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Abstract

The vy vibrational Raman spectra of oriented CH4 single crystals have
been measured in the temperature range from 89.4 K to 21.8 K. The ex-
perimental results show that the frequency, width and the depolarization
ratio of the spectra change with the temperature and the orientation of the
crystals. We think these changes are connected to the following factors:
(1) Volume changes; (2) Vibration-rotation (coriolis type) interactions; (3)

Probably molecular orientation change in some temperature range.
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Chapter 1

Introduction

1.1 Introduction

The methane systems have been of interest both experimentally and theoret-
ically for many years because they exhibit some imporant characteristics of
a simple system, for example, having tight internal bonding, weak external
coupling between molecules, and a highly symmetric molecular structure (T

for CH4 and CDy) [1].

Methane may also be important in the structure of the outer planets, and
gaseous methane exists in the atmospheres of most of them. Liquid or solid

methane may be a major constituent of the "icy giants” such as Uranus and

Neptune.

Many people did research for the methane systems. Clusius [3] discov-
ered the anomaly of the specific heat of solid methane at 20.4 K in 1929.
Trapeznikowa and Miljution [4] found that at a pressure of 1 kg/cm? the

anomaly of specific heat occurred at 20.6 K.
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X-ray studies on crystalline CH, by Schallamach [30] indicated that the
molecular lattice (carbon lattice) is face-centered cubic both above and below

20.4 K.

P (kbar}

°
-]

st

Y —

T

Figure 1.1: Schematic Phase Diagram of Solid CHy

Figure 1.1 shows schematically the phase diagram of solid CHy [6, 7]. At
low pressures, there are two phases for CHy, phase I and phase II. The phase
III can only occur at pressure above 200 atm [8]. The phase I has a fcc struc-
ture with disordered molecules. The structure of phase II was predicted by
James and Keenan [9] on the basis of a classical mean field theory, assuming
electrostatic octupole-octupole interactions between molecules located on a
fcc lattice. This structure consists of eight sublattices (Section 2.3). The

molecules on six of these sublattices (Dq4) are ordered in such a way that
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their octupole interactions with molecules on the other two sublattices add
to zero and, thus, the molecules on these two sublatices (O) rotate freely. In
1972 Press [26] established by neutron scattering that the phase II of CD4
and by inference also the phase II of CH, did in fact correspond to the James
and Keenan structure. For phase I of CD,, Press detected an indication of
partial order at 77 K, and this indication disappeared at 35 K. He concluded

that the molecular orientations are completely disordered at 35 K.

Medina [10] did far-infrared studies of solid CH4 and found five infrared
active lattice modes at range from 49.6 em™! to 105.3 cm™! for phase IIL
The lowest frequency mode was identified as librational mode while all others

were identified as translational modes.

The vibrational Raman spectrum is an important method to study molec-
ular vibrations and symmetries. The molecular vibrations in solids, liquids
and gases manifest themselves in light scattering as distinct lines or bands
displaced by some frequency shifts from the exciting line of the incident ra-
diation. The measurement of the vibrational Raman spectra could give us
directly the vibrational frequencies of the molecules. Apart from its fre-
quency shift, the structure, intensity, and polarization of the Raman spectra
also give us an insight into the geometry of the particular mode of vibration

which gives rise to it [44].

Anderson and Savoie [29] measured the Raman spectra of crystalline CH,
and CD4 at 10 K and 77 K in 1965. They observed v4, v» and v3. They found

marked changes in the spectra at the transition phase [ - phase II. For v; of
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CHy, the fairly sharp, single band in phase [ (FWHM ~ 4 em™1) splitted into
a doublet in phase II; For v3, the very broad band (FWHM ~ 100 cm™1)
of the high-temperature phase was transformed into a much sharper peak
(FWHM =~ 3 cm™!) at lower frequency, together with a weaker and broader
band at high frequencies; For v, of CHy, the singlet in phase I splitted into
a doublet in phase II.

In recent years, lasers have become invaluable tools for the study of Ra-

man spectra. The main advantages of the laser source are the following:

(1) The radiation from a laser source is generally monochromatic, the
width of the laser line can be very small (< 0.005 cm~!), and therefore the
Raman spectra are easier to analyze and precise information can be obtained

on the widih and fine structure of the Raman line.

(2) The very small sectional area, negligible divergence, and high specific
intensity of the laser radiation permit the use of small quantities of the sub-
stances. The source could be kept far away from the sample, thus eliminating

the heating effect and other disturbing factors.

(3) The linear polarization and the perfect geometry between the direc-
tion of illumination and observation which one has by the use of the laser

enable one to make accurate measurements of the depolarization ratio of the

Raman lines.

Using the laser, Cabana and Thé [27] measured the Raman spectra of
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solid CH4 in phase II. They got v, 12, v3 and two weak bands in the lat-
tice vibration region. For v, they observed two peaks, the lower intensity
one at the higher frequency side (2908.6 cm™!) was attributable to rotating
molecules, and the higher intensity one (2903.1 cm™!) to D2y molecules. For
v,, they got a doublet corresponding to the O molecules and D34 molecules.
In the v3 band, they identified several rotational components due to the ro-
tating molecules. The spectrum was consistent with the structure originally
proposed by James and Keenan [9]. Their experimental results were in good
agreement with the theoretical values based on the extended James-Keenan

model by Yamamoto and coworkers {11].

Clouter, Kiefte and Jain [14] measured »; Raman spectra of liquid CH,4
and observed the density dependence of frequency and the temperature de-

pendence of width.

Rose, Whitewolf, and Baglin [42] measured the Raman spectra for »
mode of high density gaseous CHy in 1992. They found the nonzero depo-

larization ratio and measured its pressure (density) dependence.

Fabre, Thiéry, Vu and Kobashi [6, 12, 28] measured the Raman spectra
of solid CH4 at 4.2 K under high pressure in 1978, 1982 and 1985 (0.1 to 11
kbar). They obtained six phases at different pressures.

Sharma, Mao, and Bell [13] did Raman experiments for solid CH4 at high
pressure (16 to 187 kbar) at room temperature in 1979. They found that
phase VI has more than two molecules in the unit cell (at least three v, (A,;)
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bands).

Culler and Schiferl (2] did the Raman experiment at high temperature
and high pressure in 1993 (up to 13 GPa, 912 K). They found that at 2.5 -
5.0 GPa and 912 K, methane photoreacts with the laser light and forms a

graphitelike soot compound.

In this work, we study the 14, vibrational Raman spectra of oriented CH,4
single crystals.



Chapter 2

Molecular Vibrations

2.1 Molecular Vibrations
For a molecule of N atoms, the kinetic energy is given by[15, 16]

N To\2 @2 Za 2
T=3 3mSR + (B2, @)

a=1

where z.,¥a, 2o are the cartesian coordinates of ath atom with mass m,,

Az,, AYa, and Az, are the displacements from the equilibrium position.

In terms of the mass-weighted cartesian displacement coordinates, q1, ¢2, -.., g3n,

Q= \/mlAIh g2 = \/mlAyh g3 = \/mlAzl, g4 = \/mzA-Tz, e @an = /mpyAzy,
(2.2)

1 3N
T=33d (2.3)

=1
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For small displacements, the potential energy V may be expressed as

13
V=VWV+ Zf,q, + = Z fii9iq; + higher terms, (2.4)
=1 t—l
— (3V L (.8%V
Where f; = (a?)o, a.nd f'J = ('aq.-—w,-')o'
By choosing the zero of energy so that the energy of the equilibrium
configuration is zero, Vo = 0. Furthermore, when all atoms are in their

equilibrium positions, ¢; = 0,7 = 1, 2, ..., 3.V, the energy must be a minimum,

therefore 6
Vv i
f. aq‘)o ‘-0 1—1,2,-..,3N,
For sufficiently small amplitudes of vibration, the higher terms can be ne-

glected, so that
1 3N

V= Z fiigig;- (2.5)

l—l
We can introduce normal coordinates by linear transformation,

3N
Qr = ch;q;, £k=12,..,3N (2.6)
=1
in which the coefficients c; have been chosen so that both T and V have

simpler forms,

1 3N
Z Qh (2'7)
V=g z MeQi- (2.8)
k=1

The Ar can be shown to be the roots of the secular equation:

fu=Xx fia .. fran
fa  fa—A .. faan -0 (2.9)

f3N1 fanz - fanan— A
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Using Lagrangian methods, the equations of motion become

%:—;; + aa:?/k Qi + MQi = (2.10)
k=1,2,...,3N
The solutions of which are
Qr = K,:cos(?.wrukt + ¢ ) (2.11)
k=1,2,..,3N
where v = 2%_1\,%' :

The solutions for g; are

3N 3N
= Y (¢ uKycos(2muvit + i) = 3 cuiKycos(2mvit + i) (2.12)
k=1 k=1

The secular equation 2.9 has five or six roots that are equal to zero [16],
depending on whether the system is linear or not. They correspond to trans-
lations and rotations. It can be shown that all other 3N-5 or 3N-6 roots are
different from zero and real. Thus we have 3N-5 or 3N-6 genuine normal

vibrations.

