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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



01

3 06 > L > ) 0 uoidar amesadway ayy ut 'HY o wradeip aseyd :x°y dandig

onL

.
ool o8 09
—d T £ T T

(40q¥) d




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.
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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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