ the X-ray Laue ‘diffraction tecnmque was used.”
Trunsm1ss1{rfn\aue phntngrnpns of:the sample crystal were taken, firstly, .
tn deCemme»uhether the crysta" was comp'letﬂy slngle. secnmﬂy. to~

see if the cr‘ysta'l was. stra'{ned, and tMrLﬂy, to find: the Euler

ang'les (s,¢,x) (Goldstein  1950) between the crysta] axes and the

'Iaboratory coordinate axes.’
i The’ edges of ‘the ‘cube of phase I af CeHya" were tlken to, be

the‘ ma ji :rysta'l]ine axes. The 'Iahora'.or_y coordinate system and ‘the

‘X-ray apparatus setup is shown.in Fig 2.1. - The laser beam was

1nc'{dent ~along: the 2z ax’ls wl\i was .also the axis.of the c,ylindricﬂ
sample ce’ll. The Dptica'l axis (at 90° to. the cell axls) Has the Y- axls.
During the 1n|t|a] a‘Hgnment of the apparutus. this optic axis was’

" defined with a-He- Ne 'laser beam, This Y-axis beam mtersected the.

Z axis bealJ of thi 'Argnn ~1on 'Iaser at 90° |I\S|de the cyHndr1 a1 cell;
"An_dccurate
et

about & mi from the upper- siirface” e oIl window W

pentabrism was used- to posn*lcm the’ tWo laser: beams:
o T Thel X -ray. source used was x Philips:Mo. 1oo/se 100- Kv hery'lhum

76tk ‘dnd 10 A current. The X-ray tube was mounzed o, o v heauy
; s m ‘all: dlrect!ons.

v¢1th
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A lead collimator was placed in front of the X-ray source (see Fig. 2.1),
followed by the cryostat with the sample cell. The distance between the

collimator and the cell was about 4.5 cm. The X-ray beam emerging from

- . the collimator passed through the plexiglass of the cryostat and was

incident on the quartz cell containing the crystal. ' The diameter. of

this beam was ibout 1:5 mm, vmereus the Tight scattering vuhne of the

L crystal . 'Incated at the nr{gm n‘ the lahoratnry enordlnltes was 1ess

than D 1 lml + .Thus, the entire vnIume (Jf the crysu] suttering light

(AN was - pmhed by the X-rays. = . :

3 ’ The. transmission® Laue pacterf' were remrdad' using a l‘olure(d

XR-7 Land camera mm:n was mounted’ between zu can and. the spectmmet:r.

The film used was N’llmid. t.ype 57. During the tnitla] u'l'lgmmnt. the

® " film surface was_ placed exactly perpendicular to -the Y-axis. The

distance bétween _the,centnr of the cell and the snrflce of the film wast _

7.0 cm. ‘Oncethe crystal was grown and probing-with Taser bean

= sw no visible defects (such as cracks in the crystal) a Laue photo-

graph was taken. -The Laue pattern consisted of a anl bright spot
r

8, corresp&imng to the undiffracted beam, and other

ight spo;s pmduoed

by un diffraction of X-rays superinpused on a diffuse backgroynd - (ske .

Fig. 4.1):

[ ‘.
vy

In the case of cul{ic crystals, i‘re'lltive'ly szrtghtfor’mrd iny‘

to. analyze the Lauo Patterns. 15 toruse stereographic project.lnn (cultity

: 1956). 'It.| pmmes
re'lutinns)nps qmng p1anas lnd directinnsf

o f diunsion grapn.

useful wuy of showing he three-d(menslona‘l -

a :rystal 1n a two-

A stereograpMc pmjectinn 15 constructed by’ r.unhderiug

e
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acubic crystal centered in a sphere. From the Y/enter, a normal t’o each
face is erected and extended until it meets the!sphe\(e in-a point. * Th
poits and thé riormals themselves are-called 'phles’|of the faces. In-
the. (100) standard grojection, a‘line connects: the (épn, pole of. the -
Zhericﬂ pro:]ection in, on‘e'-half of thie sphere to each pole on the
posite half of the spherz‘ Then the Fn1nts w ere. tﬁesz Tinescut

the equatorl\a1 p'IanE are 'Iabe'l'led with the indices of U\E PoTe that is

- onnected to (001) and thi: quar.ur'ia‘l pme then forms m stereo—'

“graphic gmjgctmn. - : 0

\ R - on the Laue photogriph the’ Actahos #of & particu]ar 3
. o, d\Pfraction SFbt from the center of -the film (1 el, the und1ffracted
sput) is gwen by ((:u’Ith 1956) iin \

3 =Dtan2 . ... 53 (3.1)
; . Sl T v e a» : //
; __Where D = distance between: the crystal and. the \photographic. film
Re % Had g 29 =»nng1e‘betwee'n' the dlffrac;ed a'rgd the \mdiffrncted ~helm.' .
. ¥

The distance ‘of the pnle ﬂf the reﬂecting lﬂane fro -tshe center of ‘the

projecﬂon 15’ given by "

