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The x-ray diffraction pattern from aligned samples of the smectic-/ (SmJ) phases of a number of compounds has
been considered, with particular emphasis on TBDA (C,,H,, PAINCHPhCHNPhC, H,,, where Ph stands for the
phenyl group) which exhibits both Sm/ and smectic-F (SmF) phases. It is established that both SmJ and SmF phases
are quasi-two-dimensional structures, with essentially no correlation of molecular positions between layers. They
each have C-centered monoclinic lattices with long-range three-dimensional order of the lattice directions (bond
orientational order) but do not have long-range positional order. The SmF and Sm/ phases differ in the direction of
molecular tilt relative to the hexagonal packing of the molecular long axes: In terms of the unit cell axes, with b the
unique axis, @ >b for SmF and b >a for Sm/. Analysis of intensity profiles from high-resolution powder
measurements has led to a quantitative description of the correlation function for the molecular positions in the
smectic layers. The SmF phase has exponential decay of correlation with correlation lengths of order 100 A, while
the (higher temperature) Sm/ phases show algebraic decay as expected for a truly two-dimensional crystal. Current

theories do not account for this result.

INTRODUCTION

Of the phases which have hitherto been classi-
fied as “smectics” it is now clear that a number
(e.g., SmE, SmG, SmH) are truly crystalline in
the sense that they exhibit long-range 3D position-
al order of the molecules (although still possessing
considerable orientational disorder). On the other
hand, the SmA and SmC phases are true liquid
crystals with 1D density waves either parallel to
the director (n or z direction) for SmA or at an
angle (B,) to it for SmC. These density waves do
not have long-range order but rather a correlation
function with algebraic decay [G(F) ~%""] which re-
sults in a power-law singularity in the scattering
of the form* (for SmA) S(Q) ~¢:**"q,> q.) ~¢"*"q
>q,).

There also exist at least three intermediate
phases SmB, SmF, Sm/ which may lack long-range
3D positional order.? There now appear to be two
kinds of “SmB” phase: “crystal B” which is a
hexagonal crystal and a “hexatic B” which has
only short-range hexagonal ordering of molecular
positions but does have long-range bond orienta-
tional order.® The first phase of this latter type to
be recognized was in fact the SmF phase* and more
recently the existence of the Sm/ phase has also
been established.>® It is the purpose of this paper
to determine the types of correlation existing in
these two tilted phases.

%

THE NATURE OF SmF AND Sm/ PHASES

The SmF and SmI phases were first revealed
as having distinct identities by means of miscibility
and optical studies. Powder x-ray-diffraction
photographs of SmB, SmF, and Sm/ phases are
qualitatively similar in showing only one “outer
ring” corresponding to the first 220 ring of the
reciprocal lattice, although the width of this ring
appeared in general to be sharper for SmB and
SmJ than for SmF. X-ray diffraction studies? %7
of aligned specimens of SmF revealed a tilted
structure with 3D long-range bond orientational
order but only short-range (£~100 A) positional
order within a layer and almost none between lay-
ers. The molecular packing is essentially hexa-
gonal in the plane normal to the long axes [the
short-range ¢orrelation makes it difficult to speci-
fy positively whether the (#%£0) plane of the recip-
rocal lattice has exact hexagonal symmetry] and
this gives a local structure which is C-centered
monoclinic; the lattice axes having long-range
order of divection. This was in fact the first ex-
perimental example of an hexatic type of phase
which was predicted theoretically for 2D systems,
although the SmF is more properly described as
a stacked tilted hexatic phase.

More recently,? similar measurements have been
made on the Sm/ phase and in particular an ex-
ample was studied (TBDA see Table I) which exhi-
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TABLE I. Examples of SmF and SmI phases characterized by
x-ray diffraction.
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3Cr, N, and Iso stand, respectively, for crystal, nematic, and
isotropic liquid phases. The letters A, B, etc., denote the type of
smectic phase and the numbers are transition temperatures in °C.

bH’ and G' are phases analogous to G and H but with tilt direc-
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tion similar to I rather than F2.

bits both Sm/ and SmF phases. A similar struc-
ture was revealed, except that the tilt directions
in the two phases are different and the correlation
length in the SmI is greater. In terms of the C-
centered monoclinic cell, with b the unique axis,
a>b for SmF and b>a for SmlI; or, in terms of
the hexagonal molecular packing the tilt is towards
an edge of the hexagon in SmF and towards an
apex in SmJ. The transition presumably occurs

by an azimuthal rotation of the molecules through
m/6, with approximately constant tilt angle, as
shown in Fig. 1(a). These results are illustrated
in both real and reciprocal space in Fig. 1. The
important points to note are the following: (a)

the 00! reflections are of resolution-limited widths;
(b) only the lowest-order %k0 reflections are ob-

served and these have the shape of diffuse bars of
scattering of length 2 +c* which indicates imme-
diately the restricted positional correlation within
layers and very weak interlayer correlation; (c)
no hkl reflections are observed; (d) the difference
in tilt directions between SmF and Sm/ is revealed
most directly by the symmetry of the diffraction
patterns for the fiber-texture samples. Note also
that the original papers*® show that both for SmF
and Sm/ the 220 ring intensity has six maxima in-
dicating the existence of long-range bond orienta-
tion, and high-resolution powder measurements
(see below) show that the (020) and (110) planes
have identical spacings for the SmI phase indicating
true hexagonal symmetry of the (%#20) reciprocal
lattice plane and hence of the molecular packing.
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FIG. 1. (a) Schematic representations of real (upper) and reciprocal (lower) lattices for SmF and SmI phases. The
arrows show the direction of tilt of the molecular long axes. Also shown are schematic intensity profiles of the diffuse
bars of scattering, where g(g,) represents the profile parallel to c* and f(g,,q,) represents the profile in the a, b* (or
b) plane. (b) Diffraction patterns for SmF and SmI phases for fiber-aligned samples: upper pattern for sample dis-

ordered about c* and lower disordered about c.

