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Abstract

The clastic constants and clasto-optic coeflicicnt ratios of the orientationally dis-
ordered B-phase of CyFg have been determined using the technique of high resolution
Brillouin spectroscopy. Just below the triple point, at 169 A, the values of the elastic
constants (in units of kbar) are:

Cy = 26.99%0.10,

Cip = 19.32£0.10,

Cy = 444 £001,
The elasto-optic coefficient ratios at 169 A arc:

palpn = 1.09£0.09,

pulpn = 0.02:£001.

The temperature dependence of all three clastic constants was also determined over
the range 169 K to 144 K. Cyy and Cj, appear Lo have linear temperature depend
with ACy /AT = —0.335  0.010 kbar/K, and ACy;/AT = —0.236 £ 0.010 kbar/.

Sy

Cuty however, appears to be independent of temperature in Uris range, with ACyy /AT =

0.005 £ 0.011 kbar/K.

Values of the ratios of acoustic velocities in high symmetry directions in the erys-

tal indicate near perfect clastic isotropy and that mod ly strong rotation-translati

coupling is present in 3-Cy . The extent of the coupling is of the order of thal observed

in plastic (CIL,CN),. This is in contrast to the structurally similar orientationally dis-
ordercd phase of §F%, which behaves clastically like a rare gas solid.
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Chapter 1

Introduction

1.1 Orientational Disorder and R ion-Translation Coupling in Molecul

Solids

In the past few years there has been much theoretical and experimental interest in

orientationally disordered solids [1], [2]. Such solids are characterized by long range trans-

lational order (although individual molecular center of mass displacements abont. fied
lattice sites may be large) and molecular orientational disovder. OF particular interest in
these solids is the coupling between the rotational and translational molecular motions,

This coupling is a well known phenomenon in molecular liguids [3], but in moleenlar

solids its effects are only recently being understood. Rotation-translation conpling, as it

due to

is known, may be thought of as arising from the change in orientational potential
the local strain induced by a phonon [1] or, alternatively, as a coupling between the ly-
drodynamic anisotropy density and the strain field [5] or simply, the interaction hetween
the rotational and translational degrees of freedem. Qualitatively, it is casy to imagine
that any change in molecular rotational motion will perturh and, in many cases, dampen

(or soften) the trans]

1 motion of the molecules. Consequently, this conpling is often

strong enough to alter the nature of the collective excitations of the sofid,

An extensive review of the literature on rotation-translation conpling may be found in

reference [6]. Many technicues have heen used to study rotation-translation in molecular



solids. The most common include molecular dynamics computer simulations and the
technigue of neutron scattering. In addition, however, light scattering has also been used

1o investigate this in orientatioually 1 solids. Brillouin scattering
experiments on the disordered phases of $Fy [7), CBry [8], CCly [9), cyclooctane and

Oy [10] in this laboratory as well as the pioncering work of Rand and Stoicheff on C 1,

and €Dy [11] have contributed significantly to an understanding of this coupling in these

solids.

In orientationally disordered solids, rotation-translation coupling may be observerd

as & decrease in (or softening of) acoustic phonon frequencies. The Lransverse coustic
phonons are especially susceptible Lo coupling to rotational motions. A quantitative

measure of the extent of this coupling is provided by the density-independent ratios of

acoustic velocities in high symmetry dircctions in the crystal, namely V/V, and Vi./Ve,
(where L, Ty and Ty correspond to the longitudinal, the slow and the fast Uransverse
acoustic mades, respectively), which may be calculated once the clastic constants of the

solid have heen determined [11]. These acoustic velocity ratios for various molecular

crystals are given in ‘Table 1.1, along with those for the rare gas solids. The values for
the rare gas solids serve w.s a zero rotation-translation coupling reference because they are
monatomic and thus independent of rotations. Therefore, ratios for a simple molecular
solid (of cubic symmetry) which are significantly greater than the corresponding ratios

for the rare gas solids could indicate that some degree of rotation-translation coupling

exists,

"The first Brillouin scattering evidence of acoustic mode softening was noted by Rand

and Stoichell [11] who measured an anonalously large value of Vi/Va, in the < 110 >



direction in both C 1, and C Dy (see Table 1.1) and consequently attributed it to rotation-

1 coupling. The ti ical caleulations of Wonnel

and Iiiller [12), which
assumed a Leonard-Jones type interaction between molecules, later conlirmed the role of
rotation-translation coupling in reducing transverse acoustic phonon frequencies in ',
In addition, this theory also yiclded values for the clastic constants and elastic anisotropy

which were in good agreement with those obtained from experiment [15).

Table 1.1: Ratios of acoustic velocities in high symmetry directions for varions molecular
solids near their triple points.

SOLID <100> <TiI> <I10> <IID>J
VilVia, VolVia Vi Vi,
Ne, Ar,Kr, Xe [13] 144 2,24 1.65.
CH,, CDy 1] 147 246 1.70
CBry (8] 1.66 187
cely 9] 179 201
(CIL,CN), (1] 279 276
CyHg (cyclooctanc) [10] 349 3.8
O, [10) 3.07 3.07

This softening of transverse acoustic phionons has subsequently been observed in sev-
cral otientationally disordered van der Waals solids. Brillouin scatiering experiments
on the orientationally disordered phase of C'f3ry (8] have found significantly softencd

transverse phonons in the < 111 > and esp

cially the < 110 > dircction near g = 0,

indicative of rotation-translation coupling. Neutron scatl

ring experiments on (¢ Hey [16]

also suggested a strong rotation-translation coupling near ¢ = 0. These results were not

with molecular dynamics sinmlations of the oricnt

ationally disordered phase

of C'Br4 [17] where no rotation-translation coupling was predicted in this region.



One of the most extreme examples, Lo date, of an orientationally disordered solid
exhibiting softened transverse phonon frequencies, is the cubic phase Ia of CCly. Light
scallering experiments [9] on this phase yielded acoustic velocity ratios which were 40%

and 70% higher than the corresponding ratios for the rare gas solids in the < 111 >

and < 110 > directi pectively. Rotati lation coupling, in fact, is so strong
in C'Cly that it is believed to be responsible for the metastability of phase Ta. This

met was also predicted in the

dynamics simulations of McDonald et

al. 18] and was attributed to a strong damping of slow < 110 > transverse phonons.

Brilloin scatlering investigations of the orientationally disordered phases of cyclooc-

tane (10, 05 [10], and light scattering experiments on (C11,CN); [19] have found near

Lic is

perfect tropy near their respective triple points and high ratios of acoustic veloc-
ities in all three high symmetry directions < 100 >, < 111 > and < 110 >. In the case of
cyclooctane and Oz, Lhe above features were consistent with strong rotation-translation

conpling. A theory developed by Courtens [5] for (CH,C N )z, which included coupling of

lecul ientational motion to acoustic phonons, was in excellent agree-

ment with the experimental results.

T'he softening of acoustic phonon frequencies may also result in decreased mechanical
stability of the solid and a corresponding decrease in the shear clastic constants as an

rder-disorder phast ition is hed. The relevant theory for ionic molecular

solids has been developed mainly by Michel and Naudts [20], [21], [22]. The inter-
moleeular interaction is deseribed by a Born-Mayer repulsive overlap potential and the
Hamiltonian includes both translational and rotational degrees of freedom as well as a

coupling between these motions, lere. a vanishing value of shear elastic constant Gy



was predicted near the structural phase transitions of these solids. This in agreement

with both neutron [23] and Brillouin scattering [24] studics as well as ultrasovic mea-
surcments [25]. In particular, softening of clastic constant Cyy was ohserved in Brillowin
[26] and inelastic neutron scattering (23] of KCN as its phase transition was approached

from above.

