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Abstract

The dynamical origin of the orientational disorder in
the plastic crystalline phase of hexachloroethane
(C,Clg) has been determined by inelastic neutron
scattering. A comparison between the energy-
integrated neutron scattering and the diffuse X-ray
scattering, which was reported previously, enables
single-molecule scattering and contributions to the
diffuse scattering due to short-range correlations to
be distinguished. A single-particle rotational diffusion
model explains the quasielastic part of the inelastic
scattering. The one-dimensional ordered clusters have
a considerably larger characteristic time and con-
tribute to the ‘elastic’ intensity. Reasons for the com-
plete absence of well defined collective translational
excitations are discussed.

1. Introduction

This paper is the second part of a report about a
combined X-ray and neutron scattering study of the
coherent diffuse scattering in the orientationally dis-
ordered phase of hexachloroethane.

In the first part (Gerlach & Prandl, 1988, hereafter
referred to as I), we analysed the diffuse X-ray scatter-
ing. We were able to distinguish between single-
molecule scattering and contributions to the diffuse
scattering having a more-pronounced variation of
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intensity due to short-range-order correlations. The
single-molecule disorder is well described by a model
structure which was generated in a Monte Carlo pro-
gram. Steric-hindrance effects between nearest- and
next-nearest-neighbour molecules determine the
time-averaged orientational and centre-of-mass dis-
tribution of the individual molecule. Preferred
orientations are those in which the trigonal molecular
axis is parallel to the cubic body diagonals. Weaker
scattering under small wave-vector transfers, in the
form of (111) planes of diffuse scattering, prove in
addition the existence of one-dimensional orienta-
tional correlations along the diagonals of the body-
centred cubic lattice. A parallel arrangement of the
trigonal axis of neighbouring molecules turned out
to be energetically favourable. The intensity distribu-
tion is interpreted in terms of the Naya (1974) model,
an extension of the Ising model which has two easy
orientations to a system with n> 2 orientations.

In the present paper we investigate the dynamical
origin of the disorder by analysing the energy depen-
dence of the different parts of the diffuse scattering.
Inelastic neutron scattering is a particularly powerful
tool for the analysis of orientationally disordered
solids (see e.g. Sherwood, 1979). The formalism to
describe the diffuse X-ray scattering, which was
developed in § 2 of paper I, can be applied in an
analogous way in the analysis of the energy-integrated
coherent neutron scattering, by simply replacing the
|Q|-dependent form factor for X-rays by the constant
neutron scattering length. A complication occurs,
however, in the case of the Cl atoms, where the
incoherent scattering is superimposed on the coherent
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diffuse scattering. An experimental separation of
these two contributions to the scattering intensity,
which was demonstrated to be feasible by polarization
analysis earlier (Gerlach, Schirpf, Prandl & Dorner,
1982), could not be applied in this experiment. We
will give therefore in § 3 a more qualitative description
of the wavevector dependence of the elastic and
inelastic coherent and incoherent scattering parts,
after the description of the experimental details in
§ 2 of this paper. The observed single-molecule scat-
tering is discussed in terms of a simple diffusion model
in § 4 and the contribution due to short-range correla-
tions in § 5. Finally we draw a conclusive dynamical
picture of the orientational disorder in the high-
temperature phase of hexachloroethane in § 6 in com-
parison with other related molecular crystals.

2. Experimental details

The single crystal of hexachloroethane was grown in
a thin-walled cylindrical quartz-glass container by
slow cooling from the melt. The crystal had a final
size of about 2-5 cm®. The mosaic spread could be
improved by keeping the crystal over a long period
of time at temperatures close to the melting point
(T,,=458 K). At the time of the experiment the
mosaic spread was less than 50"

The measurements were performed using the IN2
three-axis spectrometer at the ILL high-flux reactor
at Grenoble. For most of the measurements the
incident energy was fixed at 3-5 THz. Pyrolytic
graphite (002) was used as monochromator and
analyser. The double monochromator reduced the
fast-neutron and y background and neutrons from
higher-order Bragg reflections in addition to a
pyrolytic graphite filter. Collimators of 60 before and
after the monochromator and analyser gave an instru-
mental energy resolution of 0-26 THz (FWHM) at
the elastic position. Some scans were performed with
an improved resolution (0-05 THz) using an incident
energy of 1:2 THz and a 30’ collimator after the mono-
chromator together with a cooled Be filter.

