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Abstract. Frozen-in trans and gauche conformational disorder of symmetrical difivorotetra-
chloroethane (DFTCE) produces the tendency of this plastic crystal to form an orientational glassy
state on cooling below T; = 86 K. To throw light upon the freezing mechanism in DFTCE neutron
diffraction and Brillouin scattering as well as infrared and dielectric measurements are employed.
The overall picture of the results obtained can be characterized in terms of a classical glass-
transidon process with a relaxation frequency obeying the Vogel-Fulcher law, However, a more
sophisticated picture of the freeZing process is indicated by a quantitative analysis of the new
Brillouin data, e.g. the temperature dependence of the sound velocity, The behaviour could be
understood on the basis of a mode-coupling theory.

1. Introduction

The understanding of the nature of glass transitions in canonical and orientational glass
formers is an exciting task and has been the subject of numerous experimental and theoretical
works (e.g. [1-5]) In the last few years. The search for model substances led to the study
of simple compounds that contain predominantly orientational disorder of the constituting
molecules. Plastic crystals often represent such kinds of material. While the molecules in
liquids are free to displace and rotate, in plastic crystals the molecules have their average
centre of gravity fixed at lattice positions but they can rotate almost freely or jump rather fast
" between different orientations. This dynamical orientational disorder is slowed down with
decreasing temperature. Either long-range orientational order is established via a structural
phase transition or a so-called orientational glassy state appears by freezing of the molecular
orientational disorder [6]. The latier generally happens if the plastic phase is quenched
sufficiently fast. Then the resulting frozen crystalline material shows phenomenological
propetties typical of canonical glasses. Strong sterical hindrances, competing interactions
between molecules and more or less quenched disorder built into the plastic crystal can
significantly reduce the necessary quenching rate.

Because of their almost spherical habit many ethane-like molecules are good candidates
for forming plastic phases. Hexachloroethane (HCE} is au interesting example with a plastic
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high-temperature phase of cubic symmetry and a melting point T;;, = 458 K [7]. HCE
transforms consecutively into a2 moneclinic state at T; = 344.1 K and into an orthorhombic
one at To = 316.6 K. [7, 8]. The substitution of one C1 by one F atom on each C atom of an
HCE molecule results in 1,2-diflucro-1,1,2,2-tetrachloroethane (CFCl,—CFCl; DFTCE). The
energetically non-equivalent trans and gauche conformations (trans with a Cy, symmetry
and gauche with a Cy symmetry) of DFTCE probably yield one of the necessary frusiration
mechanisms that make this plastic crystal a good glass former [9, 10].

The plastic phase of DFTCE has a BCC lattice with a melting point at T, ~ 299 K
{11,12]. The plastic and the adjacent fluid phase have been thoroughly studied using
different experimental techniques. Quantitative information was obtained on the bond
lengths and bond angles within the molecules (electron diffraction [13]), on the dynamics
of the molecnlar hindered rotations {depolarized Rayleigh scattering [14]), on molecular
recrientations and disorder {Raman spectroscopy, ultrasonic investigation [12, 15,16] and
NMR [17]) and on more phenomenological properties such as density, vapour pressure and
refractive index of the melt [12]. The melting enthalpy and melting entropy were estimated
by Kishimoto et al [9] and amount to A Hy, = 3.666 kJ mol™! and A Sy, = 12.3 Y mol~! X%,
The same aunthors report a lattice constant a4 = 0.718 nm at 7' = 288 K.

The observation of a pronounced glass-like step in the heat capacity C,(T) of DFICE
at about 7; = 90 K [9] was interpreted as a freezing of hindered molecular reorientations,
resulting in static random molecular orientations and, hence, suggested the existence of
an orientational glass transition in DFTCE. However, the required conservation of the BCC
symmetry was not verified. Two further specific heat anomalies found so far in solid DFTCE
occur at 60 K and 130 K [9]. These less pronounced anomalies were attributed to a -
process and to a second freezing process (freezing of the rrans—gauche transformations),
respectively. In order to study the tendency of DFTCE to transform into its thermodynamically
stable low-temperature crystalline state Kishimoto et af [9] have annealed their sample above
its quasi-static glass transition at T; + 30 K. After an annealing time of about two months
and then heating their sample in a calorimeter they found a Cp-peak at 7. = 170 K.
This behaviour was attributed to a transition of the crystalline low-temperature phase (still
of unknown symmetry) to the plastic phase. From the related transition enthalpy it was
estimated that during the fong annealing period only about 3 vol.% of their sample had
transformed to the low-temperature crystailine phase. This indicates that DFTCE behaves as
a nearly ideal glass former.