1.2 Structure and Phases of CoFg

The hexasubstituted ethanes (C2Xg, where X is a halogen) comprise a class of solids

all of which exhibit an orientationally disordercd plastic phase betsveen their melting
points and low temperature phases. One of the members of this class is the high tem-

perature phase of hexafluorocthane (Cy Fa).

The orientationally disordered B-phase of Uy Fy exists below the Lriple point of 173.1
K [27). The crystal structure is body-centered cubic with molecules of symmetry 3m
ocoupying sites of symmeley m3m in the cubic I lattice [28]. The existence of a transition
to a low temperature a-phasc at 104 & was indicated by heat capacity data [27] as well

x [30]. X-ray

as measurcments of NMR linewidth [29] and the IR vibrationa

spe

difftaction data at 83 K [30] indicate that the low temperature phase has monoclinic

structure with space group P2y /m. The X-ray diffraction results also suggest that the

is disorder in the a-phase of the statistical type since only a few diserete diffraction spots

were observed. This was substantiated by Koide ot al. [31] who also suggested that,

there remains disorder concerning molecular orientation in the low temporature phase.

Neutron diffraction experiments conducted by Powell ol al. 28], however, show that

powder profiles obtained at 95 K and 110 & are qualitatively similar and that both can



be: inclexed on the basis of a body-centered cubic structure. The low temperature profiles
cannot be indexed on the basis of the monoclinic space group suggested by the X-ray
studies. In addition, they found that a sluggich structural transition begins at 70 K and

persists 1o 40 K such that both @ and B phases coexist in this temperature range.

More recent neutron scatiering experiments [32] indicate that a structural phase tran-
sition docs oceur hetween 91 K and 117 K. The low temperature data are currently being
analyzed in an cffort to determine the structure of the low temperature a-phase, There

is clearly still some confusion about the phase transition temperature(s).

1.3 Disorder and Dynamics of C2Fg

According to molecular dynamics simulations calculations, the origin of the disorder
in f-CyFg is twolold [33], [34]. The molecular symmetry is lower than the site symme-
try which leads to statislical disorder in the orienlations of the C — C bonds. Since,
however, the Fg framework is nearly octahedral, the molecular symmetry is almost that
of the site, and preliminary simulations of different models of C,F; [33], (34] indicate
that orientational frustration exists as in SFz [35], [36], [37). The molecular structure of
C3Fy is shown in Figure 1.1. In SF, when the § — F bonds arc aligned along the cubic
axes, the nearst neighbour interactions are attractive while the next nearest neighbour
interactions are repulsive. This gives rise to competing intermolecular orientational in-

teractions known as ori ional [r ion. The simulations suggest that

[rustration is a significant feature in Cz Fg and that many properties of the orientationally
disordered phase are related to the dynamics of the approximate Fy octahedra (rather
than the disorder of the €' — € bouds) and are thus very similar to the corresponding

properties of 814,
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Information concerning the single molecule motions in C3Fg has been obtained from

the €' = F bond orientation distribution function determined by Powell et al. (28] at

temperatures of 110 K and 95 K. This function indicates that although the fluorines
are predominantly localized on the crystal axes, the distribution about these directions is
very broad with a significant probability for the luorines to be off axis. This distribution
is qualitatively similar to that for SF; [38], which also exhibits broad maxima in the
< 100 > directions. In the case of SFg at 96.5 K, the overall form of the bond orientation

distribution function was d to large litud lecular librations about the

cubic axes and substantial thermal reorientation. This may also be the case for C2Fg
although motions more akin to rotational diffusion and/or low frequency reorientation

have been suggested [29].

Molecular dynamics simulations also predict that the collective dynamics of C;Fg are
very similar to those of plastic SF [33], [34]. In particular, it is suggested that rotation-
translation coupling in C;Fy will be strongest at ¢ = 0 and drop to zero at the Brillouin

zone boundary, parallelling the simulation results for SFs. Neutron diffraction experi-

ments have shown that clations between lational and 1 displ,
in C g arc i [28]. Brillouin i i on SFq [7), however, show

no (anomalous mode softening) evidence for strong rotation-translation coupling near

q=0.

1t has been suggested by Koide ef al. [31] that disorder can be acquired at the o — 8
phase transition by internal rotation of one C'F5 group with respect to the other. They
also state that in the high temperature phase the molecular axis (the central C — C

bond) runs parallel to the four body-diagonals in a random fashion and that the internal



rotation about the molecular axis and overall molecular rotation around the molecular
axis begin to be fully excited. In the low temperature phase these motions are essentially

frozen-in [31].

In order to examine the rotation-translation coupling mechan

to make a titati ison to SFy, it is § that its elastic

constants be determined. This has been done, in the present work, using the technigue

of high ion Brillouin Knowledge of the clastic constants allows for

of the density-independent ratios of acoustic velocities in high symmetry
directions in the crystal. Comparison of these ratios for CyFy with those of other orienta-
tionally disordered solids (in particular $F5) provides information concerning the nature

and extent of the rolation-translation coupling effect in f-Cyly.



Chapter 2

Theory

2.1 Brillouin Scattering

1t is well known that at temperatures greater than absolute zero the molecules in a
crystal are in constant thermal motion. Collectively, these motions result in propagating
lattice waves which, for wavelengths much greater than the unit cell side, are acoustic
modes. The inclastic scattering of light by such thermally generated waves is known as

Brillouin scattering.

"I'he theory of Brillouin scattering in cubic crystals has been discussed in detail by
Benedek and Fritsch [39]. They have shown that the [requency of the scattered light, w,,

i shifted from that of the incident light, w;, according to

w, = wi tw,, (2.1)

where the w, = w,(f) are the angular frequencics of the three acoustic modes with

¢ and different polarizati ding to three modes y = L, T}, T;.

For long wavelength acoustic modes, w, is linear in q Lo a very good approximation.

‘T'he dispersion relation is then

wp = Vg, (22)



where V), is the magnitude of the velocity of the pth mode in the § divection. In the

Tittle difference between the magnitude of the wavevector

scatlering process there is vo
of the incident light, &; and that of the scattered light, k. This is because the phonon

(acoustic wave) energy is much less than that of the photon.  Henee the wavevector

Figure 2.1: Brillouin scatlering geometry.

triangle in Figure 2.1 is nearly isosceles and it is evident that

= 2ukisin(5), (2.3)
where n s the index of refraction of the medium being probed and « s the seattering

angle.

Substitution of equations (2.2) and (2.3) into equation (2.1) then yields

£ 22 Vwsin(2), (24)
& 2

where ki lias been replaced by wi/e and ¢ is the speed of light. Equation (2.1) is the well



known Brillouin eq

Consequently, for single crystals, three Brillouin components corresponding to jt = L

ilongitudinal), 7} (slow quasi erse), and T} (fast quasi are generally

eXpe They are observed as up and downshilted peaks located symmetrically about

the Rayleigh peak at the incident laser frequency.