Measurements of the elastic and quasielastic
diffuse scattering were made using the (110) scattering
plane at 413 K. Constant-Q scans were performed
grouped along the lines in reciprocal space which are
indicated in Fig. 1. These lines were chosen on the
basis of the observed X-ray and the calculated (single-
molecule) neutron scattering intensities and can be
sibdivided into three groups:

(a) lines running perpendicular through the (111)
planes of diffuse intensity observed in the X-ray
experiment: D and @;

(b) lines along high-symmetry directions: e.g. (110)
and (001), ® and @, respectively,

(¢) lines through characteristic features of the
single-molecule scattering: e.g. the diffuse maximum
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Table 1. The scattering function and the energy-
integrated scattering

The scattering function written as a sum of a Gaussian with the instrumental
energy resolution width (‘elastic’ part), a resolution-convoluted Lorentzian
(quasielastic part) and a constant background:

S(Q, @) = Sciast(Q, @) + Sguusi(Q, @) + Secier

Setass = AGR exp [—log 2(w/ I'6)*]

Saquasi = Stor(Q, @)1 % (@ — wo) dwg

Sior=A R (0?+T7%)

Ag, A, =amplitude of the Gaussian and Lorentzian, respectively

TG, I', =half width at half maximum of the Gaussian and Lorentzian,
respectively

IR = resolution function: Gaussian with A =1/2Ig and 2I' = 0-26 THz,
as determined with a vanadium standard

R =normalization of resolution for a constant-Q scan with constant k, =
k,3 cot 8, (Dorner, 1972)

0,4 = Bragg angle of the analyser
ki, k; = wavevectors of the incoming and diffracted beam, respectively

The energy-integrated scattering:

+0
Toian(Q) = | Serae(Q, @) dw = Ag2lgn'/?

Tuas(Q) = | Suusi(Q @) do=A Ty m

close to the forbidden 003 reflection, @-@), and
close to the 221 reflection, —@.

Strong elastic scattering, which was distributed
isotropically on circles in the scattering plane, was
detected at |Q|=1-36, 2-74 and 3-09 A~". The first
powder ring is due to the strong 110 reflection scat-
tered from small misaligned crystallites of hexa-
chloroethane. The two outer rings are characterized
as aluminium powder scattering from the sample
holder and the furnace. All elastic contributions at
these wavevector transfers were suppressed in the
analysis. The quartz container could give rise to an
increase in the elastic scattering at |Q|=1-5 A~ but
no significant contribution was detected.

Fig. 2 shows, as an example, sequences of con-
stant-Q scans between —2+0 and 1-0 THz recorded at
Q values along the lines which are indicated in Fig.
1. All spectra are well described by an ‘elastic line’
sitting on a broad quasielastic distribution. The ‘elas-
tic line’ displays the instrumental energy resolution,
which was determined by a vanadium standard. The
expression ‘elastic’ means that this intensity may con-
tain true elastic scattering as well as quasielastic scat-
tering with an energy width narrower than the experi-
mental resolution. The quasielastic part is given by a
Lorentzian, convoluted with the instrumental reso-
lution function (for details see Table 1). The change
of resolution with energy transfer leads to the asym-
metry of the quasielastic line with respect to zero
energy transfer visible in Fig. 2. The wavevector
dependence of the quasielastic line width (FWHM =
2I',) obtained in a least-squares refinement and the
energy-integrated elastic and quasielastic intensities
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are shown for the scans @+@®, @ and @ in Figs
3(a)-(c), respectively.

3. Coherent and incoherent scattering

The total (spin plus isotopic) incoherent cross section
of chlorine is 0;,. = 5-2 X 1072 m?, the coherent cross
section o.on=11-5x10"2m?. Adding to this the
almost purely coherent cross section of the C atoms
(Teon=5-5%x10"2 m?), we find that 37% of the total
cross section of the hexachloroethane molecule is due
to incoherent effects. A detailed analysis of the
observed spectra therefore has to take into consider-
ation both contributions. For the sake of simplicity
we will discuss the general Q dependence of the
coherent and incoherent scattering law in the powder
average, as is shown in Fig. 4.

The broken line separates both contributions. The
solid line represents the coherent diffuse scattering
in the single-molecule approximation. As long as the
orientational disorder is of dynamical origin, this part

is purely inelastic or quasielastic. The true elastic
contributions enter completely into the Bragg scatter-
ing (which is suppressed in Fig. 4). In contrast to
this, the incoherent part (below the broken line)
always contains an elastic and an inelastic contribu-
tion if it stems from rotational diffusion of molecules
without translational diffusion. Theoretically the
integral over all incoherent contributions shows no
Q dependence. The separation into elastic and inelas-
tic parts, which is given in Fig. 4, is calculated for a
jump diffusion model (for details see Gerlach et al.,
1982). The elastic scattering decreases with an almost
model-independent slope for |Q|<1:2 A™! from the
maximum in the forward scattering direction.
Another maximum at about 2:6 A™" is, in comparison
with the total scattering, relatively weak and is even
less pronounced in more realistic stronger-disordered
models.

