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Abstract

The effects of rotition-translation (RT) coupling in solid methane (CH,1,
especially near the -1 phase transition, have been investigated using the technigue of

high resolution Brillouin spectroscopy. Large single r

stils of methane were grown i

a liquid helium cryos

stat and were successfully cooled down to 15,5 K using a novel

cooling technique. Laue X

ay diff

ction photographs were taken to determine crystal
uality and the orientation of the crystal axes. Radiation from an avgon laser was incident

along the axis of the cell, while the scattered r

diation wa

nalyzed at Q0 by a Brillouin
spectrometer,

The temperature dependence of the

diabatic clastic constants, the clasto

optic coefficients, the bulk moduli and shear moduli have been determined i the

temper: range 155 K < T < 904 K. The clastic constants all show acoustic

at the transition of 20.4 K. A theoretical analysis has shown that
these anomalies are consistent with a decrease in RT coupling from the high temperature
phase I to the low temperature phase 1. Through an analysis of acoustic velocities in
high symmetry directions, CH, -1 has shown a strong similarity to the rie gas solids,

especially argon at low temperatures.
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Chapter 1:

Introduction

1.1 ORDER-DISORDER PlAS. ULAR CR

The main emphy

is of this thesis is 4 study of the orde

disorder (O 1) phase
transition in CH, using the technique of high resolution Brillouin Spectrascopy. “This
transition (at 20.4 K) from the high temperature phase | 1o the low temperature phase 11
has been of much interest and confusion in the past, even with respect 1o its order. A
very brief review of O-D phase transitions in molecular solids will now he given .

Every crystalline salid is ch

cterized by a periodic, three dimensional
array of atoms in a lattice. The atoms (or molecules) are, however, not generally fixed

in position or orientation with respect to the other atoms in the Tattice.  ‘There we,

consequently, two types of order associated with an O-D phase transition: (1) positional
order, in which molecules are hindered in their ability 10 move from site to site in the

lattice and (2) orientational order, where there is a decrease in the number of ovientations

the molecules can occupy. When discussing molecular solids, ¢

:h phase of the crystal
is churacterised by the amount of order or disorder inherent within that phase. In the cise
of methane, the rotations of 6 of the 8 molecules in the unit cell are frozen out in CH -1,

while all 8 molecules have rotational freedom in CH-lo “The -1 phase transition in



methane is an example of @ pure order-disorder transition in which the fee lattice
confipuration remains the same in both phase | and phase 11 In other transitions the

mple being

increase in order is usually also accompanied by a structural change (an
the phase 11 - phase 11 tetragonal distortion in CD,). A typical O-D transition then can

he putely arientational, positional, or 4 mixture of both,

ied on the ba

Mast phase transitions, regardless of form, are
their thermudynamic properties and changes during the transition . In a typical O-D
transition the Gibbs free energy (G) varies continuousiy. whereas many  other
thermadynamic properties such as entropy (8), volume (V), and heat capacity (Cp),

ed

ansition. The phase transition is clas

undergo discontinzous changes during the

cording 1o how these quantities are related to the derivatives of the free energy. With

the fiee energy given by G = H = TS (H being the eathalpy), and dG = VdP - ST, the

and second derivatives

following relationships exist between the fir

CRARNC R

%), -® [, o

[&] .
a), T
Here Cp. @ and B are the heat capacity, volume thermal expansivity, and isothermal

on is called first order if there i

compressibility respectively. A transi a discontinuity

in the fir:

derivative of the free energy (i.e. in volume and entropy), and second order

i’ there i

it discontinuity in the second derivatives (i.e. in heat capacity, Ve, or VB).

A second order transition in which the heat capacity goes to infinity us the transition

temperature is approached is given a special nume. a A - transition.  Clusius ' noticed

such an anomaly in the - 11 transiti

]



Order Parameters

The literature on the theory of phase transitions is vast. “The many different

crystal symmetries and chemical compositions have greatly hindered the development of

all molecular species. However in most molecular

a general theory which encompasses

als, the passage of the solid through phase transitions is accompanicd by changes in

symmetry. In the higher temperature phases a molecule ean ¢ -cupy more than one lttice
site, and hence there is a non-zero probability that it can be found at any site in the
lattive; this defines a disordered state. I the lower temperature phases, cach molecule
occupies its own site with a probability of unity. while the probabifity of it being at any

vther site is zero: this is an ordered state. The transition to molecular disonder is

omplished by the translational or rotational motion of the maolecules in the Tattice.

Consider the case of CuZn'” which, in the ordered phise, has a simple cubic lattice (Cu

ional celly. When the solid

atom at the centre, Zn atoms at the comers of the conv

enters the disordered phase, the molecule gains rotational freedom until both the Cu and

Zn atoms can oceupy any lattice site with equal probability. “This increased rotation
introduces a new lattice vector and transforms the symmetry of the erystal Luttice to bady

¢ of BaTio, (

centred cubic. On the other hand, in the high temperature cubic pha

atoms at the corners, O atoms at the face centres, Ti atoms at the cube centre), when the

solid is cooled through the transition the titanium and oxygen move relative to the barium

s of the cube. The result is an ordered phase of tetragonal symmetry.

atoms along the edg

"

In the 1930°s Landau'” introduced @ quantitative analysis of the symnietry

changes which y phuse it He i the concept of an onder

parameter v, which is a physical guantity that takes non-zero values (positive or
negative) in the unsymmetrical ordered phase, varies continuously to zero at the transition

temperature T, and remains zero in the disordered phase. In the case of CuZn the order



1 he written in terms of the lattice site probabilities via

o e i
(We, + Wp,)
where Wy, and W, are the probabilities of finding a Cu or a Zn atom respectively. at

W :
Y in - the region near the phase

a given lattice site. Following Landau’s theory
transition the free energy G(P,Tyn) is expanded in terms of the order parameter 1.
From this expansion, along with certain symmetry arguments, it can be shown that for a

second order transition there is a dis ity in all second derivati ities such as

specific heat, ibility and volume expansivity. The first derivative such
ais entropy, remain continuous.  First order transitions are described by discontinuities in
entropy and volume accompanied by a continuous variation in the heat capacity.

In the discussion so far the order parameter has been a molecular

displacement, either translational or rotational, The symmetry of the crystal, however, can

be reduced by the ordering of other physical parameters.  Ferroelectric transitions are

characterized by the introduction of a spontancous polarization ., while ferrocl

named because the transition causes an induced strain €. Other transitions may cause the

Treezing out of specific phonon coordinates in high symmetry directions, Large density

Muctu transitions are common and in turn produce

tions near second order ph

anomalies in - the dielectric constant and the index of refraction. In light scattering

experiments these anomalies cause the Rayleigh intensity to increase drastically, For the

specific case of Brillouin scattering, changes in the intensity of different phonon modes,

the appearance or disappearance of a transverse mode, or sudden changes in the phonon

frequencies may be noticed. A much more detailed discussion of possible acoust

anomalies is given below.



Acoustic Studies Near Phase Transitions

Acoustic studies of molecular erystals, cither from Brillovin scattering or

yield i information about O-1 phase  transitions,

Acoustic measurements are used 1o determine 1he tic properties of the ¢l

tal by

measuring the elastic response function (Hooke's Law o, Cygr@y - See chapter ),
v i 1

The el

stic constants, as wel

phonon velocity plots, useful and aecarate wols in

determining the location of the transition temperature, T They can also be used o

determine the phase diagrams and the order of the transi

OF great interest e the

ferroelastic transitions where the st

in is the order parameter: here the anomalies in the

phonon acoustic modes are very pronounced and the wmsition s casily detected.

However in o greater number of molecular erystals, including the current work on

methune, the strain is not the order parameter. In a vast majority of these cases Brillouin

scattering can still be used because of the strong coupling which exists between the stiain

and the order parameter. The resulting anomalics miy not be s sirong as in the

ferroelastic ¢

L but they still warrant theoretical consideration to determine the varions
coupling parameters.

For a second order transition, the theored

cal analysis™ of the clastic
constant observations can be derived from Landau’s theory where the fiee energy density

is

expanded in terms of the order paramerer 1:
GBI = Go(PTY 1 Ja (PN 1 Sb(PI* 1 (1

Keeping only the lowest order temm in G(P,T,n), and then performing a st oder

expansion of a(P,T) in the vicinity of T,. gives

a(P)=a(PYT~T,) . A

There are, however, two other contributions to the free energy. There is the suain energy



contiibution 1 Cye? and the coupling of the strain to the order parameter which introduces
2

an interaction erm given by

e = Fen + Hen + s, (1.5

The discussion here is kept simple by choosing to work with a crystal
strain in one dimension. The results for the thiee dimensional case are the same, except
For mathematical simplicity. This argument may be applied to the three dimensional case
by applying the appropriate coordinate frame rotation.

FFor bilincar coupling between the order parameter and strain only the first
term o the interaction is dominant (ie. G, =Fen ). These forces of interaction are
proportional only to the strain, and since there are no other forces, implies

(&) (8 (e 0o

Now the combined expression for G(P,T,n) is given by

G(P.In) = Go(B.T) + 1a(P)(T-T)n' + L Cye* + Fen + (1.7
which, upon substitution into (1.6) gives
G _pei[ZFC)pn-0 . (1.8)
an )0
This gives an expression for the order parametel
8n = -x,Fe (1.9
where x is the order pibility defined by
1 A(ﬁ] . (1.10)
Xy \8n?)



The order parameter susceptibility measures the response of the order pareter 1o the

variations in the applied sirain. Application of Hooke™s Lins in the ordered phasc gives

a»%(‘"-(:,z 3 Chhy

Performing « the Taylor expansion of 2 gives

3G _(3G 33 s
_:[_) |22 sq-cpeiFan [ARE}
a \e)o \on )
which, upon substitution of (1.9) gives
0=(Co-Fiy)e . LIy

This expression shows that the effect of order paraimeter - strain coupling s to Cause
reduction in the elastic constants from the disordered 1o the ordered phase.  The

relationship is given by
Cr=Cy~ Py,

[QRE)

where the final expression employs cquations (L10) and (1.7).