Only a few other techniques have been used to study the transition behaviour of solid
DFTCE. Initial Brillouin-spectroscopic measurements have been reported for polycrystalline
material [18] vielding rather preliminary information on its elastic behaviour. Recent Raman
and neutron spectroscopic investigations reveal some peculiarities, pointing to a dynamical
glass transition in DFTCE, and their interpretation will be reported elsewhere [19].

The aim of this paper is to present and discuss infrared (IR), neutron-powder-diffraction,
dielectric and acoustic data measured on symmetrical DFTCE. Special interest has been paid
to the dynamic and quasi-static glass-transition regime. It will be shown that at a first sight
our results can be interpreted as a classical glass-transition process in terms of a co-operative
«- and B-process with a quasi-static transition at 7, However, the Brillouin data obtained,
e.g. the temperature dependence of the sound velocity, indicate a more sophisticated picture
of the freezing process, which can probably be understood on the basis of a mode-coupling
theory [20,21].
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2. Experimental details

2.1. Sample preparation

DFTCE used in these investigations was purchased from ICN Biomedicals, Inc., K & K
Laboratories (catalogue no 201701) and had a nominal purity of 95%. This material has
been forther purified using a distillation column of the concentric-annular-gap type with
30 theoretical plates. After four consecutive purification runs the sample had a purity of
99.97%, which was tested by gas chromatography [22].

For dielectric and Brillouin investigations it is desirable to have well defined cuts of
single crystals. Appropriate large DFTCE single crystals could be grown by sublimation
techniques but, unfortunately, because of their plasticity they could not be cut and polished.
Therefore, polycrystalline material was used for all experiments. Because of the cubic
symmetry of DFTCE this implies no restrictions within the whole temperature regime for
properties described by tensors up to rank two (e.g. dielectric constants). In order to
obtain well defined information on the elastic properties of the crystalline state, angle- and
space-resolving Brillouin spectroscopy [10,23, 24} had to be performed on monodomains
of polycrystalline samples.

2.2. Infrared spectroscopy (IR)

A special small cuvette with poly-4-methyl-pentene (trade name TPX) windows and a 1 mm
Teflon spacer was used for IR measurements. The liquid sample was injected into the cuvette
and solidified in such a way that the presence of bubbles within the measured aperture of the
sample was minimized. The transmission spectra were measured with an IFS 113v Bruker
spectrometer, within the transparency range of TPX (< 700 cm™1).

2.3. Neutron diffraction (ND)

In order to determine the crystal symmetry and the lattice parameter a(T) of DFTCE as a
fonction of temperature, elastic neutron-scattering experiments were performed at the high-
flux two-axis diffractometer D-20 (ILL, Grenoble)} on powder material. The powder was
ground in a cold chamber and put in a cylindrical V can of 5 mm diameter and 30 mm
height. The high-flux diffractometer operated at a wavelength of A = 2.4097 A. The
position-sensitive detector, covering an angle of 12.6°, was scanned between 20 and 120°.
The temperature control of the sample was performed with an He cryostat in the temperature
range between about 20 and 270 K. Several cooling and heating runs were performed in
order to exclude hysteresis effects on the data.

2.4. Brillouin spectroscopy (BS)

As mentioned above, no large crystal cuts were available for our Brillouin-spectroscopic
measurements on DFTCE. Further complications arose from the facts that the material
sublimates easily near ambient temperature and that the material sticks to the container
walls of the supporting cuvette. As a consequence, on decreasing the temperature the
material developed cracks because of increasing mechanical constraints. To overcome
this problem we infroduced thin transparent spacers between the sample and the cuvette
walls in order to relieve mechanical stresses. Brillouin measurements were performed on
two kinds of sample: (i) cylindrical samples formed by sublimation in a corresponding
cuvette and (if) film-like samples formed by slow cooling from the melt in a PIA (polymer
induced alignment)-coated [24,25] narrow-spaced cuvette. Both kinds of sample were
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polycrystalline, whereby the cylindrical sample consisted of large domains of several
millimetres lateral dimensions with the crystal co-ordinate system (xy, x2, x3) oriented in
a certain but unspecified manner relative to the laboratory frame (x, y, z). In contrast to the
Brillouin data of Wang and Satija [18] the sound-velocity data obtained from our cylindrical
sample were measured on 2 single domain but still with an unknown orientation of the
phonen wave vector relative to the crystal axes. It should be mentioned that, because of the
cubic symmetry, the optical birefringence plays no role for the Brillouin investigations of
polycrystalline DFTCE samples. Moreover, for geometrical reasons the cylindrical samples
of type (i) could only be investigated with the help of the conventional 90N scattering
geometry (figure 1(a)) [10,26,27]. However, a general disadvantage of the 90N-scattering
technique is the necessity of knowing the refractive index of the sample to calculate the
sound velocity from the measured sound frequency.