In quantum mechanics, the Schrédinger equa.tion of the system is

b, | Py | O,
e e S AN A SR

where v, is the vibra.tlona.l wave function, E is the total vibrational energy,
and V is the potential energy. In terms of the normal coordinates Qg, the
Schrodinger equation will have the form [15]

3N-6 62 v 8 1 3N-6
> _agz + (B =5 2 M@l =0. (2.14)
=1
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Equation 2.14 can be separated into 3N — 6 equations:

1 3%  8x? 1, oy
EEQ_i + F(E - 5-\ka) =0, (2.15)
where
Yo = P1(Q1)%2(Q2)---¥an-6(Q3n-s) (2.16)
E=E+FE,+ ...+ Esne- (2.17)

The equation 2.15 is the wave equation of a simple harmonic oscillator of
potential energy $A:Q% and mass 1 whose coordinate is the normal coordinate

Q- The eigenfunction is given by

$e(Qr) = Ny e ™% H, (/7Qk) (2.18)

Here Ny, is the normalizing factor, v = 4x%ve/h, and Hv, (/7% Q%) is a Her-
mite polynomial (of degree v in Q).

Thus the vibrational motion of the molecule may be considered as a super-
position of 3N —§ simple harmonic motions in the 3N —6 normal coordinates.
The total vibrational eigenfunction ¥, is the product of 3N — 6 harmonic os-
cillastor functions %x(Qx)- The total vibrational energy E is the sum of the

energies of 3N — 6 harmonic oscillators, given by

3N-6 1
E= Z hve(ve + ). (2.19)
k=1 2
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2.2 Molecular Vibrations in CH,

The CH4 molecule belongs to Ty point group [16]. The four H atoms in CH,

form a regular tetrahedron whose centre is occupied by the C atom.

Figure 2.1 shows the tetrahedron structure [16, 17]. There are three mu-
tually perpendicular C; axes, three S; axes coinciding with C; axes, four
Cs axes each of which passes through one apex and the center of the op-
posite face, and six planes of symmetry o4 — each of the planes passes
through one pair of C3 axes. The total number of symmetry operations
is 24 (£ +8C5 + 3C; + 654 + 604).

Table 2.1 gives the symmetry types and the characters for the point group
T4 [16]. In the last column is given the non-genuine vibrations, translations

(T, Ty, T:), and rotations (R., Ry, R.) that belong to the particular species.

There are two types (A; and A;) of non-degenerate vibrations or eigen-
functions. A, is a totally symmetric type. The vibration or eigenfunction
of A, is symmetric with respect to C; axes and C, axes, but antisymmetric
with respect to the o4 planes and S; axes. There is one doubly degenerate

species E and two triply degenerate species F; and F.

Figure 2.2 shows the normal vibrations of a tetrahedral CH4; molecule. ¢,
belongs to A, species, v2, and vy belong to E species. Both vi(vaq, vas, vac)

and v4(V4a, Vap, Vac) belong to F; species.

For degenerate vibrations, for example v3,, by carrying out the symmetry
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Figure 2.1: CH, Molecular Structure
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Table 2.1: The Symmetry Type and the Characters for the Point Group Ty

SC; 60’4 6S4 334’5303

SC; 60: 604 30{253(::”

Tl +1 +1 +1

Tl -1 -1 +1

-1 0 0 2
0 "I +1 “1 T:, Ty. T: fOl' 0, R;, Rv, R;
0 +1 -1 -1 T. T, T lor Ty
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operations (for example, rotation about one of the C; axes), the vibration is
transformed into a vibration that is, in general, a linear combination of the

mutually degenerate vibrations.

For CHy, there are no genuine normal vibrations of the species of A; and
Fi, but the eigenfunctions of higher vibrational levels may belong to these

species.

The frequencies v, vz, v3, and v4 of CHy in gas state[18, 19, 20, 21, 22]
are 2914.2cm™1, 1526cm ™1, 3020.3cm™!, and 1306.2cm™! respectively.

All four fundamental frequencies (14, v;, V3, v4) are allowed in the Raman
effect (next Chapter), but only v; and v, are permitted in the infrared.
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2.3 Solid CH,

The triple point of CHy is 90.7K [23]. CH,4 has two phases at low pressure,
phase [ and phase [I. The phase transition temperature is 20.4 K [24, 25]. The
low temperature phase, phase I, is partially orientatioral ordered [26, 27, 28].
The high temperature phase, phase I, is probably orientationally disordered
[29].

X-ray studies on crystalline CH4 have shown that both phase I and phase
IT have face centered cubic (FCC) lattice structure.

Figure 2.3: FCC Structure

Figure 2.3 shows the FCC structure (without considering orientational
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ordering). Each molecule is surrounded by twelve molecules at an equal dis-
tance Ry from the central molecule. These molecules are called the nearest

neighbours (nn) of the central molecules.

The FCC lattice contains one molecule per primitive unit cell (without
considering orientational ordering) and can be generated by the primitive

vectors
6 =a(i+7), 43 =a(j + k), d3 = a(k +1) (2.20)

where a = Ro/2;‘ and 2, 7, £ are unit vectors along the axes of a rectangular

frame (Figure 2.3). The lattice points are then located at

Ri = hdy + Lay + lads (2.21)

where {; = 0, +1,42, ...

Figure 2.4 shows the crystal structure of phase II, established by Press
[26, 27, 28]. It belongs to space group Of(Fm3c). In this structure there
are eight molecules per primitive cell of which six (occupying sites of D,y
symmetry) are ordered, and two (occupying sites of O symmetry) are free to

rotate.

In the crystal, there are two types of vibrations: internal and external vi-
brations [33]. External vibrations involve partial rotations and translations
of molecules as a whole in the crystal lattice. Internal vibrations involve
the stretching and bending, etc., of chemical bonds in the molecule (i.e. vi-
brations that are analagous with gas-phase vibrations). Since the potential
energy of a molecule in a solid has been perturbed by the presence of other

molecules in the crystal lattice, the frequency, degeneracy, and activity of
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R A T

Figure 2.4: The Crystal Structure of Phase II for CH,

18
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internal vibration may change compared to those in the gaseous state. In

this thesis, we study the v, internal vibration in crystal CH,.



Chapter 3

Vibrational Raman Spectra

3.1 Raman Effect

When the incident light quantum hv' collides with a molecule, it can be
scattered elastically or inelastically. The elastically scattered light, having
the same frequency with the incident light, is called the Rayleigh line. The
inelastically scattered light is the Raman spectrum. In the Raman process,
the incident light can either give a part of its energy to the scattering system
or take energy from the system, and the system changes from its initial state
E” to its final state E'. Let AE = |E' — E”|, then if the system is initially
in the lower state, the light quantum after scattering is Av' — AE (stokes
lines). If the system is initially in the higher state, the light quantum after
scattering is hv' + AE (anti-stokes lines).

Figure 3.1 illustrates the Raman bands for a given vibrational-rotation

transition.

20
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O» % = »

G= w w

Figure 3.1: The Raman Bands

The intensity of Raman light depends on [16]
/ 0,0 dr, (3.1)
where 7' is induced dipole moment, and is written as

p=ak. (3.2)

Here « is the polarizability (a tensor), and E the electric vector of the inci-

dent light.