Thus in the bilinear coupling regime, the clastic constants probe ditectly
the order parameter susceptibility.  This in turn provides some understanding of the
molecular dynamics governing the transition. It is important to note, however, that the
elastic coupling is very much dependent on the type of order parameter. Inmany caises

the coupling may not he bilincar but quadratic or cubic in nature. I this instance the



clastic anomalies may not_be aspronaunced as in the foregoing discussion. In many
cases the transition can be noticed more casily by looking at specific combinations of the

clastic constants. - Some specific examples include the O, - T, transition in NH,CI Vat

3 K, where the more pronounced anomaly occurs in €, +2C,, . For the O, - Dy

s the

transition in NI,Br  at T=234 K. the anomaly is given by €, = Cy,. In these ca
strain couples o orientation of the NH, tetrahedron.  For the transitions in SrTiO, (0,-

Dy, at T=105 K) " and BaTi0, (O, - C,, at T=401 K) "™, the order parameters are the

octahedral rotation and electric i spectively.  Within this di ion, the

Ternelastics comprise an important class of materials where the strain is the ordering

quantity.  In these cases measurements of the elastic constants help to determine the soft

ctions in which this

acoustic phonons, and hence determine the specific planes and dirg

made softening oceurs. An example of this type s the O,-Dy, transition in KCN at

168 K. “The ordering strain is e,

4+€5:€6» ind the corresponding elastic

nomaly is

seenin Cyy. Brillouin scattering experiments can clearly be a valuable probe in studying

these types of phase trans

1.2 MEETHANE: A LITERATURE REVIEW

The study of molecular solids is a vast and ever growing subject. In recent

times, howes

+ no molecule has atracted more attention than methane, ie. CH,, or the
deuterated compounds - CH,D, CH,D,, CHD,, and CD,. Much of the early work with

molecular crystals was done on the rare gas solids'® because of their molecular

simplicity.  While CH, is not a rare gas solid, it does contain many of characteristics of

a simple: system such as a closed electron shell, tight internal bonding, weak coupling

between molecules, and an almost spherically symmetric molecular structure. The rare

gas most closely refated 1o methane is argon, as may be seen through a comparison of the



quantm parameter A = "o Jime (A, =0.187 . Ay, 70235 . Acp, ~0209 V' Herch

is Planck’

constant, @ is the molecular diameter. m is the n

ass., and e is the depth of
the intermolecular potential well. Methane also exhibits both rotatia

modes which provide a logical extension of ide;

s developed w

Some of the first experimental work with methane was done by Clusiu;

in the late 1920°s while trying to verify the Third Law of Thermodynamics.  Tis heat

capucity measurements showed two strong A - type anonalic

inCDyac27.1 Kand 22,0
K. while only one oceurred in CH, at 204 K. Later calorimetric work '™ ot only

confirmed this

but found two ph

transitions in the other deuterated methanes under

zero pressure. The phase trar

jon temperatures of the methane isotopes shown in

Table 1.1. It should be noticed how the temperatare ol respective transitions iner

with the amount of deuteration. From the CH, pha:

disgzeam in Figare (L 1), it ¢
seen that the phase 11 -phase 111 transition exists only at pressures above 0.2 Klha'*".

The discovery of these trans

al interest until

ons did not spark theore
1959, when James and Keenan'"” (JK) published their famous paper on the order- disorder

phase transitions in CD,. They employed a classical mean field approach. The g

nature of the molecular rotations was neglected wud they failed w0 incorporate the

consequences of nuclear spin conversion.  The interaction was assumed to be i nes

neighbour octupole-octupole potential, the octupole being the lowest nor

multipole moment for a charge distribution.  From these

Compound ransition Temperatures
e 11 e | 1 e liquid
CH, none 20.4 90.67
CH,D 16.1 23.1 v0.41
CH;D, 19.1 24.9 Y0.17
CHD, 209 26.0 K996
CD, 224 27.2 89.78

Table 1.1: Phase transition temperatures for methane and its deuterated isotopes.

9
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concluded that CD, could exist in thiee stable phases. They found that the higher
temperature Phase | consists of an fee structure in which all the molecules are

orientationally disordered. Phase 11 also consists of an fe

attice witha partially ordered,

eight sublattice structure, in which thiee of four molecules are vrientationally ordered,
while the other disordered molecule maintains the symmetry of phase L Finally, phase

11 was found 1o ha

1 tetragonal structure in which all €D, tetrahedra e aligned the
same way.  The predictions of phase T and 11 were later confirmed by neutron

scattering™ ™ and X

ay diffraction ™" for hoth CH, and CD,. Phase ©is fee with site

1i:

symmetry m3m (O,) and phas

fee with ordered sites having symmeny 12m (1,

The structure of phase HI shows a slight wetragonal distortion, with a volume change of

0.54%% the exact point and space groups could nat be determined from these
experiments, The structure off CH =11 is shown in figure (1.2).

ical

The JK model could only be used qualitatively in describing the statis

mechanics of CH,. Due to its smaller moment of inertia (with respect o CD,), the
librational energies are much greater, and hence the molecular rotations must be (reated

quantum mechanically. This problem was undertaken by Yamamoto and his co-workers,

in a series of papers between 1973 and 1978 They were able to obtain quantitative

caleutations of the crystalline field as well as the oricntational part of the intermalecular

i ion, This new F was then substi

into the analysis of James and

cl this

Keenan to give the Extended Jaumes and Keenan model (EIK). Like the JK mod

extended picture showed that CH,-1 and CHL-I1 are isomarphic o the respective phases

in CD,. One of the most important conclusions to come from this analysis, however, is

that the | - IT ransition must be first order. Thi

:t was confirmed later through x-

measurements of the volume expansion and lattice parameters.“

The dynamics of the phase 1 - phase T1 transition in methane has attracted

much experimental attention. The carly infra red® 2% ®nd Raman'" work weie the first

to predict the fee structure of phase | and phase 11 Later measurements of the 1R



Figure 1.2: Structure of CH,-I1 showing the octuhedral symmetry (space group Fm3c)
with a disordered molecule at the symmetry centre. The ordered molecules have different
orientations cach with site symmetry 22,

spectrum®® showed frequency ratios consistent with the ical predictions, while

the overtone bands in phase 11 showed a full vibrational structure (containing librations

onal

and full rotations) consistent with its partially ordercd structure. The anti-ferrorota

w0
(0

structure was also exhibited through measurements of the dielectric constant™ and the

L0

scattering of incoherent neutrons™, the latter of which calculated the erergy levels of the

freely rotating O, molecules and the wnnelling states of the ordered T, molecales. All

three of CD,-1, CD11, and CH,-1, showed no noticeable birefringence®™, accept that due

to internal strain, CD,-111, however, was markedly birefringent, consistent with its small



tetragonal distortion.  CH,-11 did exhibit a small amount of birefringence in - the

temperature range 17 K - 20 K. whike at lower temperatures the effect disappearcd. At

elevated pressures the birefringence in CH, resumed in phase 1L N

ray diffraction’

proved that this was consistent with the tetragonal isomorphic structures of CH, and €D,

in phase HL Methane was also one of the first molecular solids o have its phase

transition studied by NMR spectroscopy. These e

fly results were obtained from

nples
having high O, impurity which reduced the relaxation time by a factor of 10, Later

results of Nijman et al. ™ have produced the most aceurate phase diagram of CH, to date,

Their spin relaxation time measurements have noted that CH-HT exist only

pressuies

above 0.2 kbar, while the existence of CHL-TV was found at pressures above 3 kbar. ‘The

complete phase diagram of CI1, is shown in figure (1.1).

The

bsence of phase 1 at zero pressure, is a characteristic which

inguishes CH, from its deut

ated isotopes. 1t was, neverthel

believed that an carly

thermul inertia measurement found at 9 K was indeed due to the H-11 ransition. " “This

conclusion seemed well founded when e

trapolating from the H-NT ransition temperatures

of the other deuterated speci NMR experiments on the transition temperatuares CHL

S

CD, mixtures™™™* have also extrapolated a CH, -1 transition at -9 K. The 1esults of

x-raty diffraction and neutron scatiering, however, have dismissed the

xistence of phase

111 in favour of phase 11 structure down 1o 0 K (at zero press

re). The question iening

as to what caused these carly entropy anomalies. Itis known that CH exists in thiee spin

states, A (I=0), T (I=1), and E (1=2). In the beginning

interconversion of different spin

species was dismissed as a possible jon beciuse the magnitude of the entiopy

measurements were so small. of the nuclear ization'™ were also

smaller than the predicted values for total spin conversion. Code et al™" examined these

iff under the ion that total

not oceur. They suggested

that there must be a fast ion of the di 1 molecules and a slow conversion

of the ordered ones.  Using this suggestion a detailed quantitative analysis was



undertaken’ ™. This analysis concluded that the conversion was due to a coupling of the

and the inter pole-octupol

interaction. The theory was found to be in good with both the

and nuclear magneti sults, and has been cited as the explanation of the early

catorimetric measurements. Thus CH, exists in only two phases, but caleulation of the

ause of this conversion process. where

encigy levels is made extremely difficult be

interaction with phonon processes is not completely known. Much work remains if the

molecular dynamics is to he completely understood.

of the elastic constants

The present thesis involves measurement

function of temperature, with particular emphasis on the I-11 phase transition, in an effort

to gain further insight into the molecular dynamis related to the coupling of the
rotational and translational degrees of freedom. First, some background theory will be

discussed followed by the experimental methodology.



Chapter 2:
Background Theory

2.1 THEORY OF ELASTICITY IN CUBIC CRYSTALS

The theory of clasticity focuses on the strain state of a solid and the applicd

forces (i.e. stress) causing it. For a rigorous theoretical treatment the reader can reler w

books by Musgrave ™, Nye ‘", and Landau & Lifshitz ™ only a brief iesume

will be given here. Let 7=(rj,ry,r)) denote the position vector of a point in the crystal
with respect to some coordinate system, and let 7/ = (rf, r3,r3) denote the position of the

point after deformation.  Since the deformation is continuous

«@.n

where @, the displacement vector, is a continuous function of - ry (k=1,2,3). By
considering the change in distance between two neighbouring points £ and (71 dr)

before and after the deformation, it can be shown that
)
12 _ g2 = 22
|dF'|? - || 2§§evdr,dr/ )

where for small deformations ey is defined by:



o 10 o) (2.3)
voaler e

“The quantity ¢y is called the strain tensor; an inspection of (2.3) quickly reveals that

= € nd hence containg only 6 independent components.

“The net foree acting on a smali volume element dV is now considered.
Assuming that the atomic forces are of zero range and that body forces can be neglected,
then the only forees acting on the volume element are those which act on the surface dS.
So let the net foree acting on the volume element be denoted = (F,FouFy). Since it acts

only on the surface it can be expressed as 40

F=[ 6da @4

where da is the clement of surface area which is directed along the outward normal of
AV, and 8,-dd represents the i component of force acting on dd.  Applying the

divergence theorem gives:

2, do, 5
F-[ Vgdv=[Y lav . @s)
sy 2 v 45 ar,
]
“The quanity inside the integral is the force per unit volume £ , while @, is a three
by three matrix called the stress tensor. The elements of the stress tensor are symmetric

s G ): they represent the i component of force acting on a unit of area normal

to the y, When an object is subjected to a homogeneous stress, according to

s and the resulting strain such

Hooke's Taw, there exists o linear relationship between stres

that
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3
C 20
: (] (20

s form a

where the  Cyy are called the elastic stiffness constants. The elastic constar

fourth rank tensor with 81 elements.  The symmetry of ¢, and 9y reduces the number

of distinct elastic constants to 36, in which case the elastic constants can be expressed as

a 66 matrix by relabetling our indices as follows:

TENSOR INDIC!

MATRIX INDICES: 1 2 3 4 5 0

cand that the

number of elastic constants reduc

s 10 21, The point group symmetry of cubic crystals

further reduces the number of distinct constants to 3, and the matrix is given by

Cn CIZ Ci2 000
fp €y €y 00 0
€ €z ¢y 0 00 27
0 0 0c¢ 00
000 0c¢, O
000 0 0 ¢
Since the elastic energy must be positive, it follows that
Cur0,  Cu>ICal, Gy +20,50 . K

In the case of cubic crystals the anisotropy factor A, the bulk modulus B, the shear

modulus G and the Cauchy parameter § (describing the violation of the Cauchy el

€, =C,y) are given by



@

2.2 [1ASTIC WAVES IN CUBIC CRYSTALS

“The propagation of elastic waves in a solid is governed by Newton's Second Law.
In th

of Brillouin scattering. the elastic waves are of long wavelength and the

amount of heat given off in one period is considered negligible. In this context the

process is considered adiabatic and the elastic constants will be referred to as adiabatic

elastic constants. 1 f; denotes the force per unit volume along the x; u:

then using
equation (2.5), and Tooke's law (2.6) gives:

353 Fu, d’u
3 30 51 ok R @10

!
J ki ardr, dt*

“This is the differential wave equation and it has plane wave solutions of the form
R0 = u o Q@1

Upon substitution into equation (2.10) the matrix equation

- pwzbu)um =0 2.12)

i obtained where, in the case of cubic erystals, &, is given by

18



Cpp t Codag) i)
@n
=(Cy, - Cy)a} + Coud?

e obtained. The three

Solving the secular equation of (2.12) three cigenvalues paw?