T 0. : 3i2).
'E&Te R tqn(45 - s/Z)’_‘ N (s.z)—
“where [ R-= :the radius-of -the reference spbere. o the rad'ms oF

the projected great circle. g e

om was. used. using EqSA (3 1) and (3 2), a ‘st.ereogr‘ phic ru'ler was




constructed The spots on: the Laue phutngraph were traced on tracing
paper. Then. using this ruler, the'poles of the reﬂncting planes were
plotted. TM Wulff net was placed below the tra:lng paper and the’ angl;s
between the v-r1o\u planes were nzasured The crystal orimtatiun was
most easﬂy 1d=||t4f|ed if the diffractwn pattern exhibited an el'lipt‘lcal :
p_atc:»rn of spots cnaracterisncnf a c!-ys_tal zone' (i.e.; a group of
planes parallel toa comon Tine). An example of such a zone can be

seep in Fig. 4.1. 'In tMs case; m the po‘les of the zone 'He on T

‘great circle of the WiE net. e ;

Tne Eu]:r anglés. (0,4,x) were then found hy the procédire nut—

lined in Cuuity (1955). and were correct to #2%. - In order to detarvﬂne

the angJ,;s to 0.5° accuracy, a computer program was used to’ plat the

. L(lue spots given by the above Euler angles. These angles were varied

by #1% (and Tater on by 0. 5") and a1l combinations were plotted. -Then, -
by Inspectmn. the mmter plot whicn _best ﬂtted the nbserved _spots
was taken ‘to be the correct.one and _t.he Euler ang'les corresponding-to

" this plot were taken as accurate to 20:5°. P Sk

* Since the crystal was always rotated about the Z-axis, this
meant tha_t_‘mny the angle ¢ should ghal-\_ge_. and @ a:nd"x smig]d.rsnin'

Fixed: However, 1f the cell was not aligned ‘paratlel tothe rotation -

nxis. then botn e lnd X con\d change s11gntly.. Such ‘was the case fur

|ft=r a mdiﬂcaﬂon hf r.he appal atus. the aff&_was

Thls Mrlﬂad b.v flmﬂnq the\Elner .
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- e 3, shae o a5 s
' i3 2 Analysis of sEc%ra " oo n T B >
] I . Dnce the crysta] was ‘grown and uriented, a Brﬂlpu!n spectrum -

- > was' taken. In"a typical scan, usua'l'ly three«ﬁm orders of the spectrum g %,
i were recnrded " After the optlcs had been adjusted,for maxilwn finesse,’

s o * the dnft stabﬂizatmn and hnesse optimization windows, were centered

Tona Rayleigh 1ine of the spectrum. Usually a s_l1gm: adjustment of Tens : N

L2 s necessary to focus -on the Brillouin components:” Spectra Were
ac:umu1ated in tne DAS- 1 memory , usua]ly for 30 min to 1 m-, dependmg
5w o upon the intensity of the scattered hght, unt'H the vaFious cnmponents gt

stuud out very c1ear1y above the packgmund noise ‘and viere. easily

B measurame. The spectrum was then ‘trans erred to the chart paper by the !

* XY:chart ,recnrde . . 3 e

1 CRT scieen usmg the readout features descr'lbed \n Sectwn 2 8 s e

The Bug wns pl aced’ on each successive: peak of a given spectrum ‘and the - - e

channel mnnber as we]l as the carresponding number of *cogints” ‘m that

channel were recurded. _Fig. 3.1 shows a stick dlagram of a typma]

,( spectrum Where the Ray1eigh\(or centra]) cnmponent appears three times ety

and % in most cases,khoth the quasflungi;udinal and the quasitransverse )

~:gomponents appear six times. Dn:e “the 'Iocatmn nf each péak_in tems - B

= "7 channel numbers was recorded, the separaﬁo

T1 and aT2 wet i
eternl'lned and, om these’ va]ues the frequency smfts of. he various *: . s !
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¥ il "Stfc&—diagrnm" showing the various measurements made on the 'spect;um “R's are-the Rayleigh components,
¢ /L s( are the longitudinal components and T's ‘the transverse cnmpanents A, AL and AT's are used to- . /;_ g '
o calcu}ate the frequency shifts.of ‘these cumponents g, © = ‘ ) .

b 3 3 %




C (3.
;IFrequericy shifts of longitudinal companer{ts,
£ g v(SFR = L -
il e

vmere v(sFR) Is the kmwn va1ue of -the spectral free. range of the Fabry—

Perot 1n GHz. The frequem:y shifts of the s’lnw ('[1) and fast 1T2) quas'l—

transVerse :nmponents ware calculated in a simthr uay..

In _the above ca]cu'lations. 1t as assumed that the fmquency b

. scanned by the Fabry—?emt was Hv\early proporﬂonal to the channel

nufibeys-of ‘the DAS- 1 mnr,v (for. one particu'lar order) The \ﬂfferem:e
between “1 and Azwns typ1ca'l'l_y 0. 51. Hence 1n the abnve equations,

averaging was dona 50 as- to. veduce the ' naccuracy n:nused hy sman

\non-'lineaﬂties in"the scanning of the interfer_oneter.

3 Decamlnaﬂon of Elastic Cnnstants

g In order to detemnm: the: elastic Constants aF salid cyc]ohexane

near ns tr1ple pnint (6 0°C), “the refracﬂve 1ndex and densiﬁv must "be

Kknown. * Densit,y data at varlnus temperacures of solld qyclnhgxane have ;
+been’ co'l'lev:ted by mgglns €t al. (1954) and a va'lue of; D 8329 gm cm‘ at
6. o"c was determlned from_t lheir dataand their equatinns gwen for'

/ extraboI ationv :

° .