The time-independent part of equation 3.1 is

P = / PadPr dr, (3.3)
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where p_é is the amplitude of p.

The intensity of Raman transition n « m is proportional to the square

of [p""]’"", whose x, y, and z components are written as
2™ = EQ[e|™™ + ES [ee]™™ + EQ[az.]™

[PS]'"“ = Eg [z ]™™ + Ef,' [eg]™™ + Eg [ay:]"™
[P = E[az]"™ + Ejley:]"™ + EJ[az:]™, (3-4)

where
[atz]um = / QzzPntPpdr, [ary]nm = / Ay ¥ntpodT, ... (3.9)

are the matrix elements of the six components of the polarizability tensor.
The diagonal matrix elements (n=m) of @ or 1;--6 correspond to Rayleigh scat-
tering, the off-diagonal elements correspond to Raman scattering (transi-
tion n « m induced by the incident light). According to equation 3.4, a
Raman transition n « m is allowed if at least one of the six quantities

[ezz]™™, (@)™ ™,..., is different from zero.

For the vibrational Raman spectrum, the selection rule may also be stated
in the following form: A Raman transition between two vibrational levels v’
and v" is allowed if the product 1,1, has the same species as at least one of

the six components @y, @zy,..., of the polarizability tensor.

Table 3.1 gives the species of the six components of the polarizability
tensor for some important point group. From this table, we can see that all

11, 2, v3 and v, vibration of C Hy(T,) are Raman active as fundamentals.
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Table 3.1: Symmetry Types (Species) of the Components of the Dipole Mo-
ment and of the Polarizability for Some Important Point Groups

1. For C3 and D; = V omit the subscripts g and u.

2. For C3, C4, Cs, Ce and Can, C4n, Csi, Csa, omit the subscripts 1 and 2 of A and B.
3. For T omit the subscripts 1 and 2 of A and F.

4. For O omit the subscripts g and u.
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3.2 Raman Depolarization Ratio

z z
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Figure 3.2: Polarization Properties of Raman Scattered Light (for 8§ = 90°)

Figure 3.2 shows the geometry of our experiment. The incident light prop-
agates in the Z direction and is polarized in the X direction. We measure
the Raman scattered light in Y direction. There are two cases. In case(a),
Z(XX)Y case (the convention of Damen, Porto, and Tell) [31, 32], we mea-
sure the X polarization component of the scattered light. In case(b), Z(XZ)Y

case, the Z polarization component of the scattered light is measured.

The intensities Ixx and Ixz for Z(XX)Y and Z(XZ)Y cases [32, 33, 34]

are

Ixx = K(ag%)z o (3;:3;:)2 (3.6)
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_ 0azx ., dazx ,
IXZ—K( aQJ ) ( aQJ ) ’ (3'7)
where
1
PRIV Y-C .
K = c“uo(” v )E 1= e_hv,/K_T)Kg(mstrument)
The Raman depolarization ratio (degree of depolarization) p is
p= 1 = Oy (FEEy (38)

C Ixx O 0Q; 9Q;
In crystal coordinate system (x,y,2), the polarizability derivative of crystal

can be written as

o @11 Ca12 a3
Jery - (021 az; an (3.9)

an aszy az2 4ass

a;; = aj;
In laboratory coordinate system (space fixed system XYZ)

211 @12 G13
aalab = R ( Qo1 Q422 Q23 ) R-l (310)

EYal
@ @31 a32 G33

aalab
( aQJ )iJ %Rimamlel (3.11)

where R is the rotational matrix and given by

cosxsing + cosOcospsiny —sinysing + cosfcospcosy —sinbcosd

stnysiné cosysind cos@

( cosxcos¢p — cosfsingsiny —sinycos¢ — cosbsindcosy sinfsing )
R
(3.12)

Here 0, ¢ and x are Euler angles of the crystal.
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Let
(13 }1 a2 az3 Q23 a3 a2

§1= — = 1, S =—,83=——, 4= —, 8§=—, Sg = —. (3'13)
ar a1l ar a a an

Then from equation 3.8 to 3.13, we can get

(ca + 2%, cusi)?
= ; 3.14
(on + 0, caesi)? (3.14)
where

Cpy = R%l; Cy = R11R31; Cy2 = R%g; Ce2 = 312332; Ci3 = ‘{3;

¢z = Ri3Raa; ey = 2R12Ry3; ¢y = Ri2Ras + RiaRaz; s = 2Ry Ry3;
cis = Ry Ras + RiaRa1; ce = 2R Ria; as = RuRas + Ri2Ryy (3.15)

In our experiment, we first determine the orientation (8, ¢, x) of the crys-
tal CHy4, then change ¢ for each temperature T, and measure p(¢). From

these experimental data, we can use nonlinear least squares methods to get

$2, 83, 34, 85, S6-

If we assume the principal axes are along the C, axes of the crystal, then

211 0 0
%""}' =| 0 a2 0 (3.16)
Q; 0 0 asx

Equation 3.14 can be simplified to

(ca + Tz cisi)?
p (cor + 337 cwisi)? ( )

In this work, we will try to test whether or not this assumption is satisfied.
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3.3 The Effect of Molecular Orientations

In molecular coordinate system z'y' 2", the derived polarizability tensor of the

molecule is a,,. If the orientation of the molecule in space fixed coordinate

system (laboratory system XYZ) is 0, ¢, x, then [35]

a;a.b = R(0$ ¢1 X)a':nolR-l (01 ¢’ X) (3.18)

For a substance in which molecular orientation is perfectly random, the
Raman depolarization ratio may be expressed in terms of following two in-
variants of the derived polarizability tensor [16]:

g 1

o'l = 3(ay, + 0 + o) (3.19)

'l 1 7 r r r I f ! 4. [
B?*= 5[(“11 — 0199)2 + (g — azg)? + (@33 — o ) +6()3 +ags +agy)] (3-20)

where a:-j are elements of the derived tensor (in molecular coordinate system

2

Ty z)
63"
P = () 1 5 (3.21)
p=7 f"p (3.22)

where subscripts n and [ indicate natural (unpolarized) and linearly polar-

ized incident light respectively.
The maximum values for the random orientation case are

6 mazr 3
P = and pj =1 (3.23)
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If the incident light is elliptically polarized, it can be shown that the max-
imum value of the Raman depolarization ratio ( py = (Ixz + Ivz)/(Ixx +

Iy x) ) for random orientation case is pJjf* = I.

If the molecular orientations are not perfectly random, the depolarization

ratio p depends on the molecular orientations.

Figure 3.3 shows some cases of partial orientation. In case I, the molec-
ular axis z' is parallel to one of space fixed axes (X or Y or Z). In case II,
the 2z’ axis is confined in a space fixed plane (XZ or YZ or XY).

By averaging over x in case I, and over ¢ and x in case II, we can calculate

the quantities o?, ;; (in space fixed system XYZ)

a1 = (Z: RiRjjaj; ) (3.24)
ij

The polarizability derivatives for T; symmetry are listed in table 3.2 [32].

From this table, we can get

e (340) - (301 )t (1

Qa \ooa) 99 \oo -2/ %= 0 o0

aam.c:vl _ g g ?: aamol _ g \ aafnol — [C) 3 g
aQqu 0 ¢ 0 ’ aQF:a ¢ ) ’ aQcm 0 0O

where a,b and ¢ are constants.