2.2 Acoustic Waves and Elastic Constants

The acoustic waves which propagate in crystalline solids have wavelengths much
greater than the intermolecular spacings and therefore, in describing the motion of these

waves, the crystal may he treated as an clastic i A lingly, the tions of

motion of these waves are [10]

(2.5)

where p is the density, @ is Lhe displacement vector, 7 i is the position vector and the

Cijn are the elastic constants. The Cij form a tensor of rank four. Symmetry properties
of the tensor reduce the number of independent clements from 81 to 21. The tensor may
then be written in matrix form by reducing the number of subscripts from 4 to 2 using
the standard notation of Voigt. In the case of a system with cubic symmetry, such as
the f-phase of hexafluoroethane, the high symmetry of the lattice further reduces the

number of clastic constants to three, namely Cyy, Cya and Cyy, and the matrix of elastic



constants becomes [41):

Cy Cp Ca 0 0 0
Cz Cy Ciz 0 0 0
Cia Cp Cy 0 0 0

(2.6)
0 0 0 Cy 0 0
0 0 0 0 Cu 0
0 0 0 0 0 Oy
To solve the equation of motion, (2.5), plane wave solutions of the form
DER (27

are assumed where u,; is the amplitude. Substituting (2.7) into equation (2.5) and

£ T,

p ing the necessary di yiclds the secular cquation

[P = pV6a)u = 0, (28)

where T = Cijusk, 8 is the Kronecker delta and V is given by equation (2.2) for long

wavelength acoustic waves. For nontrivial solutions it is necessary that

[P — pV*8u| = 0, (2.9)

where for cubic crystals,

(2.10)

{ (€ = Caa)gd + Cuag? i =1
(Chz + Caa)gimn il



Explicitly, equation (2.9) then becomes,

(Coy =Cu)gf+ X (Co+ Cu)naz  (Cra+ Cu)nnay
(Ciz4Ca)an (Ciy=Ca)3 + A (Cro+ Cit)iags | =0 (211)
(Cra+Cidisn (Cot Cudigr (i = Cagd + A

where A = Craq? — pV* and p is the density of the solid. The g; are the direction cosines
of acoustic wavevector 7.
"This is & cubic equation in pV? and has been solved analytically by Every [12] to
yield,
s 12 N 2 .
PV} = 501+ 5Cal1 - aS)} cos(¥ + Zx)), (2.12)

where,

i
Ci = Cu+2Cy, Cr=Cn—Cu C= T‘C«

K = Cu=Cu=2Cu, S=dig+de+dd, Q=ddd (213)
& -
¥ o= tarceosE29 ) _scia gy, b= Hera-20y).
3 (I —aS)7 2

The index j = 0, 1, 2 and corresponds Lo o = L, T; and Ty, respectively.

In the < 100 >, < 110 > and < 111 > directions equation (2.12) is considerably
simplified and can easily be solved to give the following acoustic wave velocities in the

high symmetry directions:



Knowledge of the elastic constants therefore allows for caleulation of the a

< 100 > direction

(2.14)
< 110 > direction

V= [C_UL%'I"LK_'_]{. (2.15)
< 111 > direction

(2.16)

stic veloeity

ratios which can provide a measure of the extent of the rotation-translation coupling

mechanism.

2.3 Elasto-optic Coefficients of Cubic Crystals

The coupling between the strain of a crystal, e(7,1), and the diclectric tensor,

€j(7, 1), is known as the photoclastic effect and is described by the equation [11)

e
"—‘(':7(’,[) =3 pijuicn(F L), (2.17)
o

15



where the pij are the elasto-optic (or Pockel's) coefficients and ¢ = n?.

For cubic crystals there are only three independent elasto-optic coefficients pyy, pia

and pyg. Hence, equation (2.17) simplifies to

—bei; (7, 1)
“

= 2paacii(Fy0) + (= iz = 2pan)ijeis (7 1) + prabiy . el 1) (2.18)
k

Irom this it follows that the ralio of intensitics of two Brillouin components is [13],

I _ [w,.(eme‘ﬂ 3 219)

I |er@ié)

where w, is the angular frequency of acoustic mode s and 5 is given by

& = axlix (@ Boi* + (7" E)i}+ (pn=pra=2pw) TN EN(# )l r4pa™ ) Eu]

! (2.20)
for cubic crystals. Hlere, § and £, are unit vectors in the direction of 7 and the incident
light wave respectively and #* is the unit polarization vector of mode u. The quantities
(#)1, (E,)r and (§); are the Ith components of unit vectors #, £, and g, respectively. 1
(1= 1,23) are unit vectors along the cube axes. The vector f-“ sprifies the polarization

of the radiation scattered from acoustic mode .

Hence, the intensities of the Brillouin components yield information about the elasto-

optic interaction through the clasto-optic coefficients.

16



2.4 Derived Quantities

Many physical quantitics can be determined once the complete set of elastic constants
is known for a particular solid. Two of the more important and easily caleulated elastic
propertics arc the anisolropy factor, A, and the adiabatic bulk modulus, B. Explicitly,

in terms of the elastic constants, these quantitics are given by [13]

and

for cubic systems.

For an elastically isotropic solid, 4 = 1. Approximate clastic isotropy was observed

in light scatlering experi on the orientationally disordered phases of (CH,(!N),

[19], cyclooctane and O [10]. Here A = 0.85, 0.90 and 102 for cach of these solids,
respectively, near their triple points. This isotropy also resulls in the near equality of
the acoustic velocity ratios in all high symmetry directions for these three solids, as can
be seen from Table 1.1, Near perfect clastic isotropy, in fact, also turns out o be a
significant feature of B-CyF (as discussed in Chapter 5). It should also be noted that a

1 ic of orientationally disordered crystals is a small bulk modulus (Lypically ~

30 kbar).



Chapter 3

Experimental

3.1 Experimental Setup

“T'he experimental setup in the present work is the standard one used for Brillouin
seallering experiments in this laboratory and has been described in detail lsewhere [43].

1t is shown in Figure 3.1,

Incident radiation at 514.5 nm was provided by a single-mode Ar* laser (Spectra
Physics). ‘This light was directed along the x-axis of the lab reference frame and focused

at the scatter

ig center by lens L1 (focal length = 40 em). A front surface mirror (M)
served to reflect the incident beam along the z-axis and up into the cryostat (CR). Asa

result the incident polarization was in the x-direction.

The scattered light was collected at 90° by collimating lens L2 (focal length = 20 cm)
and entered a triple-pass, piezoclectrically scanncd Fabry-Perot interferometer (FP). The
diameter of aperture A3 was sct at 0.75 em resulling in a collection angle of about 2°.
The light transmitted by the interferometer was focused by lens L3 (focal length = 80
em) onto pinhole Ad (diameter = 800 jn) and subszquently focused onto the cathode
of a water-cooled photomultiplier tube (ITT FW 130) by lens Ld. The output from the
photomultiplier was fed to a data acquisition and stabilization system (Burleigh DAS-1)

iminator (AD). Other included a tem control

via an amplifier dis

18
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unit (TCM), chart recorder (REC) and Laue X-ray diffraction apparatus (XR, CO and

PC). These will be discussed in more detail in subsequent sections.

3.2 Cryostat

‘I'he single crystals of Cy g used in these experiments were grown and maintained in
a liquid nitrogen cryostat (Sulfrian Cryogenies Inc.) which was considerably modified for

the present work. The modified tail section of this cryostal is shown in Figure 3.2.