& Caucr\y re'l ation- ¢ E o - e

“where o ‘is the density and L(optical) “is a-constant for

Nn ref'ract!ve 1ndex measumments below the melting point of

cyc'lnhexane and at 514.5 nmwave'l ength “were available. Nence,,the follwing 5

Drucedure was used. g

Refmctive Indqx measurements for 'Ilquid cycluhexane at 25“C

and for var1aus wavelengths have been ,,rqvnrted by. Foss -and Sche]'lman

i (1964) Fron their data, refractive indices cnrrespunding to nave]engths

" 365 0, 435 8" And 546, 1 nin‘Were used to detenmne cnnstants A, B,-C of the

EPR Y S g
e A R

- 'The refractive ndex at 6:0°C ‘was ¢alculated using'‘the Lorentz-Loren:

equatfonz: Tt b e ey )
: ~ e foptical )y = ISRl J (3.7) )
P T2 ; 3 S

“non-polar: ‘médium, {ndependent. of the:d'ens!t&. Hence, using the valus of
n given by £g. (3.6) and 5.= 0
/1946); 1€ was caldilated that

3

35 gm a3 at 26°C 'rmmi et al.

0.3316 -

L(optical)

homgeneous, \'_

as




their: determ i of ‘the elasti of: nitroggn (1976) and

B o " a9

ASSumiug that at'25%.and at 6°C the val ue. of L(opt‘u:al) remains the ~

same and; using the density at 5°c the appmpr’iate refractwe index.

was_found to be - g - 7 -~ 3 .

2 nms 14545 4 ¥ (3.8) ui

; Tms value of n was used in ca]culatmg the elastic constants, . The™

accuracy of this va'lue aepends on the assum::tion that L(optica'l) remams

: ,cnnstam with aens‘lty changes. (For further discussion on error analysis,

see Sectmn 4, 3 )

Knowing the va]ues of the 1ncident frequency, the Eu\er ang'les,

- psiand the Brﬂ'louin frequency shifts, further calculations uere donm“
‘on the IBM/370 computer. The pmgrams used for mcu]atmg ‘the' elastic

censtants have already’ been .used ‘and perfected by K(efte ‘and C'Iouter in |

oxygen (;975) smgu crystalsi © .7 s

_S1’vru:e'7 the scattering ‘angl € ‘was 90

" components e 2 :

{




asing the Euler angles given in Table 4.2. Then, for each spectrum,
A-r(LAB) is transformed to ‘k(CRV) in the crystal frame of .reference using
this transformation matrix. To determine the elastic constants, first . : <

amitmry values were assumed and then, with tne help. of Eqs. (1.38) and

| i s (1.39), . - 2 5 g —eoininst a AY
2 Ao B (lu—puz 6.1) HJFO JaK Suw " s > ”
: ; » 11‘1 = (cn - GM) K2 (CRV) + c“ xz(ch) for i"=j .
B, : o b 0 &
i ‘ = (a:12 + cu) xixj(cm) e ol L
E Sy the- bigenv;lu_e‘s ure qllculated.-}_/ In this. process, the 3x3 real 'symetr‘ic oy 3 T

ntrii A” nu§ ﬂhgom"zed. The d{agonll- elements give three ‘179!"_ B
values -from which the. velocﬂy of that partlcu‘lar mde was alcu]amq
= from Eq. (1. 21):.

g = ARGED (zmrq..g s

The calcilated frequency, st&\as thzn given by Eq. (1 22) expressed in & N
‘a different form, © 1 AT P ;

\.:"F' = z..-(v (&)/ps"1n vz . :




The method of 'Ieast squares invnlved minimizmg the’ qunntir,y x(cu.c 2.I:M)

‘with respect to: viriation of Ci:l tH R
Tl calc nbs 2
‘ v (cll’CIZ'cM) - 95

Xf(.c_u' 12 Cas) * I |==
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CHAPTER 4 ‘

* [EXPERIMENTAL-RESULTS AND DISCUSSION

- 8.1 "Oriéntation of czclnnéxane Single Crystals

B PSSR .
% Laue photographs shwed that the faur specimens ware sti

- ere then used to. nrlent the crystu

: Fo\nr single crystals of cyc’lanexane were su:cessfully grwn

dnd nriented for the Briﬂouin scatter’lng studie » ;They weré- 3 nln .

d1ameter cylindrical: crysta'ls and ahnuc 6 o, to 8 mm long. Tne_y ere.i

clear co'lonr'less. and free from any vis1b‘le defects. Transmi

ree single‘
crysta'ls,. The tempzruture contro'ller and ‘the; thermne'le:tric cooler

.
kept the' crysuls at a cnnstant temperature for days whﬂe tne v

experiments were being carried out on' then.. - For. each crystal. the

3 temperature in tbe scattering Vo]ume was 279. z _%0: 2 K. The physicﬂ
pta

constants ‘of sotid cyc]ohexane are given in’ Tah'le 4.1. .. ‘_'~

) The procedire; for orienting the’ crysms has, already been

_déscribédin Section 3.1 ﬂne “point to nute 15 that, when Lane photo-

( A p
d graphs of .these crysta'ls were taken. only. une or’: two d1ffracted spots

for most ‘of the orientaﬁons were’ ubserved. This vused a problem -ln,

or]enting the cr_ysta] as a m'Im'mum of three sputs is reqmred to

'ca'lcu‘l‘a

tne crysta‘l or1entat1nn Except for cr_vsta'l 4, some part‘lcu'lar

positians of -the crysta]s uere Jocated: vmere more than three sputs Wer

n enw{ cal* pattern (cha\racberistic ef @ zune) These

In crysta iy .no orientat n was,

found where mnre than :