1 and

distinet solutions @, correspond to & longitudinal mode and two transvers

slow) modes. The velocities of these acoustic waves can be determined from

ERGEIAGIL] 24

By measuring the Brillouin shifts the ©

¢ constants can consequently be determined

by solving equation (2.12) using the method of least squar

2.3 BRILLOUIN SCATTERING IN CUBIC CRYSTALS

Brillouin “* was the first to show that in & comtinuous medium, monochionatic
light (Ay,v9) can interact with thermatly elastic sound waves (1,v, ) to satisty the Bragy:
reflection condition &g = 27 sin(e/2) and cause scattering atan angle @ Since then,
the theory of Brillouin scattering has been preatly enhanced, A rigorous treatment has

been given by several authors: see Born and Huang “%, Fabelinski %,

and Nelson et

“9,In the particular case of cubic

ystals, the reader is referred o a detailed discussion

by Benedek and Fritsch . The main purpose here is to give the equations neces

ary fon

analysis of the experimental datas they show the rel

ionship between the clastic constants
and the rillouin shifts, and between the clasto-optic (Pockel’s) coeflecients and the
Brillouin intensities.

In a simple molecular crystal the atoms or molecules are in constant thenal

motion about their equilibrium lattice positions.  The thermal fluctuations ol the

molecules travel through the solid as

sound waves or in quantum mechanical Tunguage,

as phonons. These acoustic waves produce density fluctuations, i

. arcas of compression

19



and rarcfaction, which in turn cause fluctuations in the dielectric tensor (7). The
clectric field of the incident radiation can be given by

E'G) = Egexpliliy ) - ogtl) (2.15)

5 . n
where By i the amplitude, @g the angular frequency. k= 2@y the wave vector of the
incident radiation, ¢ is the speed of light in vacuum, and n the refractive index of the

medium. In a volume clement [dF| located at a point 7 in the crystal, the incident

radiation is scattered due to the erystal i ity introduced by the fl ions in

assumed,

F[? < A3, then the far

the diclectric tensor 8e(Fe). 1f a solid continuum is

field electric field amplitude ata point B is given by

(2.16)

E'Ran = ,[ ] en Z (i 2e, @) ) )

In this expression ig is the unit vector in the direction of the scattered light. The

fluctuations in the diclectric tensor are expressed in terms of the Fourier components via:
2 3
P 3 (@74 0,@1) 2.17)
se(F)=(2r) ; f dg be (@) \ (

“The frequency of the acoustic sound waves is denoted by ©,(2); p indicates the
possibility of having three distinet branches in the dispersion relation. From the Brillouin

Q.1

seattering geometry in



B+d

= (wg + ©,@) and (218
©'=wy 0@

From equation (2.18) it is concluded that the incident

ation is Doppler shifted in
frequency by an anount xw (). Since the change in light frequency is small (of the

order of sound waves ). then |£'[ = [£|. Using this in combination with

Figure (2.1)
gives

=2|K]sin| & (2.19)
g1-21#sn{§)

where e is the

teering angle. From here it can

sily be shown that

o) =o'

= +22¥ wgsinl & (2200
c *T 2

This is the famous Brillouin equation; light waves are Doppler shifted when reflected
from acoustic waves travelling with velocity £V, Because of the harmonic motion of
the molecules the + sign describes sound waves travelling in opposite ditections;

quantum mechanically it is termed phonon creation or phonon a

mihilation. Consequently,
the Brillouin spectra will consist of two peaks corresponding to cach acoustic mode, one

up shifted and one down shifted from the central Rayleigh peak,

21



PHONON ANNIHILATION PHONON CREATION

5
.
a

Figure 2.1 Schematic diagram of the Brillouin scattering geonietry.

For a erystal under small strain there

coupling between the strain and the

fMuctuations in the dicleetric tensor given by “74%

zz weuli) @21

“This coupling is ¢

alled the photoel n?

stic effect: here gy

and Py, are called the elasto-

optic (Pockel’s) coefficients.  Using the matrix notation on page 17, the Pockel's

coelTicients can also be writter 6x6 matrix. Like the clastic constants, there are only

three Pockel’s coefficients in the ¢

of cubic crystals, namely. Py,. Py, and P, . This

simplifies equation (2.21) to

5
5



e, (70) 2
- =2P e+ (Py - Py 2P)Bye, 1 P8 Y e, L (22D
€5 =

The average total power of the scattered radiation per unit solid angle per unit frequency

at the field point R is given by

P(GR) = é -21; [ (B R, E Ry s

Here < > denotes the autocorrelation function of E/(Rt). The scattered electric ficld

intensity is in terms of the displa vector IT“(Q',[) by taking the Fourier

transtorm of the dielectric tensor.

‘Then, by calculating the autocorrelation function of

the displacement vector, the

attered power intensity is written as''"

“"n)‘_"_fﬂ_’”‘ 2 \Euli\ﬂzx
) axoR T [0 (F
1 L@ )

25 (- 0p- 0, @f 1) (0/-0p ' 0@ 1 2D

P(GR) = ﬂ

(2.24)

Equation (2.24) gives the full details of the Brillouin spectrum. It consists of thiee

doublets of frequency +w (), with a full width at hail maximum 20,(g). “The vector E'“

arises from the Fourier transform of 8e(g,t) which is substituted into the expression for

E'(Rt) and is u function of the clustic constants Cppv Cppr Gy and the Puckel’s
fes e " P r, . . .
coefficient ratios 2 und P—“. It also contains all the elasto-optic informtion and used
u u
to determine the relative intensities of the three Brillouin components.  The intensity

23



ratio of two acoustic modes, say L and T, is given by

I el (2.25)
L e d@IE
From measurements of the intensity ratios of the Brilloin components ratios of the

Pockel’s coelficients can therefore be

2.4 DYNAMICAL THEORY OF ROTATION-TRANSLATION
COUPLING IN SOLID METHANE

When atoms or molecules arrange themselves in a lattice at the triple point, the

angular (orien

onal) motion of cach molecule is greatly affected by its neighbours and
this produces an orientational crystal field. In molecular crystals there exists a static

interaction between the translational and rotational degrees of freedom. This rotation-

translation (RT) coupling is of great signifi near order-d

der phuse
where molecular reorientation and lattice deformation occur at the same time. The effects

of RT coupling can generally be seen in the anomalous temperature behaviour of the

clastic constants due to the softening of the transverse acoustic phonons near the transition
temperature,

The existence of RT coupling in methane can be infe

d from a comparison of
ity elastic data with the clastic data of the rare gas solids. Table \2.1) gives the

amisotropy A, the bulk modulus B, and the Cauchy parameter 8, for CH,, Ne, Ar, Kr, and

Ne. As mentioned carlier the

phase I of methane closely resembles that of the rare

gas solids. Due to the lack of long range orientational order and because the crystal field

does not interact with the Towest iti

moment, the cules can be
considered as freely votating and the corresponding rotational probability density will be
almost isotropic.  There are, however, vast differences between

24



Ne Ar Kr Ne on, i,

Low T 605K 10K 0K 0K MSK 155K
B (kbar) 1102 29.97 305 0.4 208 2401
A 241 243 2,35 241 338 208

§ 0 008 005 3% 0
High T 243K 823K 150K 156 K o K
B (kbar) R77 18.33 2030 240 171 16,
A 274 273 27 274 105 soh

8 018 -0.28 0.27 -0.22 4049 030

Table 2.1 ElL
references (herein), methane and heavy methane!

constant data for the rare gas solids (see Wonneberper et al'™ amd
w

the unisotropies of methane (A, = 3.3 yand the rare gas solids (A, =20 - 27). The

violation of the Cauchy refation is also much greater in methane (8 = 39% ) than in the

RG.S. (8= 18% =220 ). Recent th fons by Wonneherger and uller

have shown that these differences can be attributed to the strong R'T coupling which

occurs in phase | of €D, Much of the following theory has heen worked out by the

ubove authors but has been reconstructed here to emphasise the relationship hetween R

coupling and the clastic constants of methane,

The ical I ion of the rotati

in methane begins with a more gencral discussion of correlation functions and generalized
susceptibility. A correlation funciion is the thermal average of variables which describe

the physical properties of the system of interest. In the present analysis they are the

from the ilibri E(Ft), and the molecular rotation

Q(8,4,x,8) (8, W, x are the Euler angles of the molecule refative o the crystal frame),

25



Let AGFt) and B(Ft) be observable quantities of the present system. or in quantum
mechanical terms Hermitian operators. From statistical mechanics the correlation function

of A(F=0) and B(#t), denoted as (A(F), B(Ft)). is given by the expression
ey = (1 H : - (2.26)
(A(r),B(rt)) = | = | Tracedexp| -— |(A(F), B(7}1)),
z kgt

where Z

Trace (cxp(*Hlknt)) is the partition function. The trace operation is expressed

in terms ol the cigen:

tes of the Flamiltonian via™ H|p) = E,Ju) in which case

cquation (2.26) is written

(A(PB(FD) =

= Y (plexp(-BH)A(PB(FED|1)
u

:%Z exp(-BE,)(lA(MB(FD|1)
,

I system in equilibrivm s subject 1o a small perturbation at some time =0, the
respanse of the system is given by a correlation function in terms of the dynamic variable
which couples the perturbation to the system.” Assuming a linear relationship between the

response and the strength of the perturbation then the response function has the form'™

SEFw) = [ dresp(-ion (ADA' D) (2.28)

“This form of the response function comes from Fermi's Golden Rule for transition states

which is o consequence of first-order guantum pe ation theory. If the

Hamiltonian is Hy. then the new system Hamiltonian is given by

H=Hy-A"(F)h() .29

h(-=)=0 ,

where (1) is the strength of the perturbation,

issumes that the perturbation is

20



localized at the point 7 and if the disturbance is continuous throughout the medinm then

h(e) isreplaced by h(Ft) and the contribution to the Hamiltonian by [ d! A (FYh(#0).