The sample cell, which is housed in the cryostat, consists of a (3 mm i.d., 5 mm o.d.)

s tube and is about 7 cm long. The lower cnd is sealed with a polished glass plug and

in a springloaded BeCu jacket which is connected to a brass heat sink via two flexible
copper braids, This assembly provides the necessary thermal contact to the cell while
ol resticting its rotation. At the top of the cell is a glass-Lo-kovar graded scal which
allows the cell Lo be connected to a brass plate with low-melting-point solder. Crystals
of cylindrical shape with diameter 3 mm and height 1— 2 cm were grown in this cell,
Cll rotation was achieved by Lurning a rotary-scaled knurled knob which was connected
Lo the coll by two rigid stainless steel tubes and a brass plate. One of the stainless stecl

tubes was used for gas entry as can be scen in Figure 3.2,

Lascr light entered the bottom of the cryostat along the z-axis of the lab frame
through a fused quartz window and was scattered in all directions by the sample. Only

light seattered at 90° in the y-direction was collected through a large plexiglass window.
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Figure 3.2: The cryostat tail section.
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A smaller plexiglass window allowed X-rays to enter the cryostat and thus be diffracted
by the sample through the large plexiglass window. Plexiglass was chosen for these

windows becanse it is very transparent to X-rays.

Cooling to temperatures in the vicinity of the triple point of C2Fg was accomplished
by allowing nitrogen from the inner reservoir, located in the main body of the cryostat,
to flow through a thin capillary tube which was thermally linked to the bottom of the
sample cell via the brass heat sink and copper braid/BeCu jacket assembly mentioned
above. The flow of nitrogen through this tube was controlled by a fine needle valve at

the top of the cryostat.

"To partially compensate for the cooling and to control the temperature, three resis-

tance wire heaters were st ically placed in close imity to the cell. The first, with
a resistance of 52 £, was localed directly beneath the capillary tube and allowed for the

‘smoothing out” of flnctuations before they reached the sample. The second

heater (1 = 36 ) was epoxied very near the bottom of the cell and permitted fine ad-
justment of the sample Lemperature. A third heater with resistance 51  was placed near
the top of the cell and could be used for controlling the temperature gradient between

the top and bottom of the co

3.3 Temperature Sensing and Control

"To monitor the temperature near the top and bottom of the cell, two GaAs diodes

with a constant-current (10 1) supply were used. The diodes were calibrated using the



triple point of Cyf and a point at room temperature (determined from a mereury ther-

mometer). A linear dependence of voltage on temperature was assumed. The topmost
diode and heater were used in conjunction with a proportional feedback temperature
controller. This device measured the vollage across the diode and compared it with a
set-point voltage. If the diode voltage was higher than the set-point voltage (indicat-
ing a temperature slightly lower than desired) the controller would supply cnrrent to
the heater to warm the arca until the diode voltage equalled the set-point voltage. 1t

should be noted here that initially the required was reached

by controlling the flow of liquid nitrogen through the capillary tube with the needle valve
(see previous section). Only after this was done could the heater provide enough heat to
maintain the temperature without heing saturated constantly due to excessive cooling
from the nitrogen. Using this system, the temperature could be: controlled to about £0.5

K.

A similar diode-heater-controller circuit was initially used at the bottom of the cell.

It was, however, found that the resulting Il litude oscillations in

close to the nucleation site of the solid invariably resulted in a polyerystalling sample.
Thus the heater and controller were disconnected and the diode voltage was monitored

to determine the sample temperature.

3.4 Gas Handling System

sitive helinm leak

Initially, the entire gas handling system was leak tested with a s

detector. Periodically (hetweon runs) it way evacuated Lo a pressure of a few microns

with a mechanical vacuum pump and left for a period of several days after which the
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pressure was again checked to ensure that no leaks existed in the system. Once it was
determined that the system was leak-tight, it was flushed four times with high purity
gascous hexafluorocthane to remove as much dust and foreign particles as possible. Fol-
lowing this thorough flushing procedure, the sample gas was admitted into the cell until

a pressure of about 730 T'orr was attained as indicated on the pressure gauge.

3.5 Growth of Crystals

Four large crystals were grown in the above system by admitting 99.6% pure gascous
2 Fy (Matheson) into the cell where it was cooled until it condensed. The sample tem-
perature was then stabilized to about 1 K above and then abruptly lowered below the
triple point. This resulted in a solid 2—3 mm in height which was usually left for several
hours to anncal. The quality of this ‘seed’ was determined by using Laue X-ray diffrac-
tion (as discussed below). If the seed was polycrystalline it was melted and the growth
procedure repeated. If it was a single crystal, it was grown to a height of 1 cm by slow
cooling at a rate of about 0.1 K/h. Laue photographs were taken at various times during
the cooling process. It was noled that as the crystal was grown it invariably became
“twinned’. This was probably due to a combination of a large temperature gradient and
the crystal sticking to the walls of the cell. To minimize the adhering of the crystal to
the cell walls, a small constant current was passed through the heater located on the
BeCu jacket at the bottom of the cell. This warmed the walls of the cell prior to nu-
cleation of the sample and scemed 1o help somewhat since the quality of crystals grown
in this manner was slightly better. The diffraction spots, in all crystals kept for the
light scattering experiments, remained fairly sharp and elliptical indicating little internal

strain. Orientations with respeet to the lab frame could be obtained using the standard
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technique (see next section). A Laue diffraction picture of erystal #3 is shown in Figure

3.3,

3.6 Crystal Orientation and X-ray Apparatus

The X-rays necessary for the method of Laue (transmission) photography were pro-

vided by a Philips (M11101) X-ray source operated at 80 kV. The pictures were taken

with a Polaroid (XR-7) Land camera located 10.7 cm away from the

A lead collimator reduced divergence of the beam before il reached the sample. Initial
alignment. of the collimator along the optic axis, defined by a He-Ne laser beam, ensured
that the X-rays probed the scattering volume. To make certain that the incident X-ray
beam was perpendicular to the plane of the fili, the back reflection of the He-Ne heam,
produced by a mirror temporatily fixed to the camera holder was made to coincide with
the incident beam by adjustment of the holder. Once set to the proper position, it was

left for the remainder of the experiments.

The crystal orientation with respect to the laboratory frame of reference (xyz shown in
Figure 3.1) was defined in terms of the usual Euler angles (0, ¢, x). To determine these

angles Laue X-ray diffraction photographs were Laken as the crystal was rotated throngh

intervals of 7.5° as measured from a graduated scale fixed on the cryostat. It should

be noted that the change in rotation angle of the cryostat corresponded to a change in

Euler angle ¢ only. Using the center of the undiffracted X-ray beam as the origin, the
x-z coordinates of all the diflraction spols on cach picture were measured with a finely
ruled rectangular grid to an accuracy much better than %1 mm, These coordinates,

along with the crystal-film distance, then served as input, data for a computer program
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Figure 3.3: Laue diffraction photograph of crystal #3.



which utilized the method of stercographic projection to caleulate possible sets of Euler
angles for cach photograph. The actual crystal orientation was found by comparing sets
of Euler angles for various pictures until two sets were found in which 0 and \ remained
constant (within a degree or two due to slight cell wobble) and the difference in angle ¢
between the two equalled Lhe corresponding change in cryostat angle. As a final check,
a least squares crystal orientation program was run on cach picture with the coordinates
of the spots and the chosen Euler angles as input. The quality of the it was examined
and only orientations which gave an average error in measured and caleulated coordinate

distances of < 1 mm for all pictures were considered acceptable.