TABLE 4.1 + *

\

Pny51ca1 constants of solid cy\c'lohexane

Holecular-WetgHt W

Tr\ ple Point Temperatnre i
Tr'lple Pmint- Pressure A
‘Density (279, 2 K’ ( 7‘

Refractive ]ndex (279, 20 K
' wavelength, 514+ 5 m)

Drystal structure </
Latticu Spacing ( 5°C)

\ Thermal Expans(nn Cneff'lc'lent

ot at oty - ¢\

Fusion -

(a) Hundhook nf Physics “and Chemistry, (edited hy R. C; Weast!
Cbem. Rubber'. Co.; Olﬁo, 1970 71).

(f) Hassel
(q) cnan and. Ehew (w

riAsgs T

‘84.16"gm‘mole'l ()
279.83 ¢ 0.00K " .(5)
39.99 Torr - Ni(e)

0.8329 gm i ¢ (@ -

fz:c (spacegmup TZ} .
8. 76 i
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Fig. 4.1 shows a-transmission Laue photograph of érysba\ 3
Below it is showr the computer-plotted Laue pattern for the Euler angles
shown. Each spot is Tabelled by the Miller indicies of. the corresponding
et of lattlce planes, and the spots actually observed on the photograph
are indicated by the solid-dots.’' The black circle in the cenf.er of the

phatagraph is a hole in the - flunrescent screen. nf the camera. A shaduv( .

'cas: by the cell is.also observed.
_' - Every sing’le spm‘. observed-in the. Lave” phntograph was accnunted'

fdr. and; there were no’caSes :where expected” sput,s were not seel It can

he seen dn Fig 4T that these (observed) sputs arise from’ planes
correspondmg to 'Iw-order Mﬂler 1ndvcies, difiracmn from Mgh-crder
X p'lanes was too ﬂeak to be “recorded on the' ‘photographic i m... There are
several posslb'le reasons why so few Laue spots were obseryed. Thér oy
contmuous X—ray svectrum 15 cut off sharply on thé sbnrt-wavelength side
at a value which varus (nversﬂy as the tube.voltage.” . This cut-off effect
causes higher—ordar Lau: sputs for ESHIZ to. disappear very rapidly twards
B the center of" thz fi’lm as deuvﬁdned hy the Bragg cond'ltion. Msa. the
intensh;v nf the d‘lffncted beam dmps sharply e 1ncreaslng angles.nf
diffractian. : This was reporud by Hassel and Solmlerfe'ldt (1938) ‘who
nmd a-marked increase 1n the uhffuse nature Qf ‘the diffraction pattern

-between -40°C and -a"c because'af. the consiﬂerab'le 1ncrease in the:.”

lm:reased rntatianal and: trans'latiuna‘l freadnm ‘of,

: disnrdzr (e

" movément) with fherease in umperature for this plustic crysm.

a2 grillouin s:attéﬁng seeézrdm of Stngle Crystals of Czé}éﬁ!xané'

1 o Bri'l'lnuin spentra vere.* rscurded for 28 nriem:ations of the' faur :

e crystuls grwn The 514 5 n;n Hgn: from the Ar-m, 1aser was incident

o




EULER ANGLES:
=.-3.5
-85.0

xeo

: 44/0
b i 5 “FiaURe 4.1 A
4 The transmission Laue “photograph of erystal 3at @’ pumcuur

= nnentat'lon. Below s’ shown, the: camputer—plotted Lave

= pattern and the correspandmg fuler-angles.” The. spots'are

Iabe'lfed uith the Miller 1nd(ces of the ref‘lecting p]anes. s




“spectra nere aﬂ three- nompouem.s preseu 5

LT1H and TZ components, and also the sIcw—quasitrnnsve e C mpnnunt T

'was usuany s]ight‘ly more Intense chan tne fast-quasitransvevs: -

X
along the cell axis (Z<axis),and was polarized in the X-direction. The
Spectrométer measured the total intensity scattered in the Y-direction
(scattering angle was 90° + 0.5%). L ;
An example of a spectrum.is shown in Fig.. 4,2.. This was
recorded for ‘erystal 3 at §'= a5, -4, 2-28.0, and ;x5 -44.0. As
dlscussed in Section 1.4, 10 crysnllme solids,’ three Br111ou|n
colmponents should he observed. mwever, in only three of: thé 28

in crystals 1 and 3L oo

»(quasl lungitudinal) and T1 (slw-qnasnmnsverse) cumpunents were
observed, whereas in crysm 2;.Land T2 (fpst-nunsnr_ausverse)

components were present. lr{ crystal 4 at tﬁree particular orientations

* (as givenin Tah'le 4. 2). al\ three componznts were pv-esant, in one

origntation, L -aind - TZ were present;” and in the rest L and ¥3, wers

present‘ ‘The 1ntensity of the ‘central’ meted compcnmt s, ahout two

to five times as.much as the L Col!wunent. lt is. beTiﬁv:d that the.

central® compongnt is mostly due. to parasitic s:atteﬂn!- “Tts |ntensity_ .