We can therefore neglect to a good approximation
elastic contributions for |Q|>1:3 A™" and assume
that the quasielastic incoherent scattering is constant
in this region.
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Fig. 1. The calculated single-molecule neutron scattering using the Monte Carlo routine in the (110) scattering plane. [This figure is
analogous to Fig. 5(c) in I for X-ray scattering.] The insert shows the intensity scale using ten different grey tones. Crosses in the
upper quadrant indicate the reciprocal-lattice vectors of the b.c.c. lattice given in units of 277/ a. The hatched lines give the intersection
of the (111) planes of diffuse intensity with the scattering plane seen in the X-ray experiment. Constant-Q scans were performed at

the points along the indicated lines.
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Fig. 2. Characteristic energy spectra recorded at 413 K. All intensities are given in the same arbitrary units. The numbers refer to lines

given in Fig. 1. The solid line shows a fit with functions described in the text (Table 1). The broken line separates the elastic and
quasielastic components.
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Fig. 3. Comparison of the Q dependence of the integrated quasielastic and ‘elastic’ scattering and the quasielastic linewidth (FWHM)
along the lines given in Fig. 1. (a) (h, h, h+0:65)=Q+©; (b) (h, h, 0)=®; (¢) (0, 0, h)=@. The solid line represents the
single-molecule scattering, calculated in the Monte Carlo routine, the dotted line is the estimate of the quasielastic incoherent
scattering, discussed in the text. Broken lines are only a guide to the eye. All intensities are scaled to the same arbitrary value.
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It becomes clear from Fig. 4 that all inelastic contri-
butions vanish at Q =0; thus we assign the forward
scattering (for Q small, but away from the 000 ‘Bragg
reflection’) to purely incoherent elastic scattering.
This allows in general a unique scale factor to be
determined. But unfortunately we were not able to
measure in the forward scattering region in this
experiment, therefore we had to assume a reasonable
but not absolute value for the constant quasielastic
incoherent scattering at large wavevector transfers
(see the dotted line in Fig. 3). Despite this remaining
ambiguity and the omission of the wavevector depen-
dence of the quasielastic incoherent scattering,
several results, which are revealed by a comparison
of Fig. 4 with the experimental data in Fig. 3, should
be noted.

(i) The observed intensity at large wavevector
transfers is in all symmetry directions predominantly
quasielastic. The integral quasielastic scattering fol-
lows the Q dependence, which was calculated in the
Monte Carlo routine for the single-molecule disorder
scattering. The calculated intensity distribution for
the coherent neutron scattering [which is analogous
to Fig. 5(¢) in I] is depicted in Fig. 1 and the solid
lines in Fig. 3 represent details along a certain line.
In particular, the anisotropy, most clearly given by
the difference in the scattering between intensities
measured along the (hh0) and the (00h) directions,
Figs. 3(b) and (c), respectively, is reflected in the
quasielastic scattering. The related line width shows
a strong increase in all symmetry directions with
increasing momentum transfer.

(ii) The ‘elastic’ intensity has a well defined
maximum under small scattering angles, where the
scans (D and Q) cut the (111) planes of diffuse

intensity [arb. units]

l —

Fig. 4. Contributions to the energy-integrated diffuse scattering in
the powder average. Coherent scattering: above the broken line,
calculated in the single-molecule approximation. Incoherent
scattering: below the broken line; the shaded area represents
the elastic part in the jump model. The dots are experimental
data; details are given in the text and Gerlach et al (1982).

255

intensity already observed in the X-ray experiment.
This diffuse intensity in planes corresponds to chain-
like clusters along the body diagonal. The ‘elastic’
scattering was compared in a series of scans in order
to separate this effect from the powder scattering from
misorientated crystallites. In all scans these maxima
appear at slightly increased Q values, compared with
Qii0: Q=0Qy;010-12(1) Al

(iii) No phonon intensities were recorded in the
vicinity of the 110, 220, 211 and 222 reflections. All
spectra, obtained in the constant-Q as well as the
constant-E mode, were dominated by a strong
quasielastic scattering, without any pronounced
phonon peaks, even at small wavevector transfers
g =0-03 A™'. Lowering the sample temperature down
to 380 K and improving the instrumental resolution
(FWHM: 0-05 THz) did not change the result. The
analysis of quasielastic line width showed, however,
deviations from the continuous increase with increas-
ing wavevector transfers at the high-indexed Bragg
positions 004 and 222 (see, for example, Fig. 3¢). We
suspect that intensity contributions at low-energy
transfers from unresolved acoustic phonons (or
‘phonon-like’ scattering) truncate the form of the
single Lorentzian and lead to the fictitious line nar-
rowing.