The response in the system is measured by ing the change in the average value

of A(FL). denated by 8 (A(ED)Y . which for a linear response s given by

‘

BUED) = [dF [ d' WKty
Y

The function K(F7t) is

fled he linear response finction, it me

value of A(F) due to the perturbation at tine t=0. 1t can be shown ©" that K (7#,0) has

the form

K@) = 4 (Jac.a-@)])

For a localized disturbance with a strength function given by h(2) = hyexpliot 1 et)

(where h(-e) =0 and €>0), equation (2.30) has the form

,
B(ARFN) = -k [ d'KEF ) exp(-iot -et’) 2.42)
0]

The genes sform of K (#F)

lized susceptibility is defined to be the Lap

L(FEFLs) = - [ dR(F ey exp(-st) 3 &4
0

combining this with (2.32) gives a simple relationship between the induced chanpe in the

average value of A(Fe) and the generalized susceptibility,

B(A(FF 1)) = -k (FFiw); where ¢ 0 2.34)

The generalized  susceptibility can now  he used 1o detenmine the

27



quantitative effects of RT coupling on the clastic properties of methane.  The interaction

potential is assumed to be of the Lennard-Jones type where the central carbon atoms

attract each other via an r“ potential, while the protons of the hydrogen atoms repel each

other with an 1 potential, The total interaction potentiul has the form

.
D 35 c 2.35)

V,(R,-R,.w,0, T = 2
M Faon) = R B, +7, Ry =7 |

where R, and R, are the positions of the centres of mass of two adjacent methane

aand b. The term is given by

¢ c

7 |R, 7y -Ryryy |
denotes the position of the i hydrogen atom of moleculea

V(R,-Ry0,,0,) = (2.36)

In the above equation 7,

relative to the cen bon atom, while @, and @, are the Euler angles of moleculesa

and & with respect 1o the latice frame of reference. The constants C and D are chosen

to recover the experimental values of the bulk modulus and the lattice constant.  To

facilitate this, equation (2.36) is expanded into cubic harmonics

and averaged over the

orientations of molecule b to give

. 4 = 21
Top = S5 525 4 (1) % K, O0K,00) - 0
|R|" i1 1o R) a5

tere R = |R,-R, | with corresponding polar angles (6,9) and r = |F7,,|

oyl with
carresponding polar angles (6,,@,).

‘To determine the mean value of the total rotational potential P‘f'(ma), the average
potential of equation (2.37) is averaged over the nearest neighbours of molecule a; the

expression is of the form
W(o,) = [dR[drVRo)om®e® . @234

Expanding the density of nearest neighbours gy(R) and the density of protons @ (7) into

2



cubic harmonics, the density of protons is transformed into the erystal framie by the cubic

iter furictions gt 4
rotator functions Uy (w,):

- 2
ew® =Y ¥ a,(RK, (89)
A=0 u-~1

21
M =Y Y b (K00 UL (o) . Q.40
=0 m”
m' 2l
Substitution into (2.38) gives
W(o, )—xﬁnc): ): B! UV (0) 24h
ot
where the cocfficients B:m, are given by:
8, [ dRR2 A (eI R) 2 “’"'(R) (2:12)

The molecular and site symmetry will cause most of the B, 1o vanish, and hy

considering only the lowest order terms in [, (2.41) reduces to

W(w,) = ISRCE ooy (243

In this discussion the luttice vibrations are assumed to perturb the rotational notion of the,
molecule and vice versa. The three phonon modes @ =1,2,3 have displacements given

by
2
00D = -a(d) € (3 Pain 1) @ty

The choice of wave vector g, and corresponding polarization vector €, is whitraty so

long as all three elastic constants can be determined from the frequencies of these modes.
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For simplicity wave vectors in the high sy nmetry directions are chosen: they are shown

i “Table (2.2) along with their corresponding mode stiffness v p
Substituting R -~ R+,(R) back into (2.39) and (241), the oricntational

potential of molecule n due to its twelve nearest neighbours is expressed as

1
o n(2)-
N Ky

W(g,. w,) = c{mns,‘, uy - ag,
(2.45)
005 (8, B Won Upi( wp}
m
where  a s the lattice constant. By defining the quantities
W,

a0 = ¥ 2 y®ia)

m W-x
(2.46)
1
wos(zwf
m
W(q,) —( ) sm(q ]cos(qn )W" . (2.47)
ind then substituting back into (2.45) implies
(2.48)

W(@,) = Cl16nBY\UY - @(d,) W, ()99 (0,)]

a perturbed Hamiltonian of the form

Equation (2,45
(2.49)

H(t) = E FOn Q!



In this case the generalized foree is given by FO(e) = CW,(§)(g,) and the rotational
variable by Q'=0%e,). The rottional suscepiibility, x (@), is caleulated by

combining (2.48). (2.31), and (2.33) 10 give

Xge(®) = i{ (@40, Q% (0) )dr 250

Using the eigenstates of the unperturbed spherical top, the closed form expression of

equation (2.50) is

en by

() =

2B 5 gpenfy Br? Bt ﬂ;[ @ e ‘/,,,c[ '-’Jﬂ] (.50
@@+ 17 = 2 o an® 2n

where ¢ is the complex error function.

In an interacting system the Hamiltonian can be expanded in the form

H-Y H©P) - 1T 7,00 25

i

with genera

zed coordinates Q;, momenta Py, and coupling cacfficients w11 H,
denotes the Hamiltonian of uncoupled degrees of fieedom, then it has a corresponding

dynamic susceptibility 3, when it is subject to a perturbation H)() =

() Q,. Itcan he
shown ¥ that there exists a relationship between the coupled and  uncoupled

susceptibilities Xy and g, given by
%) = [1-x(0) =) g(0) , 5

where x(w) is the diagonal matrix of uncoupled susceptibilitics, and m is the mattix of
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and a rotational degree

coupling coctficicnts. This investigation consists of u translations

of frecdom with a corresponding Hamiltonian
H=H +H, -Hyg . (254)
“The phonon amiltonian is given by

P 1 o (2.55)
R L AL B)

with corresponding susceptibility

25 2.
. wo(q,) - w?+iyw
1(G0) = L 2o (256)
m (52(g.) - 0¥ +y2e?
0o(d,) - 0% +yle
m being the mass of the molecule, o, the phonon frequency, and y the damping
constant. The rotational term Hy is in the form of the spherical top and the correspon-
ding susceptibility is given by equation (2.51), while the interaction term Hyy is given

by equation (2.48)

N
Hyg = Ci(@,) Y W,(3,)9%w,) . @57)
at
. PO TP I S — .
Using the periodicity relation ™ e = 8,0 itcanbe shown that
n=1 4

M=

LACAR Wisin’[ﬂ] : @38
X,

Substitution of (2.48), (2.56),(2.57) and (2.58) into (2.53) gives the coupled phonon-

phonon susceptibility

w
]



'
ArrlGer®) = %G, 0)| 1 -x,(ﬂ,.m)xn-(U)C’ﬁsin’[qu Loou

In the limit [§]~0. -0 the acoustic phonon velocity is given by

v, = lim lim (1,(d,.©) g,
|00

6) . (2.00)

Substituting the modes in Table 2.2, then replacing x4 by the uncoupled elastic constants

(€, €. Ch). and xpp by the coupled constints (€. Cpe Cyy). the fullowing

expressions are obtained

€ = - Lagi0ct W}

(o %1,.(0)\':'»':

2.60)
€ = Ch+ L@ - wy)
B=r - Ly 00w -aw)
2
The expressions (2.61) give a i ion of the effects of

RT coupling on the elastic constants of CD,.

sical mean field approach is

probably not as valid in the case of CH, due the more quantum nature of the molect

rotations. These equations, nevertheless, give some indication of how the e constants,

of CH, will behave across the I-11 transition.  From chapter 1 it is known that the
rotational motion

decreases from phase | to phase 1. By considering Phase [ as a state with suong R
coupling and phase Il as a state with a weaker coupling of the rotational mades, then

increases should be seen in C,, and C,, while there should be a decrease in €,
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Mode (a) | = ;
4. 00,1) (0,1,0) (1,10), A
2 00,1) (1,00) (1,-10), Y
vip c, Cu ©-C)
Xq 2 2 7

able 2.2: Table of high symmetry phonon data. Given are the directions, polarizations

and mode stiffness.

34



Chapter 3:

Experimental Setup

3.1 0rTicAL CONFIGURATION

A

of the experimental setup can be found in fiyure

(3.1). This Chapter encompasses only a briel” summary: o more complete amd detailed

(2150

description can be found elsewhere. Single cry: of CH, are grown in q

cylindrical quartz cell encased in a liquid helium cryo

Highly coherent,

monochromatic radiation at 514.5 nm from a

single mode argon 1

e (Speetra Physics
2020 and 165-08) is incident vertically along the axis of the cell. The seattering is
observed horizantally through a Brillouin spectrometer. “The spectrometer consists of 4
piezoelectrically - scanned Fabry-Perot interferometer (1F9), @ photomultiplicr tube, an
amplifier discriminator (A-D), and a data acquisition and stabilization system (IDAS-1),
The DAS-1 stores the spectrum in a 1024/512 multichannel memary and displays the
spectrum on a CRT screen.

The main components of the optical setup are also diagrammed in figure
(3.1). The optic axis of the spectrometer is defined by a He-Ne laser which designates

the Y-uxis of the laboratory reference frame.  “The beam of the argon laser is directed

vertically along the axis of the cell and defines the Z-axis. ‘The beam is polarized along



the X-axis and intersects the He-Ne beam at 90°. With the laboratory reference frame
defined, the axis of the X-ray collimator CO is aligned with the optic axis. This ensures

that the radiation from the X-ray machine passes through the crys

al along the optic axis
and is necessary to determine the orientation: of the crystal axis.  The laser beam is

focused by @ quar

2 lens LI (focal length 30 ¢m) and directed along the axis of the cell
Dy a high quatity mirror M. The apertures Al and A2 are used to block any unwanted
radiation, especially reflections. A high quality quartz lens L2 (focal length 45 cm) is
focused on the centre of the cell, to ensure that the FP only receives light parallel to the

optic axis.  From the interferometer, the light is then focused on to a pinhole A4 (600

micron diameter) via another quartz lens L4 (focal length 80 cm). The light passing

through the pinhole is then collected and di

zed by u combination photomultiplier tube

(PMT) (model ITT FW 130) and amplifier-di

criminator (AD). The resulting pulses then

feed into the DAS-T where

spectrum displayed on o CRT sereen.
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The Fabry-Perot Interferometer

In this experiment the Brillouin spectrometer uses a commercial Fabry-
Perot interferometer (1FP) (Burleigh RC110). It is constructed of Superinvar and consists
of a cavity formed by two parallel transparent plates separated by a distance d: the plates

in this experiment are flat to within )‘/200, The plates are coated with a highly reflective

film of reflectivity R and transmission coefficient 7. The front mirror is placed on a

mount which is adjustable using three fine micrometer screws, while the mount for the
bhack mirror consists of three piczoelectric: transducers in triangular geometry.™”  An
applicd voltage causes these transducers to expand and contract, enabling the mirror to
wranslate and tilt in any direction.

When light rays enter the FP parallel to the optic uxis, the only

wavelengths to pass through are those which satisfy the resonance condition
nd=mh , @an

where s the index of refraction of the medium in the cavity (n=1 for air), und m is

the order of interference. By moving the buck mirror, thereby varying the distance d,

ditferent wavelengihs are passed, and the FP essentially ucts as  tunable frequency filter.

The range of frequencies between two cor

cutive orders is called the Spectral Free

Range (SER) and s given by

SFR = ﬁ 5 (32)
N

The SF

changed by adjusting the average separation between the two plates. This is

2 (1) to increase the Ivable bandwidth of the s and

done for two re;

(2) to overcome the problem of overlapping Brillouin components from different orders.

In this experiment two different values are used.  SFR, = 16.43 GHz is used for the first

O erystals but component overlap forced a change to SFR, = 18.27 GHz for the last
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crystl (#7).