3.7 Laser

A Spectra-Physics Model 2020 argon ion laser served as the light souree for these
experiments. A prism in the laser cavity allowed selection of the 514.5 nm line in the
Ar* spectrum while an intracavity Fabry-Perot clalon selected a single axial mode of this

line. The resultant linewidth was of the order of 10— 15 M 11z and was due mainly to

£

jitter. To imi hanical stability the laser was set on a floating granite

block which rested upon a steel table.

3.8 Fabry-Perot Interferometer

The scattered light was analyzed with a piczoclectrically scanned triple-pass Fabry-
Perot interferometer. This instrument consisted of two highly reflective parallel mirrors

separated by a distance d, The rear mirror of the interferometer was mounted on three

ic elements which facilitated i scanning of the plate separation. The



front mirror could he adjusted manually with three fine micrometer screws.

"he frequency of the light, v, passed by the Fabry-Perot for a given plate separation

is determined by the resonance condition

2d = —. (3.1)

The frequency difference between two consceutive orders of interference is also deter-

tion and is known as the free spectral range of the interferom-

mined by the plate sopar

cler. Mathematically, it is given by

FSh= <. (32)

‘The free spectral range for the present experiments was 10.99 GHz. This value was
determined using a precision quartz sample for which the longitudinal and transverse

Brillouin frequency shifts were well known [44], [45).

Another important characteristic of the Fabry-Perot interferometer is the finesse, F,
which is defined by
FSR
FWIM'

where PIVHM is the full width at half-maximum of the intensity maximum. High

(3.3)

finesse values were critical in these experiments as closely spaced spectral lines had to

be resolved. With optimum alj of all optical s and the i

]
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switched to triple pass, finesse values between 50 and 60 were obtained.

The triple pass option of the Fabry-Perot also caused the contrast (i.e. the ratio of

maxiinum to minimum transmission intensity) to be cubed. The resulting rejection ratio
of ~ 1 : 10° or more allowed very weak signals to be detected. The transverse Brillonin
components were very weak in most spectra of 4-CaFy and hence triple passing of the

scattered light by the interferometer was necessary to observe them.

3.9 Data Acquisition and Stabilization System

The data acquisition and stabilization system performed several important funetions.

The most important of these are listed below.

(i) The DAS employed a 1024 channel multicl 1 analyzer for lation and record-

ing of spectra. The ounts and corresponding channels were displayed on a CRYT sereen

and a cursor was used to address a particular channel.

(ii) Tt provided the ramp voltage necessary for

ic scanning of the
cter. This ramp resembles a staircase where cach step corresponds to incrementing the
channel address scalar of the multichannel analyzer by one. The plate separation is a
linear function of ramp voltage and hence each channel of the multichannel analyzer cor-
responds to a particular frequency passed by the Fabry-Perot interferometer,

(iil) Frequency drift caused by change in laser cavity length or interferometer plate sepa-
ration due to temperature changes was automatically compensated for by the DAS, This

was accomplished by locating a data window syminctrically about a presclected reference

channel. A strong spectral feature (usually the Rayleigh line) was locked to this channel,
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The counts on cither side of this reference channel and within the window were stored
i two registers. Following each sweep of the ramp the number of counts in the registers
were compared. If they were unequal, indicative of frequency drift, a small correction
voltage was automatically applied to the ramp scalar 1o bring the peak back towards the
reference channel,

finesse. A data window was

(iv) The DAS il 1; imized the
again located symmetrically about the reference channel within the drift stabilization
window. The counts in this window were stored in a register and maximized during a
four sweep cycle. During sweep one the counts were accumulated and stored in the reg-
ister, In sweep two of the ramp a test voltage was applied to the piezoelectric elements
which tilted the rear mirror of the Fabry-Perot about a vertical axis. At the end of sweep
two, the number of counts accumulated during sweeps onc and two was compared and
a correction voltage was applicd to increase the number of counts. The second half of
the procedure, involving sweeps three and four, was the same as the first half except the
mirror was tilted about a horizoutal axis.

(v) Another important feature of the DAS was the segmented time base. This allowed
more time to be spent in specified regions of the spectrum and was used in the present
work Lo obtain sufficient intensity of the Rayleigh component for drift stabilization and

for more accurate d ination of the fi shifts of the t Brillouin com-

poncnts.

3.10 Optical System Alignment

Prior to ac il of spectra, all of the optical system were carefully

aligned to ensure maximum transmission of the light scattered by the crystal. The first
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step in this process was the removal of all lense

and the Fabry-Perot interferometer
leaving only two pinholes - Ad near the photomultiplicr and A3 uear the location of the
crystal as shown in Figure 3.1 A Te-Ne laser heam was made to pass through bhoth
these pinholes and consequently defined the optic axis. The interferometer was then

put in place between these two pinholes and its position adjusted until its back reflection

coincided with the incident beam Lo ensure normal incidence. To obtain precise alignment,

of the Fabry-Perot the beam from the argon laser was scattered from a white card into

the interferometer. A collimating lens was then placed in front of the interferometer
and moved along the optic axis until parallel light was obtained. The front witvor of the
Fabry-Perot was manually adjusted until a collapsing circular fringe pattern was observed.
Good manual alignment, at this stage was indicated by a single flashing spot. produced
by the Faby-Perot as it was scanncd repeatedly. A second lens was then inserted behind
the Fabry-Perot and focused the analyzel light onto pinhole Ad and subscquently onto
the cathode of the photomultiplier tube. Further fine adjustments of the interferometer

mirrors, using the DAS-1 piczoclectric bias controls, were accomplished by maximizing

the signal on the DAS-1 CRT screen. The corner cubes (retroreflectors) of the Fabry-
Perot were then rotated to the triple pass position and final adjustments were made to

maximize the signal.

3.11 Brillouin Spectra

The Brillouin spectra were collected over periods ranging from abont 2 1o 18 hours
with a laser power of 50 11V and a free spectral range of 10.99 G/l z.

To obtain as strong a spectrum as possible the incident laser beam was carcfully
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centered on the bottom of the cell as determined by observation of a back reflection
of the: beam. ‘The Fubry-Perot interforometer was adjusted such that the Rayleigh peak
was again maimized using the finesse oplimization module of the DAS-1. This generally

resulted in a finesse of 50-60.

With the Rayleigh peaks clearly visible in triple pass mode it was possible to maximize
Uhe intensity of the longitudinal Brillouin component. This was done by adjusting the
front. collecting lens (L2 in Figure 3.1) while observing the intensity of the longitudinal

component on the DAS screen, using Ui segmented ramp feature, as the interferome-

ter was repeatedly scanned. When the longitudinal was imized it was

gonerally possible Lo seo it in one 1 s scan of the interferometer.

When all conditions were optimized the central Rayleigh peak was locked by the

DAS and accumulation of the spectrum hegan. Some of the spectra, once collected, were
recorded using a chart recorder. The shifts and intensities of the Brillouin components

of most spectra, however, were simply noted and no hard copy was obtained.

‘The channel numbers and intensities for peaks R, L, T} and T were measured directly

from the sereen of the data acquisition systent. The f shifts were then calculated
according to the following:
(3.4)
(35)
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(3.6)

= "
where FSR is the free spectral range and the remaining quantities are shown in Figure
3.4 [46]. This process of averaging minimiized the effect of o slight scanning nonlincarity

in the interferometer.