(o= I == Y« }
COoOn

0
0
0

|



VIBRATIONAL RAMAN SPECTRA 29

Case |
\Z ,
z
x!
y1
_—
Y : ]
y
X z X
Space Fixed Axes B:z’/IX C.zilZ
Casell
VA
%
r ~
—
Y y >
i y
X A L}
X - y
Space Fixed Axes A2 1XZ B:z’ I/ YZ C:znXy

Figure 3.3: Some Cases of Partially Molecular Orientations
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Table 3.2: The Symmetry Type and the Polarizability Derivatives for the
Point Group Ty

0 | E 8C, 3C; 6C, 6C; )
T, | E 8C; 3C; 6S; 6qy Mx Hr Bz _Sxx  Wr 3z Yy %z O
AT 1 1T 1 0 0 0 a a a 0 0 0
/S T R Qs | 0o 0 0 0 0 0 0 0 0

Ej2-1 2 0 0 0 0 0 b b -0 0 0
1 ' 0 0 0 37390 0 0 0
Fi|3 0-1 1-1 [TdOKRy KOY O 0% 0 0 0 ¢ 0 0
o ‘I THO\Ry O, HOFO-K0 070 0 0 o

B N TAONR: 07 OO 6 0 6 Ce o0 o0
F,13 0-1 -1 ( |T(T) KT)0 "0 -0 0 ¢ 0 0 ¢
o ) 0 KHO 0 0 0 0 ¢ O
1= T inm o 0 o I(T,);i 0 0 0 ¢ 0 0

4
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We calculated the Q;gbx X a;szz, a;zby X a}zbyz and the depolarization
ratio for six different partial orientations (Figur 3.3) of T, type molecule us-
ing equations 3.24 and 3.25. The calculated results are listed in table 3.3

and table 3.4.

In our experiments, the polarization of incident light E; is in the X direc-

tion, so in table 3.4 we only give the resulits of p for this situation.

From table 3.4, we can see that if the molecular axis is parallel to one of
the laboratory axes X or Z, or confined on the Y Z plane, the depolarization

ratio for F, species will be oco.

J.Zhao and R.L.McCreery measured the Raman depolarization ratio p for
CoPc (Dyn group) on carbon surfaces [36]. Their experimental results are
consistent with the results calculated from equation 3.24. For some mode,

they observed very large depolarization ratio p (> 6).
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Table 3.3: Raman Scattering Activities (Ty, [=XorY)

H—.—Sample STecies E; Polarization of Raman Radiation
A(z’/]Y) B(z'// X) C(z’// Z)
X(2Z) 2 | X&) 2eh) | X@E) TR
A, X a 0 a 0 a? 0
A Y| 0 0 0 0 0 0
E X 7 0 i 0 B 0
E. Y| 0 0 0 0 0 0
E | X | 3P 357 0 0 I 0
CaseI | E, | Y| 0 0 0 3p2 35 0
F | X 0 0 0 12 0 Iz
P Y 12 1& [ 120 0 f=
Fp 11X O 0 0 Iz 0 12
P [ Y I8 12 | I3 i 0 =
o 1Y 0 0 0 I 12 0
A@/] X2) B(z/] Y2) CE/T XY)_
X(@Z) () | X(ah) %eR) | X@pk) 2aj).
A X a® 0 a 0 a’ 0
A, 1Y 0 0 0 0 0 0
E. | X | BF _I¥ 5 0 57 0
E. (Y| 0 0 0 T7? 157 0
ase 3 = 2 s = =2 2
17 4 1
LD <N T f‘ i’ e
2a 1 a1 e i s 2z
Fo [X| 1@ 1@ [ ot i1
Fp [ Y| 1 1 i1z
F x T 3=—1% Py % 1
- L e e LR
| B [Y]| 3 & i€ ¢ | 3¢ s
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Table 3.4: Theoretical Depolarization Ratio, p, of Different Types of Vibra-
tions for Six Different Partial Orientations of a T, Type Molecule

Case [ A(Z’// Y) B(z’// X) C(z'//Z)
Species | Ay E, Ey Faq Fap Fac | A1 Es Ey Faa Fou Fac | A1 Ea Ey Faa F:
P 0 0 1 x x 1 0 0 X ©0 oo X 0 0 0 o o
Case I Az/] X2) Bz/] Y2) Cz/] XY)
Species | Ay E. Ey Faa Fo Foc | A\ Ea Ev Fag Fn Fc | Al _Ea Ey Fag P
P 0 35 3 1 1 2 |0 0 2 o0 o 3 0 0 3 1
Case [I1 Random
Species | Ay Es Ey Fan Fp Fa
P O

3.4 Lineshape Fitting

The observed spectra Fy(v) in experiments are the convolution of the laser

spectra (instrument function) and the Raman spectra,

Fus(v) = [ Fras(v')Fram(v — v')dv'. (3.26)
According to the convolution theorem {37, 38],
F{Fu(v)} = F{Fras(v)}F{Fram(¥)}, (3.27)

where F{} indicates Fourier transform.

If F(z) is a real function in (—{, +{), then it can be expanded into follow-

ing Fourier series,

F(z) = 3 cae®™ = g+ ) 2lca|cos(2anfiz + arges),  (3.28)
n=-—0oc n=1
where
1
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and

1 rH -
= 57 [, FOITIE: (3.29)
From equation 3.27 and equation 3.28, we get
CnRam = 2 (3.30)
Cn.Las
or
Icn.Raml = lcn.abl
|cn.La:|
arg(cn'RGm) = arg(cn.ob) - arg(cn.[-as) (3~31)

We wrote a program to do the deconvolution based on equations 3.28 to

3.31.



Chapter 4

Experimental Arrangement

4.1 Experimental Setup

The experimental arrangement for Raman scattering studies of transparent
single crystals and the laboratory coordinates (XYZ) are shown in Figure
4.1. A single mode Ar* laser beam was incident vertically along the axis of
the sample cell — Z axis, and polarized in the X direction. The spectrome-
ter consisted of a narrow band filter(F), a Fabry-Perot interferometry(FP),
a photomutiplier tube(PMT), an amplifier discriminator(AD), and a data
acquisition and stabilization system (computer). By rotating polarizer P2,
the X and Z components could be measured. The reference laser beam was
introduced by the beam splitters (BS1, BS2), the shutter (ST) and the fibre
(FB). The He-Ne laser was used to define the optic axis — Y axis, and to
do optical adjustment. The orientations of the crystals were determined by

X-ray Laue transmission photographs.

35
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The Experimental Arrangement

Figure 4.1
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4.2 Laser

The laser light used in the experiments was generated from a Coherent In-
nova 90 Argon Ion Laser. The wavelength of the output was selected to 514.5
nm by adjusting the intracavity prism. The selected line had a line width
of 10 GHz, which consisted of several modes separated about 150 MHz from
each other. A single-mode was obtained by using an (Fabry-Perot) intra-
cavity etalon. The etalon was housed in a temperature controlled mount to

minimize frequency drift.

The frequency stability of the laser depends on temperature changes of the
cavity length, mechanical shifts and ‘jitter’ [39, 40]. The laser was mounted
on a steel table bearing a large granite block. The water supply to the laser
was flow-regulated to decrease temperature changes and vibrations. A ’jit-
ter’ of 10-15 MHz, mainly caused by the flow of cooling water, was always
present in this experiment. The laser power was reduced to 10 mW by an

attenuator to avoid destroying the crystals by heating effects.
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4.3 Fabry-Perot Interferometer

The Fabry-Perot interferometer (which was previously constructed at MUN)
consists of two parallel plates (mirrors) separated by a distance d [39, 40, 41].
The inner surfaces of the plates are flat to A/200 (at A = 500 nm) and are
coated with highly reflective (98%) films. The front plate is manually ad-
justable by three micrometer screws. The rear plate is mounted on three
piezoelectric transducers. When a beam of light is incident on the Fabry-
Perot interferometer, only those wavelengths which satisfy the constructive

interference condition are transmitted. The condition for constructive inter-

ference is

2ndcosd = ml, (4.1)

where
n = refractive index of the medium between the plates,
@ = the angle between the incident ray and the normal to the plates,
m = order of interference,
A = wavelength of incident light.
In our experimentts, § was equal to or very close to zero. Then, the

condition 4.1 reduces to
2nd = m.



EXPERIMENTAL ARRANGEMENT 39

Thus, different wavelengths can be passed (scanned) by changing d as

described in Section 4.4.

The range of wavelengths which can be displayed between two consecu-

tive orders is called the free spectral range (FSR).