As stated earlier, high resolution is a necessity for Brillouin spectroscopy.
The minimum bandwidih A, sometimes called the full width at hall maximom
(FWHM), is governed by a factor called the finesse I, The finesse is defined in terms,

of the SFR through the relationship

poSFR __SFR_ W
Aw FWHM

Another important quantity used to determine the quality of Brillouin spectrais the

contrast C, defined as the ratio of the issi i o the
minimum:
T
C= (RR1)
Tn

On the screen of the DAS-I, this is cf

vely equal to the ratio of the height of the

Rayleigh peak to the background noisc (minus the PMT darkcount). The ability to obtain

high values of fine

and contrast depends on the flatness ol the mirtors, their
reflectivity. and the overall optical alignment. In addition, in this experiment high tinesse
and contrast are obtained by placing the FP in the triple pass mode, whereby the scatiered

light passes through the FP cavity three times, This is cquivilent to having the lipht pass

through three FPs in seri

Triple passing is accomplished by using retoretiectons.,

These

¢ the corners of a fused quartz cube which have the property that the incident
beam is displaced laterally, and returned paraflel to the incident ditection. Triple passim
in this experiment increases the finesse by a fuctor of about 3 wnd cubes the contrast,

Typical values for the finesse were from 50 - 65, while the contrast was about 10" 10",

To overcome the decreas

n throughput of the Fabry-Perot, mirrored coatings with high

transmission and lower reflectivity (such as 93% in this experinent) are used.
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The Data Acquisition System (DAS-1)

Alter the scattered light passes through the Fabry-Perot it enters the
photomultiplicr tube where the radiation is detected by the A-D which renders cach

detected photon as a 1V pulse.  This digital output is fed into a commercial data

acquisition and stabilization system (Burleigh DAS-1D. The DAS-1 performs important

Junctions necessary for recording and analyzing the Brillouin spectrum, (1) The DAS-I

displays the digital input on 4 CRT sereen via

1024/512 multichannel analyzer (MCA).

When a channel is

weessed, by a moveable cursor, the channel number and the number

of photon counts are displayed on screen, There

s direct correspondence between

channel number and frequency which facilitates the measurement of the frequency shifts

of the Brillouin components. (2) The DAS-1 also acts as a stabilizition unit for both the

laser cavity, the electronies, and the Fabry-Perot mirrors, by maintaining the central

Rayleigh component within a stabilization window centred on a particular channel. (3)

Through the Tong colfection process, high values of finesse and contrast are maintained
by the finesse optimizer of the DAS-1 . The finesse optimizer keeps the FP plates as

parallel as possible. () A final feature of the DAS-1 is the segmented ramp which

allows more photon counts to be accumulated in select ions. These selected regions,

called

gments

are important for measuring the position of the weak transverse features

of the Brillouin spectrum,

3.2 TuE Liguin HELIUM CRYOSTAT

The cryostat used in these experiments has been described in detail

elsewhere ™ A schematic dia

eram is of the cryostat is shown in figure (3.2). The

cryostat was nanutactured by Janis Research Co. (Model 10DT) and was modified to
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allow the cell assembly (16) to be in vicuum. The outer body of the cryostat is made of

stainless steel and contains two cryogenic liguid reservoirs, The outer reservair (81 is for

liquid nitrogen. while the inner one () contains fiquid helium. The nitroy

supply is

maintained by a level indicator and controller (America

Mag. Inc.. Model KE 10D
which refills the reservair automatically every 4 hours from a 200 litre tank. The helinm
level is monitored by a helium level indicator (American Mag. Ine.. Model KE 101 and
the reservoir is manually refilled every two days from a 60 litre tank,

The cell is connected to a fong stainless steel wbe (2) which is centred in

the bore of the cryostat by teflon spacers

(21). “This in wrn is connected o an intermal

brass tube (1) which s

rves as the inlet for the

ample CH, gas. The cell can be rotated

ly through the use of rotary seals (29,30) at the top of the eryostat. These

s also
enable the cell assembly to be raised and lowered within the body of the eryostat.

The cold temp

ratures are maintained by the fow of liquid heliam down

edle

a capillary wbe (22) to a heat exchanger (20). ‘The helium How is adjusted by a
valve (23) which is opened by a control knob (28).  “The control knob s opened
automatically by an electric motor connected to the heat exchinger’s temperature control
unit. The vaporized helium returns to the helium recovery system via outlet (4). A brass
rod protrudes on cach side of the heat exchanger and acts as the cold finger. Each rod

is connected 1o a copper braid (19) which is in trn connected to clamps on the top and

bottom of the cell. To help control the temperature, S0 € of resistance wire (12) is

wrapped around the heat exchanger and used as a heating element.,
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.22 Diagram of the liquid helium cryostat (not 1o scale).
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The Cell Assembly

A schematic diagram of the cell assembly is shown in figure (3.3). It
consists of a cylindrical quantz wbe (5 mm outer diameter, 3 mm inner diameter, 2 cm
high) with a kovar scal at the top. The kovar is soldered to u beryllium-copper dust trap,

which in turn is connected to the steel tbe ((2). A highly polished quartz plug is epoxied

to the bottom of the cell and provides a window for the laser beam, plus a cold spot for

crystal growth, Two spring clamps are attached to the bottom and top of the cell. In

addition 1o cooling, the clamps also provide a place where gallium-arsenide and s
diodes are placed in thermal contact with the cell wall, these are used for temperature

control and measurement.  The clamps also contain a housing for a differential

thermocouple used o monitor the temperature gradient across the sample.
A unique feature of this cell is the optically transparent but electrically

ive (10 €) film which surrounds the outside wall. The heating action of the film

aids in crystal growth by reducing the possibility of crystal nucleation on the cell wall.

“The film is also used extensively and is crucial in the cooling procedure. It first melts the

crystal from the cell wall and provides a sufficient amount of heat to stop crystal

regrowth during the cooling period.
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Figure 3.3: Schematic diagram of the cell assembly (not to scale).
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ATURE CONTROL AND DIODE CALIBRATIONS

3.3 TEmr

The cell emperature is governed by the heat transfer from the heat

exchanger to the clamps on the cell via the copper braids. The temperature of the heat

is incd mainly by ing the flow of helium down the capillary tube.
The temperatare of both the heat exchanger and cell are further controlled by a cryogenic

temperature indicator/controller (Lake Shore Cryotronics Inc., Model DTC-500) used in

conjunction with the gallium-arsenide (GaAs) and a silicon (Si) diodes. The diodes have
the characteristic that when @ constant current flows through, the voltage increases with

decreasing temperature,

More specifically, the temperature of the heat excl

anger was cooled to

about 5 K below the cell temperature by opening the needle valve. The voltage on the
diode (cither GaAs or Si) is compared to the set point voltage on the controller. The

difference is amplificd and used to regulate the current flowing through the 50 Q

e wires. When th

current reaches a limiting value, the controller sends an
clectric signal to the clectric motor and automatically opens the needle valve. This

method maintins the of the l.=at with an accuracy of £ 0.5 K.

With the latter temperature stable, the cell temperature is controlled by a second

indicator/controller in the same manner as described above to a long term accuracy of

better than £ 0.01 K. The cell temperature gradient is controlled in a similar manner

using the differential thermocouple and a custom-made controller,

Gads and Silicon Diode Calibrations

The carly s s of this investigation were hampered by the inability to

accurately pinpoint the CH, -1l transition temperature using the diodes.  Previous



investigations used the GaAs diode. whose calibration curve was lincar only in the
temperature range T>40 K. The Si diodes however contained twa regions of linearity,
T>25 K and T<21 K. The first region was calibrated at the same time as the GaAs diode,

the low temperature of the phase transition, however, required the calibration of the

second region.

The low temperature calibrations were achicved by placing pure samples
of hydrogen (99.99% pure, Matheson Gas Compiany) and neon (99.98% pure, Matheson
Gas Company) into the quartz cell of the cryostat. “The hydrogen hid a boiling puint of

T=20.0 K at 650 mmHg, and « triple point T, =138 K. The neon had « triple point

=25.4 K. By observing the phase changes above, the corresponding voltages were

recorded and used to calibrate the low temperature regions of both the GaAs and silicon

diodes. The resulting calibration curve for silicon is shown in figures (3.4). In the low

temperature region, the Si diode is very sensitive and provides a pre and stable
temperature reading.  Other points shown in figure (3.4) are, from 40 K 10 90 K
respectively, (1) B-y O; phase transition, (2) O, triple point, (3) ¢ CO phase transition,
(4) N, triple point, (5) CO triple point, (6) Ar triple point, (7) and the CH, triple point,
The points were initially used by Ahmad™ and Askarpour™ to calibrate GaAs and were

transferred to calibrate the Si diode.
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Figure 3.4: Temperature calibration curve of the silicon diode in the region 10 K < T < 90.6 K.
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Chapter 4

Experimental Procedures
and Data Analysis

4.1 CRYSTAL GROWTH AND COOLING

One single crystal growing technigue has been described in detail in two

previous investigations. " It is based upon Bridgemann’s method "

where the solid
forms slowly from the liquid, from just above the triple point, in the presence of a

temperature gradient. However. two rapid growth techniques

are also used for growing
single crystals. The first involves cooling the liguid quickly from just above the tple
point, the other involves cooling the liquid quickly from temperatures much higher.

All growing procedures begin by filling the nitrogen reservoir and
precooling the cryostat for 12 hours. The helium reservoir is then filled and the needle
valve adjusted until liquid forms in the cell. In the slow growing process (method #1),
the cell temperature is lowered to 0.5 K above the triple point and the liguirl is left in

equilibrium for about 2 hours. After this time, the temperature of the cell is automatically

lowered by (.05-0.1 K per hour. This

s un overnight process and produces a seed crystal
of 1-2 mm in height. The cooling occurs while a temperature gradient of 2 K is

maintained between the top and bottom of the cell, and a voltage of 15 mV is applied o
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the resistive

m. The seed crystal is then grown to a height of 1 ¢m in a period of 2-3

hours by further reducing the Laue X-ray are then taken to

ensure the crystal is single and of gaod quality. Strained or polycrystalline samples are
imelted and the growing procedure is repeated until a high quality crystal is obtained.
An aliernative method involving rapid growth begins with liguid in the cell

as deseribed above. The cell temperature is then quickly lowered until solid farms in the

bottom of the cell. This generally involves supercooling to a temperature ~1 K lower

than the wriple point. This solid equilibrates for about | hour

d then the temperature

is slowly increased until the solid just disappears from the cell bottom (about 0.05-0.1 K

above the triple point). - After seuling down for 2-4 hours, the temperature of the cell is
quickly lowered by 0.2-0.3 K, 1o produce a seed crystal 2-3 mm in height. The seed is
left for about | hour and then slowly grown manually to a height of 1 cm, at which point
X-ray photographs were taken,

A variation of the rapid growth technique begins at temperatures well

above the triple point. The cell temperature is first raised to 20 K above the triple point

and left in equilibrium for 2 hours. The needle valve is then completely opened to allow
liquid helium to saturate the heat exchanger.  This causes the cell temperature to fall

rapidly and the triple point is reached in less thun 20 minutes. Once the triple point is

reached, the needle valve is closed and the heat exchanger begins to warm up. Although

the latter is still cooling the cell, closing the valve limits the cell temperature to about 1

K below the triple point, | procedure produces

ed crystal which grows very fast.