(a}
nO s
ni  |q9N
>I§S >
ki 1_9;
By =90°

Figure 1. (a) Wave vectors of the incident Light (%;) and scattered light (&), and the scattering
sound-wave vector (") for the 90N scattering geometry. @; = 90°, inner scattering angle;
®p = 90°, outer scattering angle; n;, refractive index of the sample; rg, outer refractive index
(= 1). (&) Wave vectors of the incident light (k;) and scattered light (kg), and the scattering
sound-wave vector {g*04) for the 90A scattering geometry. €, inner scattering angle; @y = 90°,
outer scaitering angle; n;, refractive index of the sample; rg, outer refractive index (= 1); for
the 90A scattering geometry Snellius iaw holds: mnpsin(@¢/2) = n; sin(®;/2); P, normal to the
surface of the plate-like sample.

A technique for the determination of the elastic properties of polycrystalline materials
has been presented recently [10,28] and therefore requires only a short introduction. For
elastic solids the velocity v,(§) of sound propagation along § = ¢/|qg| (g is the phonon
wave vector) with polarizations « (@ = 1,2,3) is given by

ve(@) = vVCal@/p N

where p is the mass density. The effective elastic constant C,(§) is one of the three
eigenvalues of the Christoffel equation

Ciind;diitt e = Co(@1a @, k1=1,23). @)

In (2), the Einstein summation convention is used for repeated indices i, j, k, I. The Cjj are
the components of the elastic stiffness tensor; w, = u; . &; is the particle displacement vector
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defining the polarization of the sound modes; &, &2, &3 are the unit vectors along three
orthogonal directions x1, x2, x3 within the sample, defined according to IRE standards [29).
Using equations (1) and (2) the tensor components C; can be determined by measuring
hypersonic velocities v, (§) for a sufficient number of pairs (o, g).

An especially suitable way to obtain the desired set of v,(§) is the application of
the 90A-scattering technique (figure 1(£)) [10,23,26,27]. This technique is useful for
Brillouin measurements on thin film-like samples of type (ii). Even films of only several
micrometres thickness can be studied, In figure 2 is sketched the scattering volume and the
method of scanning the sample to obtain a combined space- and angle-resolving BS. For
angle-resolving BS the lateral size of the domains within the polydomain film needs hardly
to exceed the diameter of the scattering volume (of the order of 100 pm or less), Due
to the small thickness of the melt-grown film there is a good chance of growing single-
crystalline domains as thick as the melt film. Since crystalline DFTCE is not birefringent the
phonon wave vectors g as selected by the 90A scatiering geometry are the same for the three
aconstic phonon branches and yield the same phonon wavelength A%4 = 363.8 nm (vacuum
laser wavelength A = 514.5 nm) for the quasi-longitudinal (QL) and quasi-transverse (QT)
phonons. While turning the sample plate around the ‘sample normal’ P (figure I(b)),
g remains constant relative to the laboratory frame. In the crystal co-ordinate system, g
describes a circle of radius g = (27 /363.8) nm~! within the plane defined by its normal P.
Thus, using the 90A scattering geometry, sound-velocity measurements for many different
propagation directions can be performed at a single-crystal domain. Taking advantage of
this, the problem of unknown crystallite {domain) orientation can be solved in the following
way. First one has to put the scattering volume into a sufficiently large crystal domain.
Then, the sound velocities for the selected crystal domain have to be measured by rotating
the sample around P for different angles ¢. Thus according to (2) a set of equations can be
written to derive the elastic stiffness constants and three additional parameters specifying
the selecied plane cut of the related three-sheeted sound-velocity polar diagram. Such
measurements can be done even as a function of temperature. An adequate set-up, including
temperature control between 4 and 500 K, has been reported recently [10].