Assuming that the spectrum of (m-1)th order for A, overlaps with the

spectrum of the mth order for Ay, then

2d = m/\l = (m - I)Az (4.2)
Aq A1z
p—4 A — _ — =
AA 2 — A1 - 54
Because Ay and A; are very close, A; = A; = A, then
A2
Al = 2 - (4.3)

Expressing equation 4.3 in frequency units, we get the convenient equation

for FSR
C [
FSR = AU = FAA = éz (4.4)

The FSR required in the Raman study is relatively high (800GHz —
900GHz). The corresponding distance d is small (0.167mm — 0.188mm),
and not easy to measure accurately. We used a dye laser to calibrate the
Fabry-Perot interferometer. We chose different known wavenumbers for the
output of the dye laser, and got the relationship between the wavenumber
and the peak position (channel number). The relationship is linear as shown
in Figure 4.2. From the slope and the value of channel difference for one
whole order, we got the estimated value of FSR. Then, we calculated the
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Wavenumber vs. Channel Number
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Figure 4.2: The Relationship Between the Wavenumber and the Channel
Number
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wavenumber needed for jumping some whole number of orders (eg. 8 or-
ders), and checked it by jumping such order. By this method, the FSR was
determined to be 884.2 GHz+0.1 GHz.

The finesse, F, of the Fabry-Perot is defined as the ratio between the FSR
and the minimum resolvable bandwidth (Avpgis), which is arbitrarily chosen
as the full width at half the maximum intensity.

FSR

FWHM (4.5)

F =

The higher the finesse, the greater the ability to resolve closely-spaced
lines. The value of the finesse is affected by the reflectivity and the flatness
of the mirrors, and the diffraction at pinhole A3.

The contrast is defined as the ratio of transmission maxima to transmis-

sion minima, )
tmex 4F.
C, = = L (4.6)

tmin 72

which, in other words, means the ability to detect small signals in the pres-

ence of large signals.

In our experiments, we used a single-pass FP interferometer. The diam-

eter D of A3 is 0.8 mm. The finesse was about 40 and contrast was about 102.
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4.4 Data Aquisition and Stabilization Sys-
tem

The data acquisition and control (DACS) is achieved by a IBM PC computer.
The package is made up of an IBM PC plug-in card, a DDA-06 analog/digital
expansion board and associated software. This system was designed and de-

veloped at MUN by O. Vazquez. The DACS performed several functions:

a) It stored digital data generated by the phototube (PMT) and the
amplifier/discriminator {(AD), and displayed the resultant spectrum on the
monitor of the computer. The maximum channel number could be chosen
from 640, 1280, ..., to 3840. In our experiments, we used 640 channels.

b) It produced the ramp signals, which were amplified by a high volt-
age amplifier and then applied to the three piezoelectric transducers to scan
the rear mirror of the Fabry-Perot interferometer. The clock generated a
series of pulses (ramp signals) of equal magnitude and duration, which were
amplified and integrated to about 1000V by the high voltage amplifier and
supplied to the piezoelectric elements. The clock also addressed the channel
address scaler of the multi-channel analyzer. There was a one-to-one corre-
spondence between the voltage, the channel number, and the frequency. The
time spent in every channel in one sweep could be chosen in the range of

50 us to 65535 us.

c) A drift stabilization system was incorporated to correct for the fre-
quency drifts due to temperature changes in the laser cavity and the Fabry-
Perot cavity. If the ratio of the difference between the position of the peak of
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the reference light and the reference channel (channel 60 in our experiments)
to the width of the reference window (~ 10 channel) is more than the preset
value (eg. 30%), a correction voltage was automatically applied to the ramp
scaler (during flyback) to bring the peak back towards the reference channel.

d) The DACS also maximized the finesse. The finesse optimizer com-
pared the counts in the control window for the current and previous sweep.
If the difference was larger than the preset percentage (eg. 30%), the finesse
correction would be excecuted to adjust the parallelism of the mirrors, and

therefore to maximize the finesse.

e) The segmented-time-base feature of the DACS allowed for spending
more time (1 — 65535 times more) in accunulating counts in selected regions
of the spectrum. This is very important when studying weakly spectral fea-

tures.
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4.5 Alignment

The optical arrangment, as shown in Figure 4.1, was similar to that of
references [39, 40], except that we put the shutter (ST), beam splitters
(BS1,BS20), and the fibre into the arrangement.

The He-Ne laser beam defined the horizontal optic axis — Y axis of the
laboratory coordinates. The Z axis was defined along the vertical axis of
the cell. The incident argon-ion laser beam was made to translate along the
Z-axis by adjusting the lens L1 and the mirror (prism) M which deflected
the beam upwards. The purpose of aperture Al was to block unwanted light
from entering the cell. By adjusting the lens L1, the argon-ion laser beam in
the cell could be made to coincide with the Z axis. A pentaprism was used to
ensure that the argon-ion and the He-Ne laser beams were perpendicular tu
each other within 15’ error. The polarizer P1 was used to make sure that the
argon-ion laser light was polarized in Z direction before it entered the prism
M. After the reflection from the prism M, the laser beam was polarized in
X direction. The lens L2 produced an image of the origin (the intersection
of the Y axis and the Z axis in the cell) at the position of the narrow band
filter F. The band pass of the filter F was 605 nm35 nm. The lens L3 was
focused on the image produced by L2 (the position of F). The parallel rays
from L3 were then incident on the Fabry-Perot interferometer (FP). The out-
put of the Fabry-Perot was focused onto a pinhole A3 (0.8mm) by the lens
L4. The light passing through the pinhole was collected by the lens L5 and
focussed on to the photocathode of the photomultiplier tube (PMT). The
photomultiplier tube (PMT) was mounted in a thermoelectrically cooled RF
shielded chamber which controlled the cathode temperature to —20 % 0.5°C.
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The output pulses from the PMT were fed into the amplifier/discriminator
(AD) which separated the photopulses from the tube noise and produced
a series of identical 1 volt pulses at a rate proportional to the intensity of
the light incident on PMT. These pulses were the input signals of the data
acquisition and stabilization system (computer). The dark count was about
3 counts/sec. The beam splitter BS1 was used to split a2 second laser beam
which was then introduced into the Febry-Perot by the shutter ST, the fibre
FB and the second beam splitter BS2. The second laser beam was used as
reference. The shutter was controlled by the computer and only opened in a
small range around the reference channel (60 + 10 channel). The output end

of the fibre was positioned at the focus of lens L3.

The alignment of the system was achieved as follows: First, we removed
everything on the optic axis except apertures A2 and A3, and the photomul-
tiplier tube PMT, and directed the He-Ne laser beam through A2 and A3.
The position of the PMT was adjusted to make it centered and perpendicular
to the direction of the beam. The X-ray collimator CO was then positioned
and adjusted so that the beam passed exactly through the pinholes, thus
making sure that the X-ray beam would also lie along the optic axis. Next,
the FP was placed in position and levelled so that the laser beam entered
and exited at the centre of its apertures. The Fabry-Perot mirrors were made
perpendicular to the beam by making the back reflection from the front mir-

ror to coincide with the He-Ne incident beam.

Lens L3 was now placed and adjusted so that it backreflected the beam
on itself and sent a parallel beam through the Fabry-Perot. Lens L4 was
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positioned so that the focussed beam was made to pass through the pinhole
A3. The FP plates were made parallel by adjusting the fine screws of the
front mirror while scanning the FP (at about 1 scan/sec) and observing the
transmitted beam visually until a single flashing was observed in the plane
of A3. Lens L2 was then placed and adjusted to backreflect the beam on it
self. We now moved the cryostat into the system and turn on the Ar* laser
beam so that the two laser beams intersected at axis of the sample cell at
3 mm above the bottom of the cell. Filter F was put in the position of the
focus point of L3 and the position of L2 was adjusted to produce the image
of the cell at the filter (removing A2). The cryostat was then moved away
and replaced by the white card. The front mirror of the FP was adjusted by
observing the scattered Ar+t light from the card (while the filter F was moved
away) using the method mentioned above. At this point, the intensity of the
Ar* laser beam was reduced by the attenuator, and the transmitted fringes
were observed on the monitor of the computer (DACS). The peaks were then
made as narrow as possible by adjusting again the micrometer screws on the
front plate. The three piezoelectric biases of the FP were adjusted to increase
the finesse. Then the second laser beam was introduced by shutter ST, fibre
FB and beam splitters BS1 and BS2. The position of the output end of the
fibre was put at the focus of L3, and it was fine adjusted by observing the

signal on the monitor (while shutter ST was open).