Onee the seed is deteeted the cell temperature is warmed to contain the crystal to a height

of 1 em. While this procedure is f;

, it is also very delicate and has to be watched

carelully.  ‘The heat exchanger has to be cooled to just the righ

amount so that the

cooling of the cell can be stopped within 5 minutes.
‘The rapid growth methods involved a remarkably high success rate ~35%

for the growth of high quality single crystals. 1t is important to emphasize, however, that
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this requires maintaining a voltage to the resistive film of ~150 mV. Much di

iculty

ils are grown without the presence of a film voliage.  This was

demonstrated at one point when the film voltage was lost due to an electrical malfunction,

Cooling Procedure

The cooling of molecular solids is unique to the experiments conducted in

this laboratory. Obtaining high quality crys

als at low temperatures involves several

factors: (1) the crystal must remain s

ngle, and rel

ely free ol internal straing

2) the
outer surface of the crystal must be parallel w the cell wall to ensure a scatiering angle

of 90° (3) the crystal wall must remain tr arent and non-amorphous to allow scattered

light to pa

through. The resistive film surrounding the

1 allows quality single crystals
to be grown with fittle strain. Crystals cooled in a previous investigation'*? were dome

shaped and free standing in the cell. The dome

ape introduces an unknown scattering

angle due to re

ction, while the cr

ose their tr

arency due to small crystallites
growing on the sides. To solve these problems a cooled crystal must be obtained that will

adhere to the walls of the cell.

The previous cooling method is de

ribed in detail®™. 1t involves two
coolings, one from Y0 K to 70 K, the other from 70 K to 50 K. Once 50 K is reached
the thermal expansion is low enough to allow further cooling without having to free the
crystal from the cell wall. In the first stage slow pumping is used, in conjunction with
the resistive film, to remove the crystal from the cell wall and keep it fiee standing
through the cooling duration, The crystal then regrows against the cell wall. T the
second stage only pumping is used to remove the crystal and keep it free standing

throughout. The pumping reduces the vapour pressure so much, that the crystal will fail

to regrow a second time, leaving a ds l-shaped crystal with a surface.




Several other methods were attempted to try to obtain a quality crystal at

50 K. “The pumping, however, continued to be a problem. With this in mind a successful

cooling method was found (quite by accident) that reduced the amount of pumping. It

was ished by i ing the maximum voltage applied to the resistive film to up

10 600 mV wherea

in the previous method the film voltage was raised to a maximum of

350 mV. The extra hea

energy reduced the amount of pumping required to keep the
crystal away from the cell wall during cooling. Only one cooling stage was used with
the crystal wemperature being reduced from 90 K to 60 K. Further cooling was
accomplished with the crystal stuck to the cell wall. To date three CH, single crystals

have been successfully cooled below 30 K, two crystals at 25 K, and one crystal at 15.5

K. The full recipe for cooling

ngle cryst given below.
The cooling is controlled by an automatic cooling unit (ACU) which has
a built in digital counter. The counter ranges from 0 to ~3600, which corresponds to a

voltage increase of —80 mV, and a temperawre decrease of ~7 K. To be;

n cooling a
fine, balanced pumping rate must first be established (1 good pumping rate will cause a

pressure decrease of =20 mmHg in 30 minutes). The cell entry valve is opened very

1

slowly (about — th of a turn every 2 minutes) until the needle on the cell pressure

begins to fall. I the pressure decreases too fust, the valve is closed to slow the pumping

proces:

. and then reopened by ~ﬁ th of a tum every 30 minutes until the desired rate
iy established.  With the desired pumping rate established, the film voltage is increased
from 150mV by 10mV every 15 minutes up to a maximum of 250mV or until the crystal

breaks free of the walls. While the pressure in the cell is dropping, the crystal itself

Dbeging to grow. At the start the seed should be about 3-5 mm in height, and it generally
Lrows to a height of 1.5-2.0 ¢m before it breaks free of the cell wall. Once the crystal
is free standing the automatic cooler is engaged and the temperature is decreased. When

the ACU

tarted, the readings on the cell temperature control unit (TCU) change, the

current in the cell's heater decre:

s and the null detector on the cell’s TCU wil! not read




zero. This means that the heat xchanger is cooling the cell slower than the rate
established by the ACU. To overcome this, the heat exchanger must be cooled ata faster

rate by manually opening the helium valve. I8 the heat exchanger is cooli

e properly. the

null detector on the cell TCU reads zero, and there is a current of 0.06-0.08 m!

n the

heater wir

While the temperature is being lowered. the cell must be watched very

carefully. At the same time. the voltage on the film is increased by 10 mV, after ev

¥

500 counts on the ACU. A point is reached where the crystal re

long the walls

at the cell bottom. The ACU is stopped and the cell entry valve is opened slightly. Onee

the crystal again becomes free, cooling can be resumed. When the desired temperatone
is reached (60 K in this experiment) the ACH is hat off and the temperature is
maintained by the cell’s TCU. The cooling to this stage usually involves a total time of

ubout 3 hours. The crystal then regrows against the cell wall in the presence of o high

film voltage. When the crystal comes to equilibrium (usually 12 hours), the tilm voltage

is decreased to 200 mV in 10 mV steps every S minutes. Further cooling is accomplished
by lowering the cell temperature manually via the TCU. A good cooling rate during this

latter stage i

bout 5 K per hour, a faster rate may induce a small amount of internal

strain.

4.2 CRYSTAL ORIENTATION PROCI

URE

Determination of the elastic and photoelastic constants requires that the

ttering wave vector § must be known in the crystal’s frame of reference,  “The

orientation of the crystal axes, with respect to the lab frame, are expressed in ters of the

Euler angles (8,¢,x). Their i ons. and the

matrices

-an be found in any standard mechanics text, however a graphical representation

is shown in figure (4.1).



Figure 4.1: Diagram showing the Euler angles (0,¢,%) used to transform from the
laboratory reference frame to the crystal nlmmu fi ume. The vectors k. ko- andg
which define the scattering geometry are also shown."

The orientation iy found by analyzing X-ray transmission  Laue

Photographs™.The Neray souree is a wate

aoled Phillips MO 100/Be 100 kV

beryllium window tube which is operated at 70 kV and 10 mA. The beam is incident on

the erystal along the optic axis, The s

tered X-rays produces a Laue diffraction pattern

which is recorded on Polaroid 57 X-ray fitm. The film is mounted perpendicular to the

optic axis in-a Polaroid XR-7 Land Diffraction Cassette. The Laue photograph consists

ol cenual round spot corresponding 1o the undiffracted beam, and several elliptical

spots, due 1o the constructive interference of the diffructed X-rays from a set of Bragg

oy
planes. i

he arientation procedure is based on the theory of stereographic projection’
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it is simply a way of taking the relationships among the erystal plane mensions.
and expressing them in 2 dimensions. In figure (4.2) the coordinates of the Lave spots(x’,2)

ar grid with a grid spacing of 0.025 cm. They repre:

the input for a computer program used to caleulate the Euler angles.

(x.y.z) is the
axis, R iy the
and 20 is the

Figure 4.2:  Schematic diagram of the X-ray d ion peometry.
laboratory coordinate frame. The X-rays i a
reflecting plane with normal i

angle of diffracticn.

The computerized o, ntation | wis ped by Ciammon™",

The input for the program consists of the Laue spot coordinates, the stucture miattix of

the crystal, and a specified i error for 1! angles. From the

coordinates of the first three Laue spots (which must not fie in the same aystallopraphic
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zone), the direction cosines of the normals to the corresponding planes are calculated

ection

The three i angles are then

using the cequations of i 1

ileulated using the dot product of the normal vectors. From a generated Miller indices

"=

Miller indices are chosen as normal vectors of three Bragg planes. The

list, thre

ed with those

direction cosines of the interplanar angles are then calculated and comps
found cartier from the method of stercographic projection. I all three are within the input
tolerance, then the rotation matrix R, and hence a set of Euler angles can be calculated

by applying the method of least squares to the orientation equation™”,

x h
y|=sr'Qk| . @1
z !

T the ibove equation (X, Y,2) are the direction cosines in the lab frame, (h,k,I) are the
Miler indices of the plane producing the Laue spot. § is the interplanar spacing of the
{KI) planes, @ is the structure matrix, and R is the rotation matrix expressed in terms
of the Euler angles™”.

“These Euler angles are then used to assign Miller indices to the remaining
spots and give a caleulated set of cartesian coordinates (x,'u,,zr'a,)‘ This is basically a
procedure which produces a number of possible sets of Euler angles within the

experimental tolerance, Only those with an average cartesian coordinate difference of <

T omun awre kept for aleast squares fitting program which determines the correct

angles.

By rowting (he cryostat another Laue photograph is tuken.  This

coresponds to a change in the ¢ angle while 8 and y are held fixed, By o

sing one of

the Euler

ngle sets from the first program (with the ¢ angle changed appropriately) and

the Laue coordinate:

from this photograph. a least squares fitting program calculates a

finer set of angles and an average car

fan coordinate difference. The input and output

angles are specified o be within £ 1° 1t this produces more than one set of angles
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within the desired tolerance, the procedure is repeated with a third photograph taken a
another cryostat angle,  Once a consistent arientation is determined. the least squares
fitting program is run on all remaining orientations. I cases where the cell is not st

exactly perpendicular to the optic axis, this also takes care of any wobbling effects when

the cryostat is rotated. A sample Laue photograph is shown in figure (L) along with i

schematic diagram showing the Bragg plan

s and best fit Ealer angles. In the ovientation

procedure, Euler angles were determined for seven different orientations by varyingdy

over a 60° range in 10 intervals,




6=113.6, ¢$=275.4, x=196.9

(-1-31) Bk
[ ]
{00 et s O1)
012) = *  (02-1)

Figure 4.3: Sample
photo is a schematic diagram of the Laue spots showing the Miller indi
planes causing the interference. The best fit Euler angles are also given.

58

aue diffraction photograph of crystal #7 at T=60 K. Below the
es of the Bragg




4.3 OPTICAL ALIGNMENT

The optical alignment is most crucial i high linesse and contrast a

e 1o be
obtained from the Brillouin spectrometer. The optical components of (he spectrometer

are placed on a track mounted on « large s

e table which is rubber mounted and loaded

with bricks to eliminate vibration. With reference to figure (3.1). the alignment by

by passing the He-Ne beam through the pinkoles A3 and A< into the photomaltiplier tibe.
The Fabry-Perot is then placed on the table perpendicular o He-Ne heam. With the

Fabry-Perot in its single pass mode, the horizontal

and vettieal levelling saews are

adjusted until the beam s through the centre of the front and rear

aperues, Ry
adjusting the thre: fine micrometre serews at the front, the mirrors are made paraliel o
each other and perpendicular to the optic axis by backretlecting the He-Ne beam. The

focusing lens L2 is then put in place and adjusted to ¢

ise DickrefTection of the beam and

send a parallel beam through the FP. The lens 1.3 is then adjusted so that the exit beam

from the FP passes through Ad in both single and triple pass modes. Onee these rough
adjustments are made with the He-Ne, a card s pliced at the intersection of both Taser

beams. The DAS-1is used to observe the scattering of the argon beam from the: canl

with the FP in single pass mode. The mirrors of the FI are aligned more precisely using
first the three micrometre serews, then using the PZT bias controls on the DAS-1. The
lens L2 is then adjusted (without the pinhole Ad) 0 maximize the signal. - With the [

switched to triple pass, the lens L2 and the bias controls are adjusted once more, Finally

the pinhole A4 is put in place and the lens L3 is adjusted to maximi

e the signal received
by the phototube.
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4.4 BRILLOUIN SPECTRA ANALYSIS

At each orientation the respective Brillouin Spectra are recorded by the
DAS-I. As stated in section (3.1) the CR'T screen displays the channel number and the
corresponding photon counts in cach channel alphanumerically. Because of the linear
relationship hetween channel number and frequency, the frequency of a specific Brillouin
component is calculated by measuring the number of channels between itself and the

unshifted laser fine.