It was noticed, carly in the experiments, that the Brillowin spectrum of 4-Cy Fy exhib-
ited a strong background. It was thought that, this may have been obscuring the second

transverse Brillouin component as only one had been obs

d up to this point. To

eliminate some of this background a filter (of 10 nm bandwidth) was placed between the

sample and the detection optics. No second Lr

served although

isverse component was

the background was cut down significantly.

An attempt was also made to locate the second transverse Brillouin component by
using the segmented time basc feature of the DAS. Using the segmented ramp around
the first transverse component on several occasions yielded two nearly degenerate peaks
(a small dip in intensity was evident), These two peaks were taken Lo be the transverse

Brillouin components in the nine spectra in which they were observed.
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Figure 3.4: A Brillouin stick spectrum showing the Rayleigh peaks (/2) and the various
Brillouin components (T3, T; and L).



Chapter 4

Results

4.1 Brillouin Shifts and Intensities

In total, 60 Brillouin spectra were recorded for four independent crystals of 3-C'y iy

at 169, 160 and 144 K. (It should be noted, from Table 4.1, that crystals 1,3 and 4 have
similar orientations. Clearly there was a preferred orientation for growth although the
reason for this is unknown). Most spectra were obtained al, 7.5¢ intervals of rotation in
the angle ¢. In all spectra the longitudinal Brillouin component (L) was clearly visiblo
but the transverse Brillouin components (7} and Ty) were very weak and in all but. 9 of
the spectra only onc was observed. A typical spectrum collected from crystal #1 at, 169

K for a time of 26 hours, is shown in Figure 4.1. llcre, the count rates are 2 and 35

counts/s for the transverse (1) and longitudinal (L) Brillouin comy , respectively,

The observed Brillowin frequency shifts are shown in Tables 4.1, 4.2 and

As

can be seen, the Brillouin shifts for the crystal orientations studied here we

arly

identical and correspond Lo maximum variations of only 1% and 3% for the longitudinal

and shifts, respectively. These variations were not greatly different, from the

y which is estimated to be abont 1-2 channels (corresponding to

about 0.05 GHz).

The ratios of transverse Brillowin intensit

s 1o longitudinal Brillonin
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Figure 4.1: A typical Brillouin spectrum of 8-C; Fe.
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component intensitics, Ir,/1;, and Iz, /11, are also shown in Tables 4.1, 1.2 and 4.3 and

are unusually small, varying from 0.01 to a maximum of ouly 0.10. These intensity ratios

are probably accurate only to £15% due (o large variations in background iutensity with

channel number and weak signals.

Table 4.1: Brillouin scattering data for B-CyFy at 169 K.

EULER ANGLES (°) | OBSERVED (Gllz) | CALCULATED (Gllz) | ORSERVED | CALCULATED
& S 1 x v Ly | v v | vty 1y T/ 1 e/ | Trafle ] T/l
T | g | B3 B Tt o0 |
1417 | 2387 . 1601
1414 | 2461 - 1
1412 | 2505 - L1
1412 | 201.0 08 1
1022 | 2087 02
1422 | 2762 7
1417 | 2837 .59
141.6 | 2009 03
1416 | 2082 .67
141.4 | 3056 o7
1413 | 3129 06
141.6 | 3206 3
ES 2637 167
946 | 2112 1.09
946 | 2782 1.68
2857 170
934 | 2932 .8
930 | 3015 167
23 159
025 | 3160 160
926 | 3234 1.58
928 | 3378 1.65
3 | 1419 | 187 T3
1418 | 1937 1.68
1421 | 2163 S
1422 | 2382 =
1413 | 2454 =
1414 | 2534 B
142.4 | 2004 163
1424 | 2679 7
1424 | 2754 170
1424 | 2828 109
T | 508 | 2138 .
572 | 2210
3 | 2657
572 | 2812 -
572 | 296 -




Brillouin scattering data for f-C2Fg at 160 K.

(Gllz) | CALCULATED (Gilz) | OBSERVED | CALCULATED
v v, V7, In /T | Il | In/l
001

001

T, | PUTEI ANGIES (7] ] OBSETVED DT OAl
[0 T ¢ ] v, Lon NIRRT
0 B[S0 |18 ] - =T oor | o001 | o0 |
2401 | 3iea | o | - © | oo | oo | om
. - 0.03 0.03 0.0
167 0.02 0.02 0.02 0.02
167 0.02 - o001 o.o1
4 - - 0.01 0.01

4.2 Elastic Constants

In addition o the Brillovin frequency shift data, a knowledge of the density and

refractive index of solid (3 F; was required Lo determine the elastic constants. For C3Fy
only one value for the density of the solid could be found in the literature. Thisis p = 1.85
y/em® at the melting point (1726 1) [17). The lattice parameter for the orientationally
mined by neutron diffraction experiments at 95

disordered phase, however, hias been deter

and 110 & [28]. Since there is some uncertainty as to whether a phase transition occurs at
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104 A only the 110 K value of lattice parameter, @ = 6.1412 A, was used for caleulation
of the density at this temperature. Using a wolar mass of A/ = 138.012 g/mol [48] a
density of 1.98 g/cm® was determined using this lattice parameter. The temperatures of
interest in this work lie between 172.6 K and 110 K and thus linear interpolation was
used to obtain the necessary densitics. Because these density values were determined from
two completely different sources, the assumed dependence of density on temperature for
C2Fg was compared with that of §Fg [7). The slopes were nearly identical (=2.07 x 107
g/emPK for CyFs and —2.06 x 10-° g/cm®K for SFg) which suggests that the densities
of C,Fs used here are probably reliable. The densities caleulated using this method are

given in Table 4.4,

No values of the refractive index of solid C;F could be found in the literature, A

value of n; = 1.206 at 199.9 K for the liquid [18], however, was available, The density
at this temperature was calculated from an empirical expression determined by Ruff and

Bretschneider [47]. This expression, although old, gave liquid densitios which were prac-

tically identical (better than 0.5%) to current accepted densitics at various temperatures

48], [49]. The Lorents-Loren relation,

n?— pa(nf=1)
42 p(nE+2)

(.1)

was then used to determine the refractive indices al the desired temperatures, Here, p
is the density, n is the refractive index, and the subscripts s and [ denote the solid and
liquid, respectively. The values obtained for the refractive index are given in Table 4.4

It should be noted that these values are in good agreement (better than 1%) with values
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“Table 4.4: Temperature dependent data for f-Ca Fg.

TEMPERATURE | DENSITY | REFRACTIVE Cu Cia Cu
(K (g/end® INDEX (kbar) (kbar) (kbar)

169 26.99 £0.10 . 444 0.4
160 29.76 & 0.07 | 21.34 + 0.05 | 4.53 £ 0.02
144 2 & 2521 & 041 | 433 £ 0.09

of refractive index obtained from the experimental molar polarizability for C;Fg [50).

The clastic for cach were de ined using a

iterative least squares it procedure [51]. The necessary input included the density, re-
fractive index, Euler angles, and measured Brillouin shifts as well as initial guesses of the
clastic constants, For cach cycle of i*eration, the acoustic wave velocities, V,, were calcu-
lated from cquation (2.11) for cach crystal orientation. The frequencies ¥(Cj;) were then

determined from the Brillouin equation (2.4). The differences between the observed and

lculated ies were minimized by a least squares fit procedure based on Newton's
method. The term which was minimized with respect to variation of the elastic constants

was

ALC(C) — v0BS
=) (4.2)

0

where AV is the total number of frequency shifts and oy is a weighting factor representing
the estimated standard deviation of the kth frequency shift measurement. For this work

ok was varied from 0.01 to 0.04 Gz, This implied that o) cqualled about one standard
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deviation.