.could. ot B reduced, but it did not seriously affect thé’ Brillouin:

spectrum’ h:cause f the h1gh f'lnasse of the Fabryﬂl’emt Spi ctmmet:er.

It was found that the L camponents were: very 1nt=nse cnmpared to the g

cnmpnnent T2, Tt:was a‘l s0 nbserved that. when the 1nc|dent_ electric




. \
» EIGRE 4.2 °

<Briviouin Spectn m\
spes ﬂ:d by tha Euler

"cvmp'lete order has béen shmtr\

seanned 1575 t1mes at a rate of 2 ms per channe1

: 10 ot countslsec at the

E radnnun was pn'lar'hed pei‘pendIcular to the

scattert ng plane.
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TABLE 4.2

“Obsefved antl calculated —ijiln;uin shifts as a ‘function of. orientation -

“for four-cyclohexane single crystals,at 279.2 % 0.2 K

Calculate

. . Observed = b
< Euler angles frequency shifts frequency shifts
iy © . . lindegrees . - inGHZ - ¢ in GHz )
CRYSTAL = 8 - ¢ - x  w(L) ¥(T2) w(T1)" w(L) v(T2) v(T1)
= By -1ai.0 -85.0' -28.5 7,63~ — 2.06_ 7.648" 2.557;_2.0713
o7 -ia10 -79.0- 28,5 7.68  — 1“»99" 7660 2.636 1.965°
Cowe0 Dos ;b_-za.s 60— 2 7.602 2.571 2256
o 11,0 205 -2855 7.5 — 2.3 7.583 2.577, 2.408
§any y ; - i
i ¢ <2 ekt 14.0. 8.5 7.69 2.46 - ,maé 2.496 “2.0% 5
-9-0- z4.n_, 8.5 7.73 247 — .7.74°2:388 z.o?o
; 9.0 307 85773 225 — 7.733.2.267 213
460 8.5 7.70 230 . 7.734%2.255 2.142
: ‘5&.6_ 8.5 7.700 £.377— 7.720 2.368 2:069‘)
B 5 66.0° "5 771 251 - 7.699 {.487_ 2.008
76.0% 8.5 7.67 2.58 * — 7.679 2.582 ;fssa;
oy 85,0 ~44.0 7.65 — S2.03 7.651, 2588 2.062°
o e 7010 -44.0° 7.62, — 2:18 7.594 2.636 2.205 ..
SR -60.0 /—4_4.0 786 2.3 7.569 2.628 z.301.
48.0) -44.0 7.58 2.41 7.565 2.570 2.376
%3 -38.0/544.0 7,61+ '— T2.35.7.586 2.536° 2.347°"
'zr_s.o.‘-ﬁ.o; 7.60 . —. 2.26 7.&zq 2.508 2.221




.2 (Continued).

=

CRYSTAL!

:
W s G .+ Observed . 3
Euler angles frequency ‘shifts

‘*.+"in degrees in GHz

3 Calculated
‘frequency shifts

. -357 -8l0 -#4.0 1‘.55 =

B e Xt WL w(T2) T () w{12) w(TL)

F P
-34.5: -18.0 =44.0° 7.63°
: |

"+-119.0 }04.0 T 4.0 7.69 2.59,

-119.0 114.0. 4.0 7.67 2.69
A119.0 - 126.0 - 4.0°.7.66 —

4119.0. 138.0 -#.0  7.65 . -—

“118.0° 156.0 " 4.0_7760 =
-119:0° 16430 - 57 -
. v & et

-119.0, .84 4.0 7.71:2:36
i-119.0 \ga%0 ~ 4.0° 7.70 2:53

1.96 '

- 2.08
1.98

2.06  7.654. 2.565 -2.080 -

7.676 -2.575 - 1.983

7.692.2.483 2.039
7.680 ~2.570 " 1.975

— ' 7.706° 2.381 2.107,

1.90 - 7.671. 2.622 1.962"

1.96
2,09

2.57

7:661" 2633 1.959
7.646 2.624  2.034-

7.593 2.561 2.207
0.2

. <119.0 - 144.0° 4.0° 7.64  — . 2.14 ‘—7.5123' 2.593 . 2.156 .
T2z =
557 ~2.408




I e

the fntensity of the“longitudinal components decreased as ‘compared to
N the case \men Evas polarized perpendicular to the scnterinq plane i
(1.e., in X-Z plane) - .
Table 4.2 contains the crygtal orientation in’ terns of Euler
angles and the observed and calculated Brillouin shlfts The latter
were obtained from the "best- fit" elastic' cons_‘tlnts. It can be seen

" that, for different orientations of the crystal, the frequency of ‘the B e

1 .components changes.

. ; ‘
4.3 Elastic Constants and Error Analysis
g The procedure for the determination of elastic constants of

cyclohexane ‘single crystals from the measured Brillouin shifts has

E L r a'lnad,y been outTined in Section 3.3
ATl four crystals were stud‘led at the same m-perature s
“(279.2 £ 02 K). " The data from an of ‘them were, therefore, combined ¥

53 iy to determine the "best-fit" va]pes of the elastic constants Which are
: g"en in_the first m of Tah'le 4.3. The relative values are estimated .
B~ "+ "to be accurate’to 1%. Since two'different sampies of cyclohexane were
used to grow the :rys(ﬂs'. @ check could be performed onghe lyltem!