A stick diagram of  typical CH, spectrum is shown in figure (4.4). The

DAS-I displays two complete FP orders consisting of three Rayleigh peaks, and four sets

ol Brillouin components. Two different SFR’

¢ used in this experiment (16.43 GHz

and 18.27 Gillz), both of which cause an overlap between the down-shifted (longitudinal)
component of one order, with the up-shifted (longitudinal) component of the next order.

The

s no overlap between itudinal and

With reference 1o figure (4.4), using the cursor of the DAS-1, the channel
number and corresponding photon counts of the central components R;. and the Brillouin
components I, T, and T{ are recorded. From these measurements four values for the
free  spectral range  SFR, (i=1-4), and four values for each Brillouin

Iculated in channel number, Then from the

companent AL, AT}, AT/ (i=1-4) are

value of the free spectral range given in terms of frequency, SFR,y,=16.43 GHz or 18.27

Gz, the frequencies of the various Brillouin components are caleulated as follows
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Figure 4.4: Stick diagram of g typical CH, spectrum showing the various frequency The R, are the central Rayk
components. the Z, . and 7/ are the longituginal. slow transverse. and fast transve: components. re\pml\el\ The SFR are
the tree spectral r he AL, AT .and ATY ure the frequency shifts of the L, T;. =nd T, components.
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“T'his averaging process is used 0 compensate for the non-linearity of the ramp voltage

used 1o scan the Fabry-Perot interferomeler.  This repancy of about 1% in
the number ol channels between the successive orders on the CRT screen, and
consequently  channel number difference between the four shift measurements of a

specific Brillouin component.

4.5 DETERMINATION OF ELASTIC CONSTANTS AND POCKEL COEFFICIENTS

The

ic constants and Pockel's coefficients are obtained from a least

squares litting procedure based upon Newton's fixed point method.  The input for the
program consists of” three initial values of the clastic constants €, C,;, and C,,, the

rys

1l oricatations specified by the Euler angles and the corresponding measured

obs

Brillouin shifts vy Using the trial elas

ic constunts, the A,'s are calculated from
equation (2.13) and used to diagonalize the matrix (2.12). The matrix diagonals give
three cigenvalue solutions pe, from which the frequencies of the three acoustic modes

are caleulated. These frequencies are labelled v;”"”(Cu). The best fit elastic constan

re

obtained by mivimizing the difference between the observed and calculated frequencies

using a least squares fitting procedure. The term, minimized with respect to the variation
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in the elastic constants. is x? and is defined by

Ly

Here N is the total number of measured Brillouin components, N-3 is the number of

degrees of freedom, und o, is a weighting factor which represents the

deviation in the measured frequency shifts. Increasing the weighting factor increases the

relative fitting errors of the elastic constant

. The errors quoted in chapter § are d

on the criterion that x? = 1 when the standard deviation o, wi imum, Similarly,

with respect to equation (2.25), the Pockel™s coefTicient ratios are determined from the

ured intensity
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Chapter 5:

Experimental Results and Discussion

5. Resut

ok CH -l AND CH -1l

“Ihe present experiment marks the first determination (using single crystal

of the temperature dependence of the elastic constants across the -1 phase
wransition in CH,. The Brillouin scattering data for CH, have been compiled in tables

(5.1) w (5.11).  Brillouin spectra were recorded from 7 different crystals and at 12

different temperatures ranging from 72.8 K to 15.5 K. The data from crystals #1, #2, and
#3 were recorded ina previous investigation by V. Askarpour and the present author™
attemperatres 728 K, 50.9 K, 38,5 K, and 25.0 K. The previous lower temperature data
have been reanalysed here along with the current data,

“The instrumental linewidths were typically -300 MHz. The central
component was usually ~10%10% times greater than the longitudinal components; this was
very much dependent on the crystal quality and the optical alignment. Most CH, spectra
recorded in this laboratory encountered an overlap problem between the longitudinal
component of one order with the fast transverse of the next order. Consequently, the SFR

of the P was increased to 18,27 GHz and used to record the spectrum of crystal #7. The
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strongest Brillouin spectra were recorded at the triple point (904 K): a typical spectrum
at this temperature would run for 2 hours. in which case the longitudinai component
would accumulate ~800-1000 photon counts.  As the temperature of the erystal was
decreased. so did the strength of the Brillouin specira. A CH, Brillouin spectrum
recorded at 17.5 K is shown in figure (5.1): a typical spectum at this temperature would

be recorded for ~24 hours and the resulting longitudinal I would ace e

~500-800 photon counts.

2000

Photon Counts
-
=

]
0 1000
Channel Number

5 K. Only two

Figure 5.1: Brillouin spectrum of crystal #7 recorded a1
h helonping 1o the

components are visible, the longitudinal L and the slow transv
central Rayleigh component R.
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Determination of the elastic constants requires a knowledge of the density

anel refractive index at cach temperature.  The density data were taken from an X-ray

1.0

tion by Proklratilov et. al The value of the refractive index at the triple

point is well known", namely, n, (V0.4 K) = 1.323, p,_(90.4) = 0.4874 ghem’. These

vatlues for density and refractive index were used along with the Lorentz relation'

(-1 _p, (m,-1)

(n?+2) Py (n}+2)

(5.1)

1o cateulate the refractive indices found in Table (5.12). The previous investigation™”

umed a linear relationship between density and temperature from 90.4 K to 25.0 K3
this proved 1o be incorreet™.  From the measured data, the elastic constants were
caleulated at the temperatures listeed in Table (5.12) using the method described in section

(h.8). The ¢l

constants, the bulk modulus and the shear modulus are plotted versus

temp

constants

ure in figures (5.2) 10 (5.8). The ¢

at the wiple poimi (90.4 K)
were also determined in this laboratory and were found to be in good agreement with the

previous determi ns of Rand and Stoicheft*",

“T'o normalize ¥2, the values of the standard deviation o, ranged from 0.02

Gliz 10 0.08 Gllz. In addition to the quoted uncertainties in table (5.12), there

a

possible systemuatic error of = 1% due the uncertais ties in the values of density, refractive

index, and scattering angle.  This is also reflected in the values of B and G. Much of

the fiting error, Cy, being particularly sensitive, is caused by the inabi to obtain

spectra containing both transy en from the measured intensity
ratios in tables (5.1) to (5.11): while one transverse (usually the slow T, mode) is very
strong, the other is very weak. Only in crystal #7, where the SFR was changed from

16,43 GHz to 18,27 GHz, were both observed i y at each

orientation. ‘This partly accounts for the inconsistencies (usually within experimental
error) in Cyy i the low temperature region, especially at 30.0 K. The effects of spin

conversion in CH, are also called into question here. Measurements of the spin lattice

F



relaxation time'™ have shown that the effects of nuclear spin conversi

on usually come
into play at ~30 K and are dependent on the cooling and cquilibration history of the

molecule. Maintaining a consistent thermal history between all erystals is a problem in

10

the present experiment be e the cooling and timing procedure is not always the sae,

and as a result the thermal history of

wh crystal is very different

Temperature [Refractive] Density Uy (6% C,, WG
A
K Index glem' khar Khar | Khar
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ble 5.12: Temperature dependent clastic constant o
CHIl.

ata for single

rystals of C1

Using the intensity ratios, the Pockel’s coefficient ratios and estimated

vilues of the Pockel’s coetficien

s are caleulated as outlined in section (4.8). “They we
listed in table (5.14) along with the estimated errors.  Unlike the accuracy ol the

frequency measurements, the intensity measurements are estimated 1o he good to only



about 10-20%. The fitting procedure was carried out using the fee luttice configuration
in both phase | and phase [1.

Laue X-ray photographs taken in both phases showed no structural change

across the transition which is consistent with the previous structural determination™, The

density calculations, which were carried out in both phases, have also showed a slight
increase from phase | to phase [, this is common to most order-disorder transitions

(where there is no structural change).

n Pu
S
P Py
Phase I
T Lo | 00w 1 o ) 2 w06
LI e 0076 0 (X0
L0161 062 a1 a6
WK1 £ 000 o 0067
om0 e o aom
0981 00% | 0476 0017 0 0057
LS 0050 | 0w s 0008 ox 0043
Lozt oom | sk s oons 029 a6
120+ 0,190 (06X £ DONK 027 0my
Phase 11
s GOHLOM | onogeom ) W o
15 OMLEOOS0 | 0145 £ 0018 o3s 030 0051
155 oo toou | 0isos oo 04 031 053

for CH,-1 and CH,-11

‘Table 5.13: Temperature dependence of the Pockel's cocfTicients
single crystals,
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TRANSITION IN CH,

5.2 RT COUPLING AND THE O-D P

The rotation-translation interaction is known to be o major contributor 1o
the intermolecular potential of both CH, and CD,. Bounds ¢t al*" performed the first

imulation on CD, in which the intermolecular potential was assumed

molecular dynami
to be of the atom-atom type neglecting any coupling between transkational and rotational

proved 1o be much smaller than the

ic con

motion,  Their caleulated clas

experimentul values found by Rand and Stoichel™Y, "This led to the conclusion that their

caleulated erystal was too solt. such that the intermolecular potential was too weak, As

dise

ed in section (3.4), Wonneberger and Huller'™ fater performed another molecular

ical mean ficld approach of Michel and Naudis™*”,

dynamics caleulation using the ¢l

Their calculations were based on an interaction potential composed of centre of mass
translations and rotations of the CD, tewrahedra.  Using such a model they were able 1o

predict elastic constants in good agreement with Rand and Stoicheft. “The theoretical and

experimental elastic cons 2H, and €D, have been tabulated in “Table (5.1,

Calculated el
Uncoupled Cunpledd
ey 164 2097
[IC.s 136 7] 15.000
(<. 0.0 [EER) 1132 0,15

‘Table 5.14: Comparison of the theoretical (using coupled and uncoupled potentials) and
the experimental elastic constants near the triple point.



While the clas

ical upprouch i strictly not valid for describing the
molecular rotations in CH,, the theory of section (2.4) is guite useful in analyzing the
variations of the clastic constants.  According to equations (2.61), a decrease in RT
coupling results in an increase in C, and Cyq , but a decrease in Cyy. As the temperature
is lowered through the 1- 11 phase transition in CHy, the rotational motion of 3 out of 4

molecules is frozen out. Therefore, if phase 11 is assumed to be u state involving weuk

R coupling and phase | strong R counling, then the elastic constunt changes shown in

Fpures (5.2) o (5.7) are in quantitati with the ical equations (2.61).