Figure 2. A schematic representation of the scatteting volume (sv) and its displacements in a
sample due to space- (straight line} and angle-resolving (circle) Brillouin spectroscopy.
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In order to obtain insight into the lateral-domain size of thin-film samples of type (ii)
we used space-resolving BS (Brillouin scanning microscopy, BSM) [10,23,24] on samples
crystallized from the melt at different cooling rates. Figure 3 on one hand shows clearly
the poly-domain structure of the samples as imaged by the space dependence of the quasi-
longimdinal ( for} and quasi-transverse { fqr) sound frequencies and on the other hand shows
that domains with iateral dimensions of several millimetres can be grown on a PIA substrate.
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Figure 3. The Brillouin frequency corresponding to (2) the quasi-longitudinal made, fgr, and
(b) the quasi-ransverse mode, for, as a function of the position, 4, of the scattering volume in
a DFTCE sample at T = 290 K. The different domains are indicated by guide lines.

2.5. Dielectric spectroscopy

For dielectric measurements, the liquid sample was injected into a small cuvette of 90 mm?,
which formed a coaxial cylindrical capacitor. The cuvette, with a calibrated Pt resistance
thermometer (Rosemount 118MF) attached to its flat bottom, was placed into the chamber
of a top-loaded cryostat. With He gas as a heat-transmitting medium, this set-up ensured
an absoluie temperature accuracy of £0.5 K. The measurements were carried out during
continuous cooling at a rate of (—30) mK s~

Three automatic bridges, viz. Tesla BM-595, HP 4274A and HP 4192A, were employed.
The frequency range investigated covered 4.5 decades: from 100 Hz to 1.9 MHz. The filled
cuvette yielded outside the dispersion region, especially below 2 kHz, very small values
of capacitance and loss angle tand. Therefore a standard non-inductive resistor (typically
10-30 M) was conpected in paralle] to the cuvette outside the cryostat. Such an RC
combination yielded measurable values, from which the dielectric data were recalculated.
The measuring field amounted to 2 V mm™! (RMS).

3. Results and discussion
Analysing the diffraction pattern, it turns out that the symmetry of DFTCE remains cubic

until the lowest measured temperature of about 10 K. The quasi-static glass transition at
T, = 86 K is merely accompanied by a slight but detectable increase of the width of the
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Bragg peaks. Thus the interpretation of Kishimoto ef al [9], based on their calorimetric
investigation, is supported by this result. The elastic neutron-diffraction measurements were
performed at cooling rate of about 0,3 K min~1.

The IR transmission spectra in both the liquid and the solid phase are shown in figure 4.
It is seen that the main absorption peaks are present in both phases. The sudden overall
drop of the transmission epon solidification is presumably caused by scattering from cracks
inside the sample and gaps between the cell windows and the solidified sample.

10 I
08
- 08
o
o \
a.. e Al iy
5 04 VAR Y
= ifu 4|y
Z. t Vo \
[nad 1
T o2k i
- ~—— 300K liquid)
———— 250K (solid)
0] i ! 1 [
30 200 400

WAVENUMBERS (cmi™)

Figure 4. The IR trarsmission spectrum of DFTCE.

Above 100 cm™! and 250 K po pronounced temperature dependence of the solidified
sample transmission was observed. The mode freciuencies are 168, 177, 201, 153, 290,
299, 329, 373, 384, 407, 420, 471, 482, 524, 579, 626 and 653 cm~!. Above 270 cm™!
these frequencies agree very well with those from the early measurements by Kagarise and
Daasch [15].

Below 100 cm™! we observed a mode near 80 cm—!, which we assign to torsion libration
of adjacent CFCly groups against each other. Qur assignment is based on measurements
and calculations for an isomorphous melecule CIF,~CIF, [30] where the torsion mode was
found even lower (58 cm™!). In our case the torsion mode is present also in the liguid phase
(figure 4) and in Raman spectra [30], which excludes its assignment as a homogeneous
librational mode. The latter is expected at still lower frequency and actually was only
observed in the solid phase as a broad nearly overdamped feature centred near 40 cm™.
This mode plays the role of an attempt frequency for the reorientational molecular motion
above the freezing temperature T, = 86 K and compares reasonably well with v = 26 cm™!
from the fit of our dielectric data to the Vogel-Fulcher law (see below).