;o see whether the two samples 'gnve

- consistency of the results, i

different values of the elastic cbnstants. The elastic constants were o
evaluated ‘first by u'sjng the data of ¢rystals 1 and 2 of ‘sampie A; and ' 5o
then by using the data of nr;(sta'ls 3.and 4 of sample B s se;n Mmoo s
Eis ~ "Table 4. 3, the values so obtained agree with each. otner and with, the " .

! ut"‘ valies. P of
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\ TABLE 4.3 - L . v
% C A ic elastic constants of solid ! X
% % t279.2. £ 0.2 K
T T L ey 25
(in units qf‘ 10° N m?) :
5 ) ! Moo @) Saae e = 1000 05 6
UM berystals 59 2,8(57) " 2.8(72)~ | 0.35(8) .
ak San;p'le‘A ._ -
Comand e \
Crysta! B R e
" chystals Tana'2 L 22 2:8(72) % 2:4(72) . 0.3(49) .
v = Ty [ B TR 8 .
T same st L e P e
- Crystal 3 S Ny : :
b Crysy:a‘l‘a " & el : : ey 2
Crystals 3and 4 9 - 2.8(52) - 2.4(72) " 0.3(68)

'n'is the 'ﬁumb'er of Brﬂlnuin shifts -hicluded in-each’ determination,” *;

: lsample A is the cyc]onexane nbtalned from J. T, Bakermem [+ P ?
(GC-Spectruphotomtric qua“ty)

**Unfartunatelyptrysta’l l was ‘destroyed hec/zuse of. pwer faﬂur
before. vm‘lch only four spectra were recorded

2sampie B, 1s "t cycToRe obtained- from
(S«{ub'la for . V. spectmphotmtry,-‘ss 98%) -




1

The uncertainty of 1% for the elastic ;:nns‘tantf.given in
Table 4.3 arises essentially _from a_combination of .the uncertainties in
the measuréments of the Brillouin shifts and the crystal orientation
determinations. The measurement uncertainty depends basically aﬁ the
accuracy with whicn the peaks can be estimated and 'Iocated the
“frequency shifts tnat cari’ be measured on the DAS-1 RT screen, and the
ldnearity in the sca!m'lng of the Fabry-Perot.. The or'lentatiun
incertainty ‘is {the possibte error, in the determination of ‘the Euler .-
angles, Note that: (in Table 4.2) aln meé»s!!ed: shifts were individually
fit towell within 2.5%. " .- i e,

Additional uncertainties in’ the constarits result from wossible
errors Inrther wavelength,. s;‘uectral*frg% range v(SFR), density p
refractive index n, ‘and"the scattering an‘g]e.v Theerrofs i’ thite
Quantities will .change the absolute valies of the elastic constants by
the same factor. . The wavelength was considered exact (1075% uncertainty), "
and the ungertainty in G(SF‘R) i5,0.1%. ~The uncertainty il; ¢ -is reported
to l;e 6.05% (Higgins et al. 1964), vm:ﬂe the uncertaiv{ty'in rn.‘deuends on’
the accuracy of the Ldrenti-Lnren: constant: L({optical) (see sgctiﬁn 3.2)“
-and p. The unceitgnty in L(optical) was estimated as follows. . The

dielectric measurements’ (Chan and -Chew-1969) and the density measurements

-of :1iquid and solid CgH;, (Higging et al. 19645 and FerziaEi et’al. 1946)

sed to ca'lculate the vulue of* L(static) frﬂm the C1aus!usw

- were’

~Mﬁssott1 equation

= pL(static)




2 It was fuund mt the va'lua of L(sutic) changes by about 3% Just near

the triple po!nt (279.83-K); othenrise. below the triple point (fm &

S 27K to 233 K) and above: the triple point (from 281 X to 298 K). it

s remains fairly constant to Within 0:5%. - The dielectric: constant_
clnng‘és}o raphﬂy wl‘th' téwerature at the triple point' that mst of

’the uncerta‘int‘y arises lninly fron thls dnu. “With the ahnve argument

1n 'mind. it uas n!smd thnt the uncemint,y in’ L(opt1ca1) |n the -

: . Lorentz-Lorenz re]at{on (Eq 3 7) could be us large as”tl ‘:hahge in

L(sbat1c), i

s, approximately 31 Mence the un:ernlnw in n |s b

e uncertuinty in’ the atter‘lng ang'le resu'lts fmm ti !

that the angle was wsslb]y mt nreclsely 90 . Also. ‘the axis nf the

cell was possmy mt stMctly perpend!cular. Meh the resu]t that there.
- would have heen sul!/devhtion of - thz Hgnt t:omlng nut of the cylindr!u]

ull thus further chlngmg l:he scattering ung'l

It was :sti-ud bhat

- ¢ X : the rgsnlt.mg sutuﬂng angle 'as 90° + 0.5°. Hhen all t.hese factnrs =
g are uedﬂned, the aaditional mcertainty is abpu_t_ 1.2%: These. were :
Mded to the vehtive “best-fit"

(i) uncénﬁnm_s in the elastic




correct to within 2%, taking into account ali the experimental errors.
It should be noted that this is the_error in the ahsoluce. values of the
-elastic ounstants, the error in the ratios of these constants (s v
esumated tu be Tess than 11.