)1 st

rts 10 level off at 25 K and then drops sharply at the phase transition temperature

(20.4 K) indicative of the softening of the slow transverse phonon in the <110> direction,

‘The bulk modulus is given by equation (2.9). In the region near the

transition tempe

ure, the bulk modulus exhibits no anomalous behaviour ( within
experimental error) between Phase |and Phase 11, thus the crystal does not undergo any

large bulk changes such as a structural deformation, or large density chuange.

Wonneberger and Huller™, however, predict (equations 2,61) that the bulk modulus

should incr

e through the phase transition as 8W3 =3WZ. With respect to the present

results, this implies that 817

W;. Substitution back into the equation for C,, (equation

2.02¢) gives |AC,, —v; |AC,, |- This, in fact, 1 in reasonable qualitative ugreement with
the data of table (5.12) and figures (5.2) and (5.3) where |AC,, [=1.12 (kbar) and

[AC,, ] =0.74 (kban).

constants, the shear modulus

For single crystal of the elast

Iso given by cyuations (2.9). The shear modulus, on the other hand, is observed to

ise sharply from phase 1 to Phase 11 (figure 5.8).  From polycrystalline sound
velocity measurements, it is known that the shear modulus is given by G =pV.., where
pis the density and Vy is the average transverse sound velocity, The anomalous

behaviour of the sh

modulus clearly indicates that the rotational motion of the CH,
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tetrahedron is coupled more strongly to the transverse acoustic phonons.

Within cxperimental error the Pockel's coelficient ratios showed no

significant chang

cross the pha

se transition. This is consistent with the small density

and volume changes which accompany the transition.

To further the analysis of the elastic constants near the phase trnsition the

acoustic velocities in high symmetry directions are introduced.  The velocity of the

longitudinal and transverse modes in the <100>, <110,

d <1 direct

derived
from equation (2.13) and are shown below.  Using these equations the high symimety
acoustic velocty ratios are caleulated in table (5.16). The sudden sharp decrease in

velocity ratios from Y0.4 K 10 72.8 K is indicative of rapid crystal hardening. From 7.8

K the acoustic ratios show fittle change until the phi

<100> direction

e,k 5.1
GRS
<110> direction
'
€1 €z +2C, (5.2)
2p
<!> direction
'
v =[Cn +2C,+4Cy [ (5.4)
e e[ R R
3p
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Experimental Compar

The elastic constants of me Lane {both CHyand CDy) ave been determined

by several other experimental and i iques and they are aniged i able

(5.16). It is evident that much more work has been done on the deuterated species. Chy

is more suitable for neutron scattering, it does not expetience the: problem ol spin

ly. With tespect to €D,

n be treated cla

conversion and the molecular rotations

al ™" (Brillouin scattering)

the results of Marx et al.™ (Schacfer-Bergman) and Rand gt

are in good agreement; Marx™s values are slight.y higher but they were recorded at a

|en

lower temperature. “The neutron scattering results of Stirling e al. ™ and Press et
in phase I of CD, (at 32.5 K and 34.5 K) are in agreement with the present results on
CH,. While this similarity is interesting it is important o reatize that the neation

have guoted errors of greater than 10% . Also shown in table (5.16) ae

scattering
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the theoretical Borm-von Kidrmin calculations of Stirling et

™ for CD,. und the

REFERENCE METHOD SUBSTANCE ~ TEMP. C,; (kbar) 9
Maux ot al. (198)™ Schacfer-Bergmann D, 85.57 K WS6 0,15 340
Rand g1 al. (19X2 Brillouia Scattering D, 89.2 K A4 03 S
Stitling ¢t al. (1977)™ Newtron Scattering oDy 325K o8E20  de
Press et al. (1977)"" Neutron Scattering D, 45K NRE L6 Ve
Stirling et al, (1977)™ Bom-von-Kiirmin on, 25K o] 3
Stitling ¢t al. (1977) Leonard-Jones Dy 325K 0.7 a
Rand et al. (1982)°" Brillouin Scattering CH, 90.4 K 1957 £ 030 WS
Bounds et al. (1980 Maolecular dynamics Cll, Y12 K 1042 1.0 03
Wonnehe: L (1987)"" Molecular dynamics CD, 86.0 K 097 2

: Comparison of v

#=
b4

ious experimental and theoretical values of the elastic constants in methane.



molecular dynamics caleulations of Bounds et g )

U and Wonneberger et al!

el Stirfing’s
calculations are a fit 1o his neutron scattering data. They assumed that the methane

intermol

cular potential was o central harmonic interaction,  His resulting theoretical

values are 10-25% higher the

1 the experimental determinations. As stated earlier, (he

intermolecular potential used in Bound’s calculation was also based on aton

alom

potentials with no rotation-transfation interaction. and this accounts for his low values for

the elastic constants,

Along with the single crystad data there have been thiee ultrsound velocity

measurements in polycrystalline samples, 11

The first measurenents of Bezugly

were reported in the temperature range 4.2 K 1o 77 K; the actual me

urements were

made, howeyv nd 77 K and 1.4 K to 210 K while the values Trony 201

K to 64 K were interpolated. The ultrasound datat of Wolf e determined in

the

nge 2-77 K. In these experiments, sound velocity measurements were miade winle
the sample wus warming up at o rae of 0 KA. Equilibrivm sound velocity

measurements in phase T were made by I

asenko ¢t

For a comparison of the sound velacity data with those of Biilloin
scattering, it is necessary to convert them 1o a comman form, Consequently the
temperature dependence of the bulk and shear madulus for CH, are plotted in liguie (5.9),

while the corresponding graph for CI, is given in figure (5.10). Mars *lave noted

that the equilibrium values of Tarasenko are probably the most accurate. “The results of

the present investigation confirm this in that the shear modulus values or the present work

are in remarkably good agreement with those of ‘Tarasenko; it is difficult to distinguish

between the two curve: senko are also

in figure (5.8). The bulk modulus values of T
in good agreement down to 50 K, at which point his curve levels off while the curve of

nd Woll

the present work continues to increase.  The elastic moduli of Bezuglyi et al.

et al. do not agree as well with the present work. When considering the conditions under

%4
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which these dita were obtained the discrepancies are not surprising. The shear modulus

and the bulk modulus values of Wolf et al.. however. do show

values of Bezuglyi

n below 40 K.

some quantitative agreement with the present results especially in the r
L phase 1, the bulk and shear modulus in CD, (figure 5.9) are also quite similar to their

counterparts in Cl,. The ultrasonic results of Volf. Stahl and Folkins™, as for their

CH, results, were recorded while the sample was warming. and would probably sccount

(o

for the disciepancy between the Brillouin scattering®® and the Schaefer-Bergmann

" A comparison of figures (5.9) and (5.10) reveals that the presznt moduli

methad!
determinations in CH, agree quite well with the low temperature neutron scattering

results™ =T

somewhat surprising when considering the differences in their

moments of inertia and hence the differences in their rotational energies,

IANE, AND THE RARE GAS SOLIDS

Beeause of their simplicity, the rare gas solids (RGS) were among the first
molecular erystals to be studied by Brillouin spectroscopy. CH,, because of its spherical
rotational synmetry, tight internal bonding, and spherical electron probability distribution,

also exhibits characteristics similar to of the RGS. The present investigation provides an

apportunity for comparing the elastic constant temperature dependence in CH, with those

tic constants

of the RGS. The ¢ isotropy factor A, and Cauchy parameter & of CH,
and the rare gas solids are listed in table (5.17). There is, however, little experimental
low temperature data on the RGS.

From a comparison of the clastic constants at the triple point, CH, most

closely resembles argon. “This is not surprising when comparing the similarities in the
molecular weight. diameter, and depth of the potential well. At the triple point, however,

it does have a much Jarger anisotropy. and a larger Cauchy parameter.
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CD, (89.2K)™ 20.04 1500 I w15 it 0w
H 904 K 19.57 1440 L

H, (728 Ko Present Work 2504 Lo

ICH, (309 K Present Wark 78 20

(CH, Vi 2900 M

H 250 K) e 047 o

“H, (20,5 K bre RN S

CH, (193 K) Pre 1o

(CH, (17.5 K) Pre [CA

ICH, (15.5 K) Preser 0.8

[Nean (243 K™ 170 (Al o2 am s
Kiypton (82.3 Kj'' 2057 1201 2 0.2
enon (156 Ky 2980 19.00 1480 27 B2
g 523 Kyt 2480 1500 xn [
IArgon (250 Ko~ Theoretical w10 870 (K] o0l
Argon (100 K0 42,10 2.0 fat) 0
Argon (70 K)" - Theoretical .0 2000 195 00

Table 5.17: G| Data for CH,, CD,, and the gas solids. The theoretical values for
low temperature argon are derived from a Lennard-Jones potentiaf ™,

The larger Cauchy parameter can be interpreted as an indication of the stronger coupling

of the rotational and translational modes in CH,. In CH[ the anisotropy Factor A is

about 30% higher. Following the phase transition (at 19.5 K) A drops to 2.74, within the
range of the RGS. This is not surprising considering the decrease in molecular rotation
in phase i of CH, and hence the rotational coupling of the CH, tetrahedron to the

acoustic phonon modes. Comparison of the Cauchy relation of CH-11 with the Cauchy

relation in argo. ut low temperatures show that in both cases the Cauchy ielation is

essentially

fied (i.c. §~0). The values of €,y and €y, in argon, at 25 K, 10 K and
7 K, are quite similar 1o the values of Cyy and C, found in CH-Alat 155 K. This
implies that the character of the crystalline field in CH, has become less orientational and

more central in nature, which is consistent with the decreased rotation motion of the ClH

8



molecules in phase 11.

54 CONCLUDING REMARKS

In this i igation a lent Brillou

study,

particularly cmphasizing the I-Il phase transition, in CH, has been completed in an

attempt to determine the variations of the elastic constants as related to the effects of RT

s have been found in all three ¢l

coupling. Acoustic anor

of

phase transition, and are consistent with the

al™. At the phase trnsition (T=20.4 K) ull the clastic constants show a sharp

discontinuity which indicates and confirms that the transition is indeed first order. The

present elastic constants are also shown to be in excellent agreement with previous

ultrasonic and neutron seattering The temperature variation of the Pockel's

ients, and coefficient ratios, show no si

ificant anomalies across the phase

ition. This is not surprising since the rotativnal ordering does not induce any large

ain emphasizes the first order nature of the trans

Theore

al calculations™ have shown a strong correlation between

rotational and translational modes in CHy-l. - The decrease in C, supports these

predictions. At the phase transition, the softening of the acoustic phonons in the <110>

been

direction

tributed to the decreased rotational motion which significantly

decreases the RT coupling interaction. The rotational motion is coupled more strongly

1o the transverse phonons as indicated by the anomaly in the shear modulus, while the

bulk modulus showed no significant change at the phase transition. The decrease in RT

coupling was also inferred through a comparison with the rare gas solids. Comparisons

with low temperature argon have shown wat in CH,-11 the intermolecular potential has

Y



become more central in nature, fosing most of its orientational dependence. Roth e

deuterated and undeuterated species exhibit very similar clastic propetties in Phase 1.
Further experiments are under way to confirm some of the low emperatie
data of this investigation, Other experiments in this lihoratory will involve determining

alies in CIY, and to compare any RT coupling effects with those of this

the acoustic anor

i order 1o draw

investigat' n.  An effort will also he made o study the CHLL

ated 10 R coupling.

ind asymumetric

comparisons between the symmetric
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