Tnitially it was impossible to determine whether the single transverse peak observed in
most of the spectra was the slow or fast transverse Brillouin component, Thus a complete
analysis was first carricd oul assuming that the component was the slow transverse and
then repeated assuming it was the fast transverse. The clastic constants obtained in

both cases agreed with each other to better than 0.5%. The final

gnments (7 or Ty)

of the single were determined usiug the intensity ratios, fr, /1),
and I, /I, calculated with the iterative least squares elasto-optic coeflicient. computer
program. The transverse component with the greater caleulated intensity vatio was the

assignment given to the obscrved peak.

The best-fit elastic constants, given in Table 4.4, were those which minimized 2. The

uncertainties quoted in Table 4.4 are those for which x* = I and are therefore the relative

errors and express the quality of the least squares fit, Tn addition Lo the relative ervors,
an additional estimated systemalic error of about 2% is present due Lo uncertaintios in

the density, refractive index and scatlering angle. This systematic error does not affect

the elastic constant ratios and hence also not the acoustic velocity ratios.

The d d of elastic constants C'yy and Cyy appear to be lincar

with slopes AC11/AT = ~0.335 £ 0.010 and ACy, /AT = ~0.236 % 0.010, whereas Cyy

appears Lo be independent of temperature with ACy /AT = 0.005 £ 0.011 kbar/K in

the temperature range investigated here. The errors quoted are the standard errors only,

A graph of the clastic constants as functions of temper

s shown in Figure
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Figure 4.2: Adiabatic elastic constants of 8-C2Fg as a function of temperature, The
uncertaintics are approximately the size of the symbols.




4.3 Elasto-optic Coefficients

The clasto-optic coefficient ratios were determined using an iterative least squares

procedure analogous to that used for the elastic constants. Here, initial values of pya/piy
and pyu/pu were varied until a reasonable agreement between the caleulated and oh-
served intensity ratios, Ir,/1 and I1,/I, was achicved. Again the quality of the fit
was determined by the value of 2. As discussed above it was impossible {o delermine
whether the single transverse component observed in most spectra was Ty or Ty, The
assignments which resulted in the smallest \? were taken to be the correct ones and are

given in Tables 4.1, 4.2 and 4.3,

Estimated absolute values of the clasto-optic coefficients can be determined from the

approximate expression [52],

Pt 2pn=

(c— 12§c +‘l)‘ (1.3)

where € = n%. The clasto-optic coeflicient ratios determined using the procedure outlined

above as well as the absolute values calculated from equation (1.3) are given in Table

4.5.

Table 4.5: Elasto-oplic ratios and coeflicients for f#-Cy I,

TEMPERATURE (K) [ pia/pu [ paa/pun [ pin [ pee | pun
169 1.10 0.12 0.2ﬂ 0.28 | 0.03
160 1.06 0.09 {0.26 | 0.28 | 0.02
144 1.04 0.12 {0.27 [ 0.28 | 0.03

The uncertainties in the clasto-optic coefficient ratios are probably of the order of
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10/ = 20%. This is becanse it is the sum of e intensities, I, + Iz, that was actually

measured as the transverse components scem to be nearly degenerate.

4.4 Derived Quantities

The adiabatic bulk modulus, B, and the clastic anisotropy, A, were determined from
the best-fit elastic constants using equations (2.21) and (2.22), at the temperatures in-

vestigated. The values obtained for these quantities are given in Table 4.6. B clearly

increases with ing whereas A d

‘Table 4.6: Adiabatic bulk modulus and anisotropy factor for 8-C; Fg.

TEMPERATURE (K) [ B (kbar) A
169 21.9£0.1 | 1.160.04
160 24.1£0.1 | 1.08+0.03
144 28.6£0.4 | 0.86::0.08




Chapter 5

Discussion

5.1 Results for C2Fg

The Brillouin spectra and clastic constants of §-C2F provide a wealth of informa-
tion about both its bulk and molecular propertics. These features are disenssed in the

following paragraphs.

The Brillouin spectra of §-Cyf are somewhat unusual in that the frequency shifts

of the Brillouin components did not depend significantly on crystal orientation. Ience

f-CaFy is elastically quite isotropic with an clastic auisotrapy, A ~ | for all tewperatures

investigated.

The Cauchy relation Cy3/Cyy = 1, for central intermolecular forces in cubic erystals,
is not obeyed by B-C2Fs. In fact, a high value of Ciz/Cy = 4.4 is found at 169 K

and suggests that angle-dependent forces play an important role in the dynamics of

this orientationally disordered solid. This was expected hecanse of Uie large degree of

rotational freedom of the molccules on their lattice sites.

A quantitative estimate of the extent of the rotation-translation coupling in #-C:
can be obtained [rom the density independent ratios of acoustic velucities in high symme-

try directions. Large values of these ratios indicate soflened Lransverse mode(s) which,
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as mentioned carlier, may be inte

13,

d as being due Lo rotation-translation coupling

In order to get an idea of the strength of the rotation-translation coupling in 8-CoFg

thes

ratios have been calculated from the clastic constants determined in the present

work and are given in ‘lable 5.1, along with, for the purpose of comparison, those for the

rae

solids at. temperatures near their respective tiple points. As is evident, three
of these ratios are substantially larger than the cortesponding ratios for the rare gas
solids and henee suggest thal rotation-translalion coupling is present in C2%. The near

equality of all four ratios for -ty P is a consequence of its near perfect elastic isotropy.

Table 5.1: Temperature dependence of ratios of acoustic velocities in high symmetry
dircetions for f-CyFy,

SOLID <100> <111> <110> <110>
VilVir, VelVim  VilVe  VilVn

Ne, Ar, ke, Xc [13] 144 2.24 1.65 2.71

C,F6(169 K) 247 2.62 2.49 2.68

Cy (160 I) 2.56 2.64 2.58 2.67

Cylu(144 K) 287 2.67 2.83 2.62

5.2 Comparison to other Ori i y Disord d lecular Solids
As previously mentioned, preliminary molecular dynamics simulations of -CyFs [33],

[34] indicate that strong rotation-translation coupling exists in the ¢ = 0 wavevector
regime, This is consistent with the values for the acoustic velocity ratios given in Table

5.1 in that three of these ratios are sul ially larger than the ling ratios for
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the rare gas solids and are therefore indicative of significantly softencd transvorse modes.
This suggests thal moderately strong rotation-translation coupling exists near ¢ = 0,

However, the molecular dynamics simulations caleulations also suggest that. Cy

similar to SFs. This, from the present work, does not appear to be the case, as Sy
behaves clastically like a rare gas solid. In addition, no evidenee for rotation-translation

coupling was observed near the Brillowin zone conter for 8

The ratios in Table 5.2 suggest that B-Cy iy is lastically quite isotropic and thus scens
to be qualitatively similar to cyclooctane and O, [10] although its acoustic velocily ratios
are not quite as large. Brillouin scatlering experiments [10] on cyclooctane and O have
shown that strong rolation-translation coupling exists in these solids. In cyclooctane this
strong coupling was attributed to the fact that the molecular reorientation froquency (~ |
GHz) is of the order of the transverse acoustic mode frequency (~ 2 (). A somewhal

similar situation exists in O, where the [requencie:

s of molecular vibrational dephasing
are approximately 3 and 5 GIl= [53] for the disklike and spherically rotating molecules
respectively and are of the order of the acoustic wave frequencics,

Table 5.2: Ratios of acoustic velocities in high symmetry directions for several molocular
solids near their triple points.