In figure 5 the temperatire dependence of the submillimetre absorption is shown. The
most pronounced change concerns the torsion-mode frequency which shifts from ~ 77 cm™
at the melting point to ~ 83.cm™! at 5 K, without measurable anomalies at 7, or temperature
dependence of damping (~ 11 cm™!).
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Figure 5. The FIr absorption coefficient « of DFTCE at vatious temperatures.

It is now firmly established that the molecules structure of DFTCE is a mixture of
trans and gauche isomers. Their concentration ratio above T, is given by (Ng/N,) =
2exp[—AE/(ksT)], with AE = 810 J mol~! [14], so the dipolar gauche concentration
decreases from N, (300 K) = 0.59 to N;(130 K) = 0.49 and then stays constant (frozen)
upon further cooling, since the transition time becomes too long in comparison with the
experimental time constant. The IR selection rules for molecular vibrations differ for the
trans and gauche form [21: the frans isomer of symmetry Cyy has 6ag - 3bg + 4a, + 5by
molecular vibrations (g modes Raman active, u modes IR active) i.e. nine IR modes, whereas
the gauche isomer of the non-centrosymmetric symmetry C; has 102+ 8b vibrational modes
(both Raman and IR active). The large number of observed R modes (19 modes below
660 cm™!) and their small temperature dependences agree with the idea that the substance
consists of a practically temperature-independent mixture of the two isomers.

Figure 6 shows direct and indirect results of our elastic neutron-diffraction measurements
The temperature-dependent specific volume v,(77) was calculated from lattice constant, a,
using vg(T) = (a3(T)/my), where m, = 6.774 x 10~ g is the mass per unit cell of cubic
DFTCE. Using the Lorenz—Lorentz equation [31]

v = (n? +2)/(n% — 1) ®

the temperature-dependent refractive index n(T} was calculated from the specific-volume
data v, after the specific refractivity r had been calibrated by n5145(295 K) = 1.4514,
measured using an Abbé refractometer. The r(T) curve in figure 6 corresponds to the
optical wavelength of A = 514.5 nm. The temperature-dependent function v;(T) as well
as n(T’) shows the characteristic change of the slope at T, usually observed in canonical
fragile glasses. Above T; both curves show a slight bending versus temperature.
Angle-resolving BS was used to determine the elastic stiffness tensor close to ambient
temperature (7 = 290.5 K). Figure 7 shows frequencies of quasi-longitudinal (foL) and
quasi-transverse acoustic phonons (fgr) as a function of the rotation angle ¢ of the phonon
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Figure 6. The temperature dependence of the refractive index n (full squares) and specific
volume u; (fuli circles) of DFTCE. Ty represents the glass-transition temperature T, = 86 K. The
lines are only guides to the eye.

wave vector within the plane of the film-like sample. Unfortunately, the scattering cross
section of the pure shear mode (elasto-optical coupling) was so small that this mode could not
be detected directly. However, following subsection 2.4 we could calculate the complete
elastic-stiffness tensor Cj; (Voigt notation). Using (2) and the corresponding data (see
figure 7) we then calculated appropriate sound-velocity polar diagrams (figure 8) for [100],
[110] and [E11] symmetry planes. Until now, these time-consuming measurements have
been extended down to 228 K. Figure 9 gives the related fqr - and for-curves and figure 10
shows the resulting temperature dependence of the stiffness coefficients Cy;. It is found
that the shear-stiffness coefficient Caq shows nearly no temperature dependence although
€11 increases strongly with decreasing temperature. At 273 K Caq is smaller than Ci; by a
factor of six and this factor even increases to a value of seven at about 230 K. A significant
anomaly of Cy4 is therefore expected to appear at lower temperatures in the vicinity of T,
(cf [32]).

It is well known that the freezing process strongly reduces the placticity of glass formers
(e.g. [10, 32]). Therefore it is expected that the freezing process strongly influences the
elastic properties of the material and that the elastic stiffness coefficients should be a sensitive
probe for that. Therefore, we studied the sound velocities of QL acoustic modes as a
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Figure 7. The angular dependence of for and for close to ambient temperature (see the text).