4. Rotational diffusion

In the first part of this paper we demonstrated that
the dominant contribution to the diffuse scattering
originates from orientational disorder of the
molecules. An approximative description of the
single-molecule motion, which manifests itself in the
quasielastic part of the energy spectrum, has to con-
centrate therefore on the rotational movement.

In all different symmetry directions we observe a
broadening of the quasielastic linewidth with increas-
ing wavevector. This favours a description in a
diffusion-type model rather than a simple discrete
jump model. The scattering function is given in the
latter case by a superposition of different Lorentzians
with a |Q|-independent linewidth. In the limit of
jumps between a large number of allowed equilibrium
positions the scattering function becomes indistin-
guishable from the diffusion-type model. In the con-
tinuous diffusion model the coherent and incoherent
response function is a superposition of a series of
Lorentzians with increasing linewidths. The scattering
law is only known explicitly for the isotropic rota-
tional diffusion, or, in other words, for the limiting
case of a vanishing angle-dependent part of the single-
molecule potential (Sears, 1967; Bee, 1985). This
model can serve only as a qualitative description in
our case: the pronounced Q dependence of the
observed diffuse scattering as well as the effective
rotational potential, determined from the Bragg scat-
tering earlier (Gerlach, Prandl & Vogt, 1984) prove
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the existence of angle-dependent parts. We have to
neglect this in the following. Furthermore we approxi-
mate the molecules by ideal octahedra, the C atoms
being located at the centre of mass of the octahedra
and not affected by the rotation. The scattering of the
Cl atoms is now given, following the formalism of
Sears (1967):

S(Q, w)=S5(|Q|, w)= 1§4 A,Tl(tz))~+-l'z0 B, T (w);

even

Ay~ beon(21+1)j3(Qp);

coherent:

incoherent:

The Bessel functions j, represent the Fourier trans-
form of the angle-independent scattering-length-
density distributions on a sphere of radius p.

In contrast to the incoherent part, where all
functions with >0 (/=0 is the elastic scattering)
contribute to the scattering, only those functions
appear in the coherent part which are totally sym-
metric under the transformations of the idealized
molecular group m3m: [=4,6, 8 etc.

The » dependence is in both cases given by a
Lorentzian of the form

T'w)=(I}/m)/(0*+T7)

with an [-dependent width I', = I(I+1) Dg, Dg being
the rotational diffusion constant. Fig. 5 gives values
for Dg, which were determined in a least-squares
refinement of the scattering law to the experimental
data in two different symmetry directions. The scatter-
ing law was convoluted with the instrumental resol-
ution function analogous to Table 1. For wave vectors
|Q|>1-5 A", the rotational constant Dy, is constant:
0-018 THz. The oversimplified description in a single-
molecule model is certainly no longer true at smaller
wavevectors, where coherent scattering from corre-
lated regions becomes important (compare with Fig.
5 in paper I). This explains the deviations in Fig. 5.

5. Short-range correlations

We had anticipated that short-range correlations
between molecules, as far as they exist, have larger
characteristic times than the single-molecule
reorientations. Therefore we expected signals from
correlated clusters in the ‘elastic’ intensity rather than
in the quasielastic. The only observations are the (111)
planes of diffuse scattering, where indeed the energy
width could not be resolved. Therefore we can only
give a lower limit for the lifetime of these chain-like
clusters: 7>4-8x 107" s. We searched very carefully
for (222) planes without success. The energy width
of this diffuse scattering should be the same as for
the (111) planes.

SHORT-RANGE-ORDER CORRELATIONS IN HEXACHLOROETHANE. II

6. Concluding remarks

The present X-ray and inelastic neutron study
demonstrates that the orientational disorder in the
high-temperature phase of hexachloroethane is
predominantly a single-particle phenomenon of
dynamical origin. The molecules perform uncorre-
lated large-amplitude librational motions around a
number of equilibrium orientations. The equilibrium
orientations are determined by short-range interac-
tions (steric hindrance) with the nearest- and next-
nearest-neighbour molecules. The absence of well
defined modes in the inelastic spectra prove these
motions as overdamped and of relaxational character.
The librations are frequently interrupted by jumps
between symmetry-related equilibrium orientations;
these were detected earlier by the analysis of the
incoherent scattering (Gerlach er al., 1982). A descrip-
tion of this complex type of motion in terms of a
simplified isotropic rotational diffusion model gives
the diffusion constant D =0-018 THz.