Finally, the cryostat was moved into the system again. Lens L4 was
slightly adjusted to maximize the height of the Raman peak of liquid methane.
The spectra of the samples could be recorded with the DACS in the drift-

correction and finesse-correction modes.
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4.6 Cryostat and Gas Handling System

Cooling was provided by a closed-cycle helium refrigerator (Air Products
Model DE202).

We designed and built the tailsection of the cryostat and the gas handling
system. The tailsection of the cryostat is shown in Figure 4.3. The outer
body (4) was made of copper tube of 7 cm outer diameter which served as
a vacuum shroud for the sample area. The copper outer radiation shield (3)
was connected with the first-stage (~100K) heat sink (14) of the refrigerator.
Both the outer wall and the outer radiative shield were highly polished to
reduce radiative heat transfer as much as possible. The inner aluminum radi-
ation shield (11) was maintained at the same temperature as the second-stage
heat sink (13) of the refrigerator (about 5 to 6 K below the cell temperature).
The quartz sample cell (8) was soldered to the dust collector assembly (24)
using a quartz-to-kovar graded seal. The bottom of the cell was closed by a
polished quartz plug. There were two clamps (6)(10) on the cell, each of them
equipped with temperature sensitive diodes (9)(23) and heaters (7)(21). The
copper cold head (16) was screwed to the top of the second-stage heat sink,
with a heater (15) just beneath it . On the top of the cold head, there were
the prism (19), the diode (18), and copper rods (12)(17). The prism reflected
the laser light coming from the window on the other side of the tailsection
(not shown in Figure 4.3) to the direction of the axis of the cell (Z direction).
The diode (18) was used to measure the temperature of the cold head. Two
copper rods (12)(17) served as the cold fingers. The copper braids (20) were
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Figure 4.3: The Tailsection of The Cryostat
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soldered to these cold fingers. The top ends of the braids were soldered to the
clamps (6)(10). The steel inlet tube (1) introduced the sample gas into the
cell. Between the inlet tube and the sample cell, there was the dust collector
assembly which had been described in detail in references [39, 40]. The dust
collector assembly prevented dust particles from settling at the bottom of
the cell. The inlet tube, the dust collector assembly and the sample cell were
centred by means of teflon spacers. The cell could be rotated about the Z
axis by the rotary assembly (2) with a scale to read the degree of rotation.

The scattered light was collected through the big window (5). Both the
small window (20) and the big window (5) were made of plexiglass to allow

the transmission of both X-rays and visible lights.

The cryostat was mounted on an aluminum table, and its position could

be adjusted both along X and Y direction.

The gas handling system is shown in Figure 4.4. The methane gas used in
the experiments was supplied by Matheson Co.. It was research grade with
nominal purity of 99.99%.

The container of methane was connected to the inlet tube of the cryostat
by copper tubes and a flexible stainless steel capillary tube. Four valves V1
to V4 were used to isolate the various parts of the gas handling system for
evacuation or for filling the gas. The pressure gauge was used to monitor
the pressure in the cell. Before the methane arrived at the inlet tube of the

cryostat, it would pass through the filter (F).
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4.7 Single-Crystal Growing

We first flushed the cell several times to remove possible gaseous impurities
by using the methane gas and the pump, and then put the methane gas

sample into the cell until the gas pressure reached about 700 torr.

The temperature of the cell was lowered to liquify the methane. The
temperature of the liquid (at bottom of the cell) was kept at about 0.4 K
above the triple point for about one day by the temperature control system
which adjusted the currents to the heaters according to the feedback voltage
from the diodes.

The crystals were grown by manually lowering the temperature of the cell
at a rate about 0.2 K/hr until a small seed of about 0.05 mm was formed at
the bottom of the cell. Then the temperature was further reduced manually
to let the crystal to grow to about 8 mm at the rate of 1 mm/hr.

The quality of the crystal was checked by X-ray Laue diffraction photo-
graph. Too many diffraction spots indicated that the crystal was probably
polycrystalline. Strained crystals were easily recognized by the streaked na-
ture or too many divisions of the spots. Strained or polycrystalline samples

were melted completely and grown again.

When we took the Raman spectrum, the crystal was kept at a fixed tem-

perature by the temperature control system. After finishing one spectrum,
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we slowly reduced the temperature to another wanted value and measured

the spectrum.



Chapter 5

Experimental Results and
Discussion

5.1 Experimental Results

Methane gas of 99.99% purity (Matheson Co.) was used to grow the single
crystals as explained in Section 4.7. The X-ray diffraction photographs were
taken to ensure that the crystals were single and to determine their orienta-

tions.

Figure 5.1 shows the Laue diffraction picture of crystal #49 at 0° rotation
of the cell. By using the computer programs ORT and LSORT in this labo-
ratory, we got the Euler angles of this orientation to be 8 = 592, ¢ = 2519,
x = 252°. These Euler angles were consistent with the Euler angles obtained

at —15° and —20° rotation of the cell. The uncertainty of the Euler angles

was within £+1°.

Figure 5.2 (a) and (b) show the parallel (depolarized) and perpendicular
(polarized) components of the Raman spectrum of crystal #49 at 89.4 K

54
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and 0° rotation of the cell. There are two orders of Raman peaks at chan-
nel number 212 (214) and 494 (497). The strong peak at channel number
60 is the reference laser line coming from the shutter (ST) and the fibre (FB).

The experimental results of crystal #49 at different orientations and dif-
ferent temperature are listed in Table 5.1. The uncertainties for the difference
of the frequencies {channel number) and the width (I'') are =1 and +2 chan-
nel respectively. The depolarization ratios (p) were calculated from the ratios
of the areas under the corresponding Raman peaks (after cutting the back-
ground). The relative uncertainties for the depolarization ratios are 5% at

high temperature (89.4 K) and 9% at low temperature (21.8 K).

The experimental results of crystal #28 and #36 are listed in the Table
.'5.2 and 5.3.
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Table 5.1: The Experimental Results of Crystal #49 (8 = 59°, x = 2529)

TK)| ¢ | fu—felck)]| foL—f(ch) | Ty(ch) [T (ch) | p | S| S
236° 155 154 29 23 1.34
241° 157 153 24 24 1.52
89.4 | 251° 152 154 23 24 1.65 | 14 | 4.0
261° 156 156 24 24 1.64
266° 157 157 23 25 1.60
2369 161 158 25 25 1.17
241° 160 161 23 24 1.18
79.7 | 251° 158 156 23 23 1.10 | 19 ) 19
261° 162 162 26 25 1.07
266° 155 159 23 24 1.31
2369 158 156 22 2 0.900
241° 155 154 23 22 1.04
69.2 | 251° 156 156 23 19 0.779 | 11 | 13
261° 157 152 21 21 0.894
266° 154 157 22 22 0.976
2369 160 162 22 21 0.755
241° 159 160 21 22 0.891
59.2 | 251° 159 161 18 21 0.974 | 8.5 | 5.8
261° 148 155 24 22 0.926
266° 151 151 27 24 0.900
2369 169 168 23 21 0.815
241° 164 168 20 21 0.995
49.4 | 251° 164 164 21 21 1.02 | 10 { 6.4
261° 170 163 23 21 1.02
266° 160 154 21 22 0.956
236° 164 172 20 23 0.461
241° 162 166 18 20 0.402
27.9 | 251° 165 166 19 19 0.537 | 5.2 | 2.0
261° 159 159 20 21 0.592
266° 162 165 22 20 0.841
26.0 | 251° 166 166 19 19 0.508
23.0 | 251° 166 167 21 2 0.474
21.8 | 2519 176 176 17 20 0.372
23.0 | 251° 168 169 17 20 0.352
25.0 | 251° 169 171 21 21 0.321
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Table 5.2: The Experimental Results of Crystal #28 (8 = 74°, ¢ = 252°

x = 340°)
T(K)| fy—fr (ch) | fL—fr (ch) [Ty (ch) [Ty (cR) | »p
87.2 186 189 28 25 1.57
77.8 193 194 23 24 0.822
65.6 197 198 24 25 0.617
55.3 197 198 25 23 0.622
43.3 201 201 19 22 0.450
33.2 201 204 19 23 0.454
27.1 209 208 24 24 0.418
24.3 205 207 18 22 0.258

Table 5.3: The Experimental Results of Crystal #36 (§ = 73°%, ¢ = 102°,

x = 346°)
T(K) | fiy—f- (ch) | fo = fr (ch) [Ty (ch) [T, (ch) | »p
61.7 199 201 24 26 | 0.534
58.9 220 220 32 23  |0.921
42.0 221 220 20 18 | 0.558
28.6 220 223 31 22 [0.407
26.8 218 221 29 22 | o0.420
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5.2 The Depolarization Ratios

From Table 5.1, 5.2 and 5.3, we can see that the depolarization ratios for the

CH, crystals are not zero, and they change with the temperature.