75 50 75 100 125 150 175 200

=500 m/s

Figure 8. Theoretical polar diagrams of the three acoustic branches (qr, quasi-longitedinal,
QT, quasi-transverse and T, pure transverse) calculated using the following values for the three
elastic constants involved: Cy; = 2.39 GPa, C1z = 1.96 GPa, Cyy = 0.32 GPa. The thick
line represents the polar diagram on a [100] symmetry plane, the full circles that on a [110]
symmetry plane and the thin line that on a {111] symmetry plane.

function of temperature as well as a function of wave vector using the 90A and the 90N
scattering geometries. These results are presented in figures 11-13. As might be estimated
from figure 8 every QL mode has nearly longitudinal polarization, therefore, to a good
approximation all measurements given in figures 11-13 reflect the temperature behaviour
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Figure 9. (a) The temperature evoluticn of the angnlar dependence of the quasi-longitudinal
branch on a plane with random orentation in space: squates, T = 272.8 K; triangles,
T = 267.8 K; stars, T = 258 K; full circles, T = 248 K; crosses, T = 238.1 K; diamonds,
T = 2292 K. (b) The same as in {g) but now for the quasi-transverse branch. For the sake
of clarity only three terperatures are presented. Squares, T = 2729 K; stars, T = 258 K;
diamonds, T =228.2 K.

of the pure longitudinally polarized sound mode, i.e. v(T) = v (T) = /C11{Z )/ p(1). At
first sight v(T) behaves similarly to what is found at hypersonic frequencies for fragile
glasses like atactic (amorphous) polymers (cf [10]). In accordance with the temperature
behaviour of the specific volume (figure 6) the slope of the sound velocity curve v(T)
changes characteristically at T, (kink-like behaviour). At higher temperatures, above the
quasi-static glass transition at 7, = 86 K, there exists a steel increase of the sound velocity,
but a striking concave bending in the v(T)-curve can be seen at 7™ = T; - 60-70 K. On
one hand such 2 temperature dependence does not correspond to the transition from the
‘fast-motion” to the ‘slow-motion’ regime of an appropriate structural relaxation process
{(cf [10]). On the other hand, within the margin of error (uncertainty of the wave vector
orientations for the different measurements) there is no wave vector dependence either of
sound velocity or of sound attenuation (figure 13). although the acoustic wavelength was
changed by a factor of ~ 1.6 turning from the 90A to the 90N scattering geometry. This is
not the expected behaviour of the classical structural glass relaxation («-process). Therefore,
the mechanism leading to the observed v({T")-curve should be at least of local origin (further
discussion of this is presented below).

Figure 14 shows typical permittivity behaviour of solid DFTCE in the range of dielectric
relaxation. With increasing frequency f, the maxima of £(7T7} and tan 8(7T) shift towards
higher temperatures. At temperatures well above and below these maxima, the dielectric
dispersion is practically not measurable within the frequency region investigated, In
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Figure 10. The temperature dependence of the components of the elastic-stiffness tensor (cubic
symmetry) as obtained from the least-squares fits of the polar diagrams shown in figure 9.

an additional experiment with a plane-parallel capacitor (cuvette) we determined the
permittivity value of DFTCE at the ice point to be g373x = 3.040 £ 0.006, for frequencies
between 1 and 20 kHz. This value has to be compared with the dielectric constant measured
at optical frequencies sqssx(h = 514.5 nm)} = 2.12 indicating the existence of a small
dispersion. Though we use and present only data taken on cooling in this study, we
measured the entire cooling-heating cycle to check for the formation of cracks inside the
sample. Measurements that exhibited sudden discontinuities in the permittivity value were
discarded, During these cycles we found no manifestation of the presence of an ordered
phase, which forms only after very long low-temperature annealing [9]. No temperature
hysteresis was observed in the positions of the £ and tané maxima in these cycles. These
positions also rernain unaffected by an applied DC field up to 10 MV m™".