The elastic anlsutrupy Ay the adiabatic hulk modulus B and

the shear mdulus Grare; *

A = z‘ullcu'cm) =1, a& 1a

o - SN Fir
B (cua,zclz)/a 2suxm N2 Vi, SRR

&= (c"-cu)/zwwxm’uu Vs T

< The estinat.ed \muminty in B is 3%, in Ais mz. and in & is zw. 3
* The velocities of elastic waves in'the principal symmetry
‘. directions.ofa single crystal of c:vc'lohexane can be detemfne:!‘(xuhel
1‘9‘71) using the 'elasytig-cons'un".s.' The velocities calculated: for the L

three (pure) modes are given below in m sec”

) g8 A T
PR <005 <110 511'g>;-
o longituginalC. | 1ss2 Sises sz
% | Fast-transverse 72 6577 3 657 546 Aoy
TERh Slow-transyerse T1 657 - oasr 5‘6 e
44 Discusston ; i
il -+ This 'is the f{rsz known study where Brﬂ]ou(n | c?.roscnpy .has‘ i
3 been: use_d to iine the. elastic cor i of’ single crysuls

of ‘cyclohexane near the triple point.  The only other ki attenpt to




the adi ic elastic of in.thé
temperature range -20°C to ~80°C was  done h,'y' Schefe (1965) using the -~ o ¢ -

ultrasonic (transit-time) technique. He measured :rans&érse and .

“ Yongitudinal velocities on polycrystalline samples. \Then, by assuming
i the Bauéhy condition for isotropic and cubic crystafS. viz.,

CIB N ot T S ¢ e
¢ ‘hehas calculated. adiabatic elastic constants: for single 'crys‘tals by
L ) e 1 and graphical 2 g . - Howdver, as’ the p}-esent results
show, : TR
” N s o S vl i Ty e . - \
D ey S ;

hfntg. the Cauchy, condition does not hold for single crystals of cyclo- . {
‘hexane. near the triple point. ‘(This means that the interfoTecular

o, 13 forces, are not central in nature.) Consequently, it carbe a'ss.umed\

- and Sche1e (1967), when extrapolated to the trip'le point do not agree : i
) at.all with the, present rgsuns, In. fact, “their values-are very lqw. i \ r
<0 w7 7.l apart from the fact that C 12 # Cjq: However, it may well be that the °-
2 _ultrasonlc ad'labnic elastic conétants are d\fferent from the nypersunic =
elastic, constants. Rt

i It-is 1'nteresnng to compare the Bv-ﬂlnu'ln spectrum and .the

e'[asﬂc constants nf other mo'lecular y'lashc ;ryséals Tnble A A glves S |
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the values of elastic constants and other data.of ‘Some plastic and non- *

plastic crystals. It can be seen that the gdlaﬁatic elastic constants . 4.

of cs 12 are of the same order of magnitude as molecular. p]ach ot SE 2 »

crysta‘ls, viz.,. succinonitr\le. piva'[ic acid and norborny'lene. However, g g

.. the magnitude of the e'lastﬂ: constants of cyc]nnexane are Tower than. the &
it ahove three phstu-soﬁds (except C. 12 of p'lva“c ac-ld) This shows tnat

the 'ntermolecular -forces ‘(Van der Haa1 forces) in Csﬂlz are weaker. In L e

» tne above-nnmed solids, on'ly one transverse cnmponent has been nhserved. ‘

In succinon(trﬂe at Tower, temperatures. not even one transverse

- - coimponent is observed,n €., at temperatures below 290 K: Recently,
Br'ﬂ]ouiﬁ scatteﬂng experiment on anbther p]asﬂc S'lngle crysta'l of CBr4
. 4“(Tek1ppe M)Ashaua two transversa compnnents l{nfortunately.

the crystal was not oriented and herice; the elashc constants are not

Ava1iab1e for comparison. ~In cyc]ohexnne in crystal 4, both transverse
: cqmpnnents were observed at three different orlentaﬂuns of ‘the crysta]s. -
The |ntenslty of the slow-quas'ltransverse cnmpnnent 15 about ten times
! o o

sma]ler than' the 1ntensity qf quasi '-’-, 1 com in

) L0 ~which is similar.to that in norbornyleneand pivalic, ac‘ld./ ‘In cér", the, ™
-.sTow quasitransverse components seem to be @ hit stronger but. the fast

quasltransverse component appears to be weak.
Thé hulk modulus By ‘of cyclohekane is comparab'le to that of o

- : pivch ac‘ld, however, the order of magnitude of B of " succmunitrﬂe - \

Gt \and norborny]ene is the same.: In Cs'hz' the elastic anisotropy A is
kS . graater than unity ( BE). whereas’, 1n succinonitrile and pivalic a-:ld.
o & 1tlis ]ess tnnnvunn:y. This means }:hnt the' nature of the anisotrupy s