From the single-molecule point of view, hexa-
chlorocthanc satisfies the requirement for the concept
of orientational frustration (Dove & Pawley, 1984);
the librational motion causes the sites - distinct only
through the small distortion of the molecule from the
octahedral shape - to appear equivalent. For such
systems, in which the crystal site and molecular sym-
metry are identical, the frustration model explains
the orientational disorder as a result of the ‘ordering’
due to nearest-neighbour and ‘disordering’ due to
next-nearest-neighbour interactions. This leads to the
observed large-amplitude librations and reorienta-
tional jumps. In addition to this we were able to
identify one-dimensional clusters of short-range-
ordered molecules. These precursor orientational
ordering effects are new for the class of ODIC crystals
build up from octahedral or almost octahedral
molecules [but were reported earlier in the case of
CBr, (More, Lefebvre & Hennion, 1984)]. No such
effects were detected, for example in SF, where this
conclusion was drawn, however, by inspecting the

008 T . T T
I 48607
006 ¢ t00%]
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anz. ‘ Iy
< i
= oozl “"T"}}'*'}'?"} L H. __}_%i”_‘”_“’_”t
0 7 3 i

Fig. 5. The rotational diffusion constant Dy determined in a
refinement of the Lorentzian linewidth in the isotropic rotational
diffusion model at different wavevectors along the lines @ (open
circles) and @ (closed circles) of Fig. 1.
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time-dependent molecular trajectories calculated in
a molecular dynamics study (Dove, Fincham &
Hubbard, 1986); a detailed study of the diffuse scat-
tering from a single crystal of SF; is still missing.

The occurrence of the maxima of diffuse intensity
in C,Cl¢ at wavevectors slightly larger than the (111)
planes in reciprocal space might be a hint to a rota-
tional-translational coupling connected with the
orientational ordering: the attractive forces between
two parallel orientated nearest-neighbour molecules
cause a decrease in the centre-of-mass distance of
about 8%.

A remarkable experimental fact is the complete
absence of well defined collective translational excita-
tions. While it is well known that librational modes
are usually overdamped in ODIC phases of molecular
crystals, it is surprising that no acoustic modes could
be resolved, even at small wavevector transfers. It is
difficult experimentally to extend the investigation
closer to the Brillouin-zone centre, because elastic
scattering from misaligned crystallites leads to
spurious peaks in this region. The analysis of the
energy-integrated scattering has shown that the ther-
mal diffuse scattering due to phonons is relatively
weak in comparison with the orientational disorder
scattering. This suggests that the translational dis-
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placements are also of overdamped character prob-
ably due to a strong translational-rotational coupling.
SF; is another example where a similar measurement
(Dove, Pawley, Dolling & Powell, 1986) revealed no
well defined acoustic modes, in contrast to most other
orientationally disordered crystals (e.g. CD,, CBr,,
N,) in which the acoustic phonons are well defined,
at least at small wavevectors.
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A General Lorentz Correction for Single-Crystal Diffractometers
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Abstract

A single-crystal Lorentz correction is derived for the
case of a general scan through an out-of-plane reflec-
tion on a four-circle diffractometer with relaxed
sample-to-detector collimation. When the Lorentz
correction is expressed in terms of the incremental
steps in the Eulerian setting angles, structure ampli-
tudes observed by different scan trajectories, for
example, some angular in real space and others linear
in reciprocal space, are put on a common scale, and
errors due to known missetting of the angles or round-
ing off of the angles are avoided.
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Introduction

In a conventional single-crystal diffraction experi-
ment the integrated intensities of the reflections are
measured by rotation of the crystal about one axis of
the diffractometer, usually that axis which best re-
solves neighbouring reflections. For a constant veloc-
ity of rotation of the crystal, different reciprocal-
lattice points pass through the Ewald sphere at
different rates and therefore have different times-of-
reflection opportunity. The inverse of the correction
factor to be applied to the observed integrated
intensities to obtain (relative) squared structure
amplitudes is called the Lorentz factor, following the
demonstration of its dependence on the experimental
arrangement by Lorentz in one of his classroom lec-
tures (Azaroff, 1968).

For some structures, particularly those which are
incommensurate or exhibit macroscopic stacking
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