The observed dielectric dispersion is a manifestation of the primary relaxation associated
with the glass transition. It is a standard procedure to use the positions of the tan§ maxima
on the temperature scale (data for 25 frequencies in our case) for analysis by the Arrhenius
and/or Vogel-Fulcher law. The Arrhenius fit, however, yielded an unreasonably high attempt
frequency wp = 7.4 x 10°2 571, not a rare simation in the case of glass transitions (see e.g.
[33]). Figure 15 shows the fit to the Vogel-Fulcher 1aw (@pax (T) = woexp(—E /(T — Tyg)),
in which only data from our dieleciric measurements were employed. The best values of the
least-squares fit (at #2 = 0.9988; r is the correlation coefficient) are wp = 8.44 x 10! Hz
(vo =28.1 cm™1), the activation energy E = 0.048 eV and the Vogel-Fulcher temperature
Tyr = 70.42 K. On this graph, the frequency of the attenuation maximum of a QL acoustic
phonon with fG* = 4.35 GHz occurring at 160 K was added, together with data taken
from figure 11 of [34] (which shows the temperature dependence of the correlation time
7 of the molecular reorientation in DFTCE, as determined from NMR experiments). The
mutual agreement of all these data is good. The rather high discrepancy between NMR and
dielectric data at the lowest temperature in figure 15, which is very close to Ty, possibly
gives a hint that the Vogel-Fulcher law is not valid down to the glass-transition temperature,
as is often observed. Considering only the temperature dependence of the relaxation time of
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different relaxation processes it could be concluded that the relaxation process observed in
the dielectric measurements is a manifestation of freezing out of the reorientation of DFTCE
molecules. This fit also yields a reasonable ‘frequency of non-ergodicity’, i.e. the frequency
at the thermodynamic glass-transition temperature T, = 86 X: it is 0.46 Hz.

Over a wide temperature region below ambient temperature, crystalline DFTCE shows
interesting freezing phenomena. The structural elements and the dynamical and quasi-static
disorder of this system are reminiscent of the so-cailed orientational glasses such as KCN-
KBr (see [35]). However, at least two characteristic differénces are observed. Firstly a
dramatic jump in the heat capacity and, consequently, typical kink-like anomalies in the
specific volume and in the sound velocity were found at the quasi-static glass-transition
temperature T;. So far such anomalies are not known for orientational glasses. Secondly
relatively far away from the transition point Ty (T =2 Tg 4 50-70 K) the dynamics of
freezing is peculiar and more siwilar to the behaviour of structural relaxation in classical
fragile glasses. Therefore in earlier works the freezing in DFTCE was discussed in terms of
the classical idea of co-operative «- and S-processes.

However, looking at the temperature dependence of the frequencies of acoustic phonons,
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Figure 12. A comparison of v(T) as obtained from S0A (O, Pla substeate) and 90N
measurements (+, x, cylindrical sample)(7; = 86 K.

measured by BS {see above and [18]), some doubts arise concerning this ‘classical’
interpretation. A continuous freezing of the molecular reorientations would produce a
smooth change of the phonon frequencies on lowering the temperature. At best an S-
like behaviour could be observed at temperatures where wt(T) ~ 1. Actually a relatively
sharp change in the slope of the temperature-dependent acoustic-phonon frequency was
found at about 170 K, where at the same time the attennation of this acoustic-phonon mode
shows a maximum (see figure 13). In contrast to this, the atienuation-peak position for
a classical relaxation process would coincide with the tumning point of the curve for(T),
where the curvature is zero. Moreover, the attenuation damping peaks measured in the
90A (f3P* = 4 GHz) and 90N scattering geometries ( F = 7 GHz) yield damping peaks
at nearly the same temperature. That means that the characteristic attenuation-peak shift
expected on the basis of the Vogel-Fulcher law is not really confirmed by the Brillouin data
(a shift of the order of 20 K should occur).

Therefore alternative explanations of the relaxation processes in DFTCE have to be
searched for. Several attempts to incorporate collective relaxational effects in describing
non-Debye relaxation have been made (see e.g. {2,4,36]). However, it is of interest to
discuss our results in the light of a recent mode-coupling theory for the scalar ¢*-lattice
model of structurally unstable systems [20]. On the basis of this theory a dynamic freezing



Unconventional orientational glass transitions 6961

9.5 0.45
9.0
{o.40
851
{0.35
8.01
7.5 0.30
T~
W 7.0 Z
z 025 O
e 5.5. o ..
1 020 =
‘.9 6‘0.. 3
_ T
551 1015
1
5.0} 0,
45 - : w 10.10
o T ’“
P AN 1
wole ¥+ “ ! 0.05
H
i
+ . ¢ +
3555 100 10 200 280 O
T : [K]