Figures 5.3, 5.4, 5.5 and 5.6 show the temperature dependence of the
depolarization ratios for crystal #49, #28 and #36. From these graphs, we
can see that at high temperature (89.4 K, 87.2 K), the values of the depo-
larization ratios, p, are high (~ 1.5). When the temperature decreases, the
values of p first decrease rapidly, then increase a small amount and form a
local maximum at the temperature range between 45 K and 60 K. After that

maximum point, the values of p decrease again.

Rose, Whitewolf, and Baglin measured the density (pressure) dependence
of the depolarization ratio, p, and the frequency for vy mode in high pressure
CH, gas [42]. Their results are illustrated in Figure 5.7.

We took the Raman spectra for the gaseous CH4 sample at 750 7 (16°C, ~
110mW) and only got the spectrum for the polarized (perpendicular) com-
ponent. The depolarized (parallel) component was too small to be detected
(~ 18 hr). This result meant that the depolarization ratio was almost zero
in the CH4 gas sample at 750 7. This was consistent with Rose’s result.

Our depolarization ratio results in the crystals were about one order
higher than Rose’s results in the high pressure gas. From Section 3.3, we
can see that for substance in which molecular orientation is perfectly ran-

dom, the maximum values of the Raman depolarization ratios are £, 2 and
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Figure 5.7: Pure methane depolarization ratio (boxes) and frequency values
of v, (band center) as a function of pressure (triangles).



EXPERIMENTAL RESULTS AND DISCUSSION 66

1 for natural, linearly and elliptically polarized incident light, respectively.
Our depolarization ratio results at high temperature (just below the triple
point) were larger than 1. This indicated the molecular orientations in the
high temperature crystal samples were not perfectly random (May be there

were some preferred orientations.).

Press [26] detected an indication of partial order in phase I of CD4 at 77
K in the neutron scattering experiment, and this indication disappeared at

35 K. Similar things possibly happened in solid CH,4 in our experiments.

Rose and the co-workers explained the nonzero depolarization ratios on
the basis of the pentad interaction [42, 43]. The pentad diagram is shown in
Figure 5.8.

In Figure 5.8, the purely vibrational interactions (between same species)
are indicated by solid lines, Coriolis-type interactions (between different
species) by dashed lines. From Figure 5.8, we can see that the totally sym-
metric stretching mode of the CH4 molecular system is involved in a very
complicated vibrational and rotational resonance pattern comprising v4, 2v3,
2v4, v3 and vy + v4, These resonances effectively mix the A,, £, F3 and F;

states. Therefore the depolarization ratio in this frequency range is not zero.

In Table 3.4, we listed the depolarization ratios of Ty type molecule for
six different partial orientations. From these results we can see that if the
orientations of molecules are not random, the combination of the A;, E, F;

and F) states could result in a value of p that is large than 1.
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Figure 5.8: Pentad diagram shows that the J=0 upper state levels of the ¢,
v3, 2v3, V2 + v4 bands in CHy levels are labeled by their T4 symmetry species.



EXPERIMENTAL RESULTS AND DISCUSSION 68

When the temperature decreases, there are three factors which can affect
the depolarization ratio p: (1) The density increases, therefore the fluctua-
tions of the intramolecular forces will increase. This will increase the distor-
tion and make p larger. (2) The rotation (w) decreases, the vibration-rotation
coupling (Coriolis-type) also decrease. This will make the v; mode close to
A; type (the mixing decrease), and make the p smaller. (3) The orientations
of the molecules might change, and therefore influence p. These factors result

in the complex relationship between p and T in Figure 5.3, 5.4, 5.5 and 5.6.

For some arrangements of molecular orientations, for example, the orien-
tation arrangement of phase II of CH4 crystal, the depolarization ratios will

be small for some crystal orientation.

The crystal structure of phase II is shown in Figure 2.4. There are eight
molecules per primitive cell. The orientations of molecules 1 and 2 are ran-
dom. Molecules 3 to 8 are orientationally ordered. Their rotation matrices
can be written as

1 0 0 -1 0 O
Rz3=}|0 K -K |, 4q=| 0 -K K
0 K K 0 K K

/{ 0 K —-K 0 -K K
Rs=| -1 0 0 ),&:(1 0 0)
\ 0 K K 0 K K
(-K -K 0 K -K 0
Rr=| K -K 0),&:(1{ K 0) (5-1)
\ 0 0 1 0 0 1



EXPERIMENTAL RESULTS AND DISCUSSION 69

where

D
|

The contribution of molecules 3 4....,8 to the polarizability derivative can

be written as (in crystal coordinates)

8
ay_s =Y Ri;R7! (5.2)
=3

The results for different species are listed in Table 5.4. In the last two

columns of the Table 5.4, we listed the components of a}_g) xx and 3 _g) xz

(in laboratory system XYZ), which are the contributions from one primitive
cell (phase II).

From Table 5.4, we can see that:
(a) For all species listed in Table 5.4, the maximum values of o _g) xx

and ag}_g x7 for phase II are smaller than the corresponding values for the

case where all molecules have the same orientation.

(b) For F. species, the values of a3 _g, x x and ag_s) xz for phase II are

less than the values for random case.

(c) For some crystal orientations, the values of o g vy and o g, xz

for phase II are smaller than the corresponding values for random case.
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Table 5.4: The Contributions of 8 Molecules to a?l_s)_ xx and a;"l’_s) Xz

Species | Orientation az_g a3 _ayxx a2 o xz
Phase IT c -02 _?2 —:)/2- 4c*(2R}; — RY, - R, 2(4R13R33 — V2R 3R3; — 21
-2 0 4 "’\/2-3111213)2 + 1—75'62 —ﬁRuRaa - 2R11R31)2 + 1
Fa, Random %cz % 2
Same 6c g g (1) 64x4c? R2,R? 64c*(R12Ras + Ri3Raz)
Orientation 010 124413 124ta3 13ft32
0 0 O .
Phase II V2e ( 001 ) 8¢2R2,R2, + Lo 2‘;,(5;2383 + RiaRs2)
610 +&
Fap Random 12 21,2
Dk sc[ 0 0 o 64x4c?R?, R? 64c?(R11Rss + RisRa
Orientation © i 0 0 x4e” Ry, ¢}(R11Ras + R13Ra1)
0 0 0 -
Phase I ( 000 ) 52 502
Fy, Random E-';.c2 % &2
Same 6c (1) é g 64x4c?R?, R? 64c2(R RizR31)
Orientation 0 0 0 x 11412 c*(R11R32 + R12Ra31)
-1 0 0 -
Phase II V3b ( g -01 g ) ((3R}3 — 1)? + 3)36° (9R33R3s + 15)3b2
Ey Random 552 18,2
Same PRl 2/ p2 2 \2 2
Orientation 6v/35 g é g 64x3b6°(R{, - Ri,) 64x35*(R12R32 — R11 Ra
1 0 O =
Phase I1 3 b( A ) (3(1-3R15)* + 3)36? (9RTsR3s + §)95°
E, Random 652 252
Same 6b ; 2 8 64b%(1 — 3R3,)? 64962 R2, R2
Orientation 0 0 —2 (1-3Ry3) 4x96% Riy
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Table 5.5: Depolarization Ratios For Different types of Vibrations. (F; =
48 x 9R%3R%3, Fz = 48(3R§3 - 1)2, F3 = 64(4R1:;R33 t \/§R13R31 - 2R12R32 -
\/iRuRss - 2311331)2, Fy = 162(212?3 - sz - Rfl - \/iRuRls)z, Fs =
128(R12 Ras + RiaR32)?, Fs = 64 x 8R%, R%;)

Orientation Phase [T
Species A Ea E, Fo Fo F
p 0| B #oo| B840 | BHi#oco| Bl # 00| §
Orientation o N Random
Species A, E. "B Fa Fy Fs.
p 0 i i : 3 i

In our experiments, we found that the intensity Ixz, Ixx at 89 K were
about 10 times the values at 21.8 K. This was possibly a sign of orientation

change.