SOLID <100> <> <I10> <110>
ViV Vil Vir, Vil Vi, Vil Vi

Ne, Ar, k1, Xe (3] [T 1.6 271

SF; [7) 1.60

CyHig(eyclooctane) [10] 349

0, (10] 3.07

(CH,CN), [14] 2.79

CoFg 2.47

It was suggested [10] that the clastic isotropy exhibited by cyclooctane and Oy was
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ke molecules on the unit cell

due to an averaging ont of the rotational motion of the dis
faces. "The isotropy was found Lo be greatest near the triple point for O; and decreased
with decreasing temperature. This feature was consistent with the proposed rotation-

Lranslation conpling effect.

As can be scen in Table 5.2, the similarity between C2Fg and (CH2CN); is striking.
Both are nearly clastically isotropic and the acoustic velocity ratios in the high symmetry
directions for both solids are nearly equal. 1t is therefore relevant to consider related work
on (C11;C N), as it may provide some insight into the elastic behaviour and the rotation-

translation coupling mechanism in 8-Cp Fg.

(C11,CN), exists in an orientationally disordered phase from its triple point at 331
K to 233 K [19]. Diclectric studies [54] have suggested very little change in the na-
ture of moleeular reorientation between the liquid and orientationally disordered phase.
Light scattering experiments on (C H;CN); [14] have been carried out for temperatures
in the range 243 X to 323 K. A pair of peaks in the polarized spectra, thought to be
due to transverse phonons, was observed above 283 K but did not appear below this
temperature. The intensity of these peaks increased with increasing temperature and
they could easily be scen at 323 K. It was suggested [14] that the temperature de-
pendence of the shear phonon intensities is related to the temperature dependence of
the reorientation mechanism. Therefore at low temperatures, when the molecular re-
orientational frequency is close to that of the transverse phonon frequency, the slowly
reorienting moleeules might dampen the shear phonons. At high temperatures these fre-
quencies differ by about an order of magnitude and thus the coupling may be weaker.

Rayleigh-Brillouin of the depolarized light ing in (CH,C'N), [55)
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have found shear wave peaks with resonance line shapes. These spectra v

under-
stood as arising from coupling between acoustic phonons and molecnlar reorientational
motions and consitute evidence for rotation-translation coupling in (("1,CN)a. A hydro-
dynamic model developed by Courtens [5], which included coupling between molecular

reorientation and acoustic modes, correctly predicted the features of the depolarized light

scattering spectra as well as the ultrasonic values of the clastic constants, Purther in-
vestigations by Descamps [56] indicate that steric hindrance is present in (C1,CN),. It

was later noted, by Press el al. [57], that in larger molecules, such as (C1,C'N )y, steric

Lind; i 1 rolali 1

coupling.

More recent work on plastic (CIl,C'N), has revealed several othier interesting points.
Derollez et al. [58] deduced the rotation-translation coupling in the disordered phase of
deuterated succinonitrile from X-ray diffraction measurements. It was shown that the
coupling is directly related to the spatial siting of neighbouring molecules and that it
affects the positions of the gauche isomers. [n a later study by the same group [59],
the structure of plastic (CI,CN), was re-cxamined through extended X-ray diffrac-

tion measurements. The structure was solved by using both the analytic procedures

of symmetry-adapted functions and a Frenkel model assuming discrete orientations. A

possible rotation-translation coupling was included in the latter case vi

The nature of the rotational motions in (C1,CN), has been examined by various
techniques including NMR [60], dielectric relaxation [61], Rayleigh seattering [62], inco-
). All of these

have revealed dynamic orientational disorder of the molecules with the rotational disorder

herent neutron scattering [63], [64] and molecular dy:

ics sinulation [6
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heing due to jumps from one cube diagonal to another and trans-gauche isomerization.

The fact that CpFy is similar to (CI,CN), and very different from SFg is quite

ing since all three have the same site symmetry and the orientationally disordered

ses form body-centered cubic lattices. Al three, however, have different molecular
symmetrics, Molecular symmetry, therefore, probably docs not play a significant role

h and

in the d, ics and, in particular, the rotati ion coupling

its strength. 1 it did play an important role, C2 Fg would be expected to behave very

similarly Lo $Fy because of their nearly identical mol symmictries (as d

by the molecular dynamics simulations of Dove and Lynden-Bell [33]). CyFe, instead,

was found to behave clastically like (C1,CN), which has a very different molecular
symmetry (the ganche isomer has symmetry 2 and the trans isomer has symmetry 2/m
(59]). For comparison, the clastic contants of these three orientationally disordered solids

along with those of Xc are given in Table 5.3

A possible explanation for the extreme difference of behaviour bewlween CpFg and

Sty could be that the reori ional fi of the molecules of C Fg in the disordered

phase is comparable to the frequency of the transverse acoustic phonons, whereas in SFy
these two frequencies are quite different. It was suggested (7] that in SFy the molecular
reorientational motion is effectively ‘smeared out’. Thus stronger rotation-translation
coupling would be expected in Cy Fg than in §F%. This scems Lo be a plausible explanation

sinee it appears that the slight difference in molecular symmetry of the two cannot account

for such a difference, as discussed above.

A second factor which certainly accounts, at least in part, for the very different



behaviour of CoFy and SFy, and which scems to have been overlooked in the molecular
dynamics simulations calculations [33], [34], is the existence of internal rotational motion

in B-CaFs. In B-CyF, in addition to the molecular tumbling-like motions, there a

exists rotation of one CFy group with respect to the other and overall rotation about the
C—C bond. This type of molion also occurs in C2Cly [31] and an analogous phenomenon

takes place in (CILCN), [58], [59] as the Clly— € = N groups rotate about the central

€ —C bond (in doing so, one isomer is changed into another). This type of motion does

not occur in SFg. It will, however, certainly influence the votation-translation coupling

in B-CyFa, especially if the frequency of Lhese rotational motions is of the order of the
frequency of the transverse acoustic phonons. ‘The fact that CyFy exhibits internal and
molecular reorientational motions similar to those of (C11,¢N), and quite distinet. from
those of SF probably accounts for both the surprising similaritics observed between

CyF and (CH,CN); and the pronounced differences between Cy g and S Fy.

Table 5.3: Elastic constants of Xe, SI, (C11,CN); and Cyly near their triple points.

CRYSTAL T(K) ] Cn | Crz | Cus | Cra/Cus | B (kbar) | A
X [66] 156 | 208 | 190 | 148 | 1.2§ 06| 20
SF[1) 2010 | 34.00 | 22.18 | 1323 | 168 2.0 | 222
(CH,CN): (67) | 3232 | 458 | 324 | 65 | 4.98 369 | 097
Cofy 169 | 26.99 [ 1932 444 | 435 29 | 116

5.3 Conclusion

In summary, the elastic and clasto-optic constants of the orientationally disordered

phase of Cpf7 have been det

ermined using the technique of high resolution Brillonin

spectroscopy. The ratios of acoustic velocitics calculated from the clastic constants show

that CyF is quite isotropic and that it exhibits moderately strong rotation-transation



coupling and in these respeets is very similar to (CH;CN),. This is in contrast to SFg

which behaves like a rare gas solid.
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