Figure 13. A comparison between fou(T) and the comesponding hypersonic atrenuation
(AwWrM) using the 90A (O, €) and 90N (0, ¥)scattering geometries. The dashed line reflects a
characteristic tempetature T, which may be interpreted as the mode-coupling freezing-transition
temperatare Tf.

transition is obtained at a temperature T* well above the static structural phase transition
temperature 7§, Using the results of this theory the following scenario is conceivable (cf
[20,21]). At higher temperatures (77 > 200 K) the main relaxation process is connected
with jumps of individual DFTCE molecules between the four different orientations along
the (111)-direction. This relaxation was observed arcund the melting point by Satija and
Wang [14] when analysing the Rayleigh line width of the Brillouin spectra. At least
in this temperature range the relaxation data fit the Arrhenius law quite well with the
following reasonable parameters: activation energy E, = 0.087 meV and attempt frequency
wp = 1369 cm™!. Lowering the temperature, data of neutron scatteting [37], and of
Raman {38] and our FIR spectroscopy, point to a new kind of dynamics in the frequency
region 20-50 cm™!, which can be assigned to a homogeneous librational mode. Taking into
account the anharmonicity of the local potential for the rotation of DFTCE dumbbells and a
random distribution of trans and gauche states of the DTFCE molecules it seems possible to

1 The mode-coupling treatment in [20] is formally similar to that of the dynamical theory of glass transitions in
supercooled liquids developed by Gétze and Sjogren [5]. It is rot clear to us whether the freezing of librational
motion can be compased with the freezing of density—density fluctuations leading to the transition of fragile glasses.
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Figure 15. The Vogel-Fulcher plot for DFTCE: -, the temperature dependence of the tand
maximum at different frequencies; solid line, least-squares fit (Tyg = 70432 K, &g =
8.4410!! Hz and E = 0.048 eV); A, Brillouin value; B, correlation frequencies of molecular
reorientations in DFTCE (taken from [39]).

describe this librational dynamics with the model presented in [20]. The results of the mode-
coupling theory obtained in [20] can then be used for qualitative discussions. According to
these a freezing transition in the librational subsystem at a temperature 7' above the static
glass-transition temperature T, is expected. Owing to the disorder of a so-called A-type
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transition (cf [5]) is expected where the imaginary part of the dynamical order-parameter
susceptibility shows a pronounced peak around the temperature 7, while the real part
of that susceptibility has a cusp there. Because of the absence of the local inversion
symimetry in DFTCE the interaction of the librational motion with the acoustic phonons can
be caused by a coupling term linear in the order parameter. This circumstance may produce
a phonon attenuation peak and the change in slope of the temperature-dependent phonon
frequency at 7% = 170 K. According to the mode-coupling theory at T < T* a central
peak component in the fluctuation spectrum appears, but its intensity vanishes as T goes to
T*. Owing to remaining thermally activated processes this central peak will have a finite
width corresponding to the relaxation of correlated clusters of DFTCE molecules. This is the
relaxation process seen by our dielectric and NMR [39] measurements. To check this idea it
would be necessary to observe the intensity of the dielectric loss peak up to temperatures
T =~ T*, where this peak should disappear. So far we have not been able to perform such
measurements since our dielectric equipment works only to megahertz frequencies, while
gigahertz are required. A detailed discussion of the proposed interpretation will be given
elsewhere [19].

4. Conclusions

Solid difluorotetrachloroethane exhibits freezing phenomena that partly resemble orienta-
tional glasses and partly canonical glasses. Within the accuracy of experimental results the
overall relaxation frequency seems to obey the Vogel-Fulcher temperature dependence, but
analysing the Brillouin-scattering data it seems likely that the temperature dependence of
the sound frequencies and of the corresponding attenuation reflects a new kind of freezing
precess, which may be caused by anomalies in the librational motion. One possible expla-
nation of this behaviour was discussed in the framework of a mode-coupling theory [20]
applied to the orientation dynamics of the DFTCE molecules. According to this approach
the high-frequency relaxation above the freezing temperature 77 = 170 K is due to reori-
entation of individual molecules, whereas the low-temperature relaxation below 7 should
be due to correlated motion of locally ordered molecular clusters. Combined Raman and
Brillouin-scattering measurements over several frequency decades (cf [40]) and dielectric
spectroscopy in the gigahertz range are needed to confirm the mode-coupling predictions of
a dynamical freezing transition in DFTCE. ’
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