; (elastic) at its melting point,"'uhereas qvaT‘ﬁexane is somewhat, -

’ reversed in cyclohexnne. as a consequence .of which the longituﬂina'l mode

“hypersonic velocity is greatest (n :ne <111> direct'lon in te"lZ‘ whereas

it-will be greatest in. the <100> difection for the other ‘two plastic
solids. 3 : ’ 47
: It is worth notlng cnac none o ‘F the above plastic crystals -
satisﬁes the. cauchy conditions, as can be seen.’in the.last co‘lumn of L
Tab1e44. et e . !
.| Plastic crystals of d'latomic mﬂenu]es provide a striking,
cmnparisun.* The e'lastic canstants ot: -y~oxygen ‘and a-nitmgen single |

crystals are of the-sime -orderof magnltude as cy¢Tohexane. - y-oxygen -

" isimore similar to CGH 2 1n that the e1astic conscants; the. hulk
(modulus and the d1sagreement with the Cauchy condition are roughly af !

the same magmtude in botn. Butyn y-0Xygen and, °a“1z are’ p'lastﬁ:

crysms and have an fco crystal structure in tn‘is phase., The,

. dissinuﬂarit.y be‘meen‘ the two 15 that y-oxygen is highly ‘isotropic

an'isotmv‘ic. s‘lmnarly, B-nitrogen plastlc single crystals are also,

its high lsntmmc cnaracter._ only one nsverse. component was

ohsevved in’y-oxygen, and' the 1ntens1ty of the transverse components \

is comparab’le to, the 'Iongﬂu(ﬁnal cumponents wnich 1s a unique featur

S0 far unobserved in ntner ‘plastic ur any molecular crystals. e

‘In'monatomic rare-gas sjng1e crystals, the Cli‘s are rough]y

of “the same magn'ltude as. that of oyclonexane (except neon),- wherens Clz

are Tower’ and* CM's are nf nlgher value. Tne an(sntrupy of" rare-gas

»crysta_ls is h1gh ut they approx‘ln\ately nbey “the: Cauchy cundition.
s o

er]y isotropic and do not satisfy the Cauchy condit(on.. Because of ; d




;i #, 4Y : Bﬂllo’uinV catteri& exﬂerlments on nan-plasﬂc nnlecu'lar ¢ g
crystﬂs nave nnt béen done extens|vely.' Hnwever, such an experment
\s repurted for single crystals of s—tricmurohenzene (5wanson al.
1974) 3 e:\gcted. the e1ast!c cunstunts nf tnis n:rysta'l ere much

. higher than tnnsenf cyclanexane and in genera] are higher ‘tnan thnse 4‘ -

of otfier plastic: crysms. SimiTariy, it shouid b noted tha the
.4 : B ‘elastic constants af m'lecuwr plastic crystals and rare-gas crysms £ N : S L
s are in’ genera[l, une 1o twu orders of magnitude smaller than ‘those

* “ - assocTated with non<pl tic flar, fonic or metailic. crystals.

: &‘ The’ ehstic tnnstants given ' Section 4.3 were cﬂeulated Just.
. t T he]w the t'riple point.. Tne pos'ltinns of the quasltransve?i}e and quasi- el
1ung|tud1nal components extremely clase to anq at the‘trip]e point were N

- “fr also 1nvest|gﬁted. The. nossib‘le merg'lng together of the two quas1- >

H studied in pertitular detail‘as the tr1p1e

Hasi g ;ransverse c 4ponents

I

7 R . point was. appmached very-. closely. Crysta'l 4 at orientation (- -119. 0. 2 v

9 s
104 0 4.0) was se1ected (because of: the, eppearande of tuu tmnsverse ¢

& @ .. -, .components). me cv‘,vstal tenperatye was vaised slowly and spectra were don i
taken at every 0,05 K r\se of temperature untﬂ. at the trip'le polnt,

the liquid-sond inter ce was pmhed where not anly the twa transverse

conpnnents were present but a'ljo longitud1nal cof ponents of botb the : Min
'liquid‘ state andsthe plastic phase. Tne lang\tudina] frequency snift

of the Hquid state wa‘s less than: that of' the sol—id phase. F'lrst nf

a’ll, it is c'lear tha\: at tne phase tran\éition tnere is a d'stinct Jump

frequency snifts which ls nuch more than can be




T

- an1socmp1t right up-to the uhase transition. |

- This is-in caritradiction to the u'ltrasomc measul nt‘s of Green and <
Scheie (1967) vmgre the 1nng1tud1na1 camponﬁts in tne 'I:;uid phase and

in thg plast4c ﬂhasg at tﬁe trip]e point: were\fnund to-have the same.

ve'lnc‘lhy. A lar dump in the longitud’lnal velacity has ‘been’ fnund
n. the cas‘é of si é;ng'le crystals nf (:lir4 (Tekippe et al. 1977) and 1n
polycrystaline CC'I4 (Levy-l‘lannheim et al.» 1976).. 4 Secondly, the twd
transverse cnmpcnents do not merge tugether and tnen the phase tran{-
Fnrmation destmys them completely. Hence, n can e cnncluded that d
the elastic constar:ts obta!ned are valid at the’ tri.p'le pomtf‘ff ¢ ,'\‘
cyclohexane and, in particu'lar, that the crystz] rémains e]asﬂca\'ly

of the'elastic

X S:ud1es of . the temperature.
of wclahexana and {speclal,ly the deteminatinn of these va'lues at the.
g saHd soHd transformation: point at -86°C will be !n(tjated wshortly.
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