Table 5.5 listed the theoretical depolarization ratio, p, for different types
of vibrations. Comparing this table with Table 3.4, we can see that the de-
polarization ratios of phase II for Fp,, F,; and Fi. species are smaller than
the values for some partial orientation cases. For certain combinations of the

species, p of phase II is smaller than some partial orientation cases.

The angular dependence of the depolarization ratios for crystal #49 is
shown in Figure 5.9, where the experimental results corresponding to dif-
ferent temperatures are indicated by circles, triangles, diamonds, squares,...
From Figure 5.9, we can see that for the same temperature, the depolariza-

tion ratio, p, changes with angle ¢.
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We used equation 3.17 to do the fitting, the results were indicated by
solid lines in Figure 5.9. The fitting parameters Sy(a2/e11) and Sa2(a33/a11)

are listed in the last two columns of Table 5.1.

The fittings are good for some temperatures, for example 89.4 K (1), but
not good for some other temperatures, for example 69.2 K (3). These indi-
cate that the assumption for equation 3.17 is not valid. The principal axes
are not along the C4 axes of the crystal. We need to use equation 3.14 to do

the fitting (five parameters), which requires more experimental data.
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5.3 Frequency and Width

Figures 5.10, 5.11, 5.12 and 5.13 show the temperature dependency of fre-
quencies of crystal #49, #28 and #36. From these graphs, we can see when

the temperature changes, the frequencies will have complex changes.

Cabana and Thé [27] observed that the frequency of v, for phase II at 9
K was 3.3 cm~! smaller than that for phase I (just above the transition tem-
perature). Anderson and Savoie [29] found that the v, frequency for phase II
at 12 K was 4 cmn~! lower than that for phase [ at 77 K. In our experiments,
the measured frequency at 21.8 K is 2.5 cm™! (24 channel) higher than that
at 89.4 K. The measured frequency (v,) was the difference between the laser
frequency (vz) and the Raman frequency (v1) (¥ = v — 11). Therefore the
Raman frequency of v at 21.8 K is 2.5 cm™! lower than that at 89.4 K. this

is consistent with their results.

Comparing Figures 5.10 - 5.13, with Figures 5.3-5.6, we can find that the
temperature dependence of the frequency is correlated to the temperature
dependence of the depolarization ratio. At the temperature near the point of
local maximum of p, there will be a shallow maximum of measured frequency.

This is consistent with Rose’s results in the high density gas {42].

When temperature decreased, the frequency changes were caused by sev-
eral sources : (1) The volume of the crystal would decrease. According to
pseudo-harmonicity theory {33], this would move v, (shift) to higher frequen-
cies. The measured frequency (absolute) would decrease. (2) The anhar-

monic terms (phonon coupling) would shift i, to lower frequencies (usually
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this kind shift was smaller than ’pseudo-harmonicity shift’ [42].). (3) The ro-
tations decrease, and make vibration-rotation coupling smaller. This would
influence the frequency v,. (4) The molecular orientation changes and there-
fore changes the frequency v;. According to references {26, 27, 29], the phase
change from phase I to phase II is due to the orientation change. This kind
of orientation change makes v; shift to lower frequency. In our experiments,
the measured frequency varied rapidly with the temperature near 21.8 K (the
magnitude of the slope was very big.). This might indicate the beginning of

the phase transition (orientation change).

The orientation dependence of the frequency for crystal #49 at 89.4 K
is shown in Figure 5.14 (a) and (b). From these graphs we can see that for
same temperature, the frequency (v,) changes with angle (¢1). The range of
the change is about 5 channels (~ 16GHz). This may be indicates that the

interaction potential energy (perturbation) is orientation dependent in the

crystal.

The orientational dependence of depolarized (perpendicular) component
is different from that of polarized (perpendicular) component. This is be-
cause they have different origins. The polarized component comes from the
contributions of both the totally symmetric species A; and other unsymmet-

ric species. But A; doesn’t contribute to the depolarized component.

Figures 5.15, 5.16 and 5.17 show the temperature dependence of the width
(FWHM) for crystals #49, #28 and #36, respectively. Comparing these
graphs with the corresponding temperature dependences of the depolariza-
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Figure 5.14: f-¢ Relation of Crystal #49. (a) Parallel (b) Perpendicular



EXPERIMENTAL RESULTS AND DISCUSSION 81

tion ratios of Figure 5.3, 5.5 and 5.6, we can find that the two kinds of
temperature dependence are correlated, for example, the maximum of p cor-

responding to the maximum of width in the depolarized (parallel) component.

The width is connected to the damping (anharmonic terms) [33, 44].
When the temperature changes, the damping (the coupling between differ-
ent modes) also changes. When the temperature is close to 20.6 K, the phase
transition will begin (orientation change), this might have some contribution

to the width at low temperature.

For the same temperature, the widths change with orientation, and this

is shown in Figure 5.18.
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Figure 5.15: Width-T Relation of Crystal #49. (a) Parallel (b) Perpendicular
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Figure 5.16: Width-T Relation of Crystal #28. (a) Parallel (b) Perpendicular
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Figure 5.17: Width-T Relation of Crystal #36. (a) Parallel (b) Perpendicular
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Figure 5.18: Width-¢ Relation of Crystal #49. (a) Parallel (b) Perpendicular
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5.4 Lineshape Fitting and Conclusion

We did the fitting for the laser line by using the Airy function [37],

_ Ao
YT+ Agsinr(REAY)] ®4)

248
where y is the intensity, x is the channel number, z4 is the centre of the

spectrum, Ag and A, are fitting parameters.

The result of the fitting is shown in Figure 5.19 by the solid line. The
fitting parameters are Ag = 2.286 x 10%, A; = 523.0. From A,, we obtain
the FWHM of laser I'jzer = Tckh.

Then, we used the program to do the deconvolution based on equations
3.28 to 3.31. The results are shown in Figure 5.20, where circles are experi-
mental results of the observed spectrum of crystal #36 at 42.0 K, the solid
line is the resuit of fitting before deconvolution, the dashed line was the result

of deconvolution.

In the beginning, we used the following function to do the fitting for the

observed spectrum (before deconvolution)

_ Lo(1 + Ayz + Az* + Asz?)
- [1 + I (.‘B - 20)2]
We found that the A,, A2 and Aa were very small. This indicated that
observed spectrum is of Lorentzian shape. Therefore we used the Lorentzian

function to do the fitting for the observed spectrum. The Lorentzian function

(5.4)

is
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Figure 5.19: The Fitting of The Laser Line
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Figure 5.20: Deconvolution of Raman Line
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Lo
14 Li(z — z0)?]
Figure 5.21 shows the Lorentzian fitting of the deconvoluted Raman line.

y=71 (5.5)

From the fitting parameters, we obtain I' = 11 ch.
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Figure 5.21: Fitting of The Deconvoluted Raman Line

In conclusion, we measured the Raman spectra of »; for crystal CH,,
and found that the frequency, width and the depolarization ratio of the

spectra changed with the temperature and the orientation of the crystals.



EXPERIMENTAL RESULTS AND DISCUSSION 90

These changes depend to the following factors: (1)changes in volume ; (2)
Vibration-rotation {Coriolis type) interactions; (3) probably molecular ori-

entation change in some temperature range.

We also did the lineshape fitting and deconvolution, the results indicate

that the Raman spectra were basically Lorentzian shape.

Further experimental and theoretical investigations are needed to fully

understand the causes for the depolarization ratios.

The equipment and the method developed in this work can be used to

measure and analyse other modes of methane and other molecular crystals.
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