The C-centered monoclinic structure of the SmJ
phase with b>a has been positively established

for two compounds, TBDA and PDOBAC (defined

in Table I), for which the existence of SmI had first
been established by other means. For PDOBAC

we have confirmed the results of Diele et al.® in
our laboratory. We have also examined
HEPTOBPD which was known to have a rich poly-
morphism and a preliminary study of which led
Barrall et al.® to suggest that it exhibited an SmF
phase. Our diffraction experiments® on a fiber-
aligned sample showed an SmI-type structure
(b>a) and subsequent optical reexamination and
miscibility studies confirmed also an SmI.® Thus
we have three separate examples, one also having
an SmF phase, in which a particular tilt direction

" of the C-centered monoclinic cell (5> g) is associ-
ated with an Sm/ phase, and we conclude that this
structure is characteristic of Sm/ and distinguishes
Sm/ from SmF.

This leads to the reappraisal of previously pub-
lished data to reveal further examples of Sm/
phases. Thus in the first paper,* which established
the essential SmF structure, studies were made
on fiber-oriented samples of TBPA and 80OSF
(Table I) but it is now absolutely clear that while
TBPA is indeed SmF, 80SF is an Sm/. Subsequent
miscibility studies have now also confirmed this.
It also now seems clear that the smectic-III phase
of the ferroelectric liquid crystal HOBACPC and
related compounds studied by Doucet et al.!° has
an SmJ phase as it has precisely the characteris-

tics described above.

Table I summarizes the phase behavior of
those compounds which have now been positively
identified as SmF and Sm/ by x-ray studies on
aligned samples. Also included are two #O *m
compounds which have been characterized as SmF
by miscibility and microscopy but which x-ray
studies have not positively confirmed as SmF. For
90 - 4 (Ref. 6) adequate sample alignment was not
obtained but the intensity profile suggests that this
could well be SmI. For 50 * 6 (Ref. 7) an alignment
of the molecules was obtained rather than of the
layer normals , see Fig. 1, so the direction of
tilt was undetermined.

ANALYSIS OF THE QUASI-2D ORDER
IN SmF AND Sm7 PHASES

Aligned samples

All measurements on aligned samples were low-
resolution photographic experimental but never-
theless gave important results. In the first place
they give the different directions of tilt for the
two phases. Second, they show that the scattering
centered on the +1, +1, 0 and +2, 0, O or 0, +2, O
reciprocal lattice points is in the form of diffuse
elongated bars. Profiles of these are shown in
Figs. 2 and 3 for both phases of TBDA and for the
SmI phase of PDOBAC. The profile of the bars
in the {(00!) directions is similar in shape to the
molecular structure factor but even more diffuse.
This indicates that the effective correlation length

between layers is less than one layer. Chain melt-
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FIG. 2. Intensity profiles parallel to c¢* of (a) the 110
scattering bar of the Sm F phase of TBDA and (b) the
020 scattering bar of the SmI phase. Solid lines: ex-
perimental results; dashed lines: molecular structure
factor (F,(z))%.

ing and sample mosaicity may contribute to this
effect, especially through surface alignment pro-
ducing a spread of (00}) directions out of the plane
of the paper in Fig. 1(b), but we cannot account
for it quantitatively. The profiles perpendicular
to the c* axis are compared for the two phases in
Fig. 3. For SmF a Lorentzian broadening de-
scribes the profile well and indicates a correla-
tion length of £>50 A. The half-width of the scat-
tering for SmI is narrower (£2 180 A) but there
is extra scattering in the wings, showing that the
mathematical form of the scattering is different.
However, it is not worthwhile attempting a de-
tailed analysis given the present resolution and
accuracy. Furthermore, the width of the profiles
is sample dependent and has shown variation of
more than a factor of 3 between samples, though
for each sample, the correlation length is consis-
tently shorter in SmF than in SmlI. Also, for both

STRUCTURAL CORRELATIONS IN SMECTIC-F AND... 2697

1

(a)

resolution

(b)

resolution

Q

T T
0 01 A7
FIG. 3. (a) Experimental intensity profiles perpendic-
ular to c* of the 110 scattering bar for Sm F and 020
scattering bar for SmI of TBDA. The dotted line shows
the best fit Lorentzian for the SmF profile. (b) Intensity
profiles perpendicular to c* for the SmI phases of (1)
PDOBAC and (2) TBDA. The dotted line shows the best-
fit Lorentzian for the TBDA data. Note the broader
wings in the SmJ data compared with Sm F and Lorent-
zian curves.

SmF and Sm/ the magnitudes of the widths are
much greater than those inferred from analysis
of powder diffraction profiles (see below). This
suggests that preparation of an aligned sample
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by slow cooling, under the constraint of a mag-
netic field and surfaces, from isotropic liquid
via the intermediate phases may reduce the cor-
relation length compared with that obtained in

forming a powder through unconstrained transitions

from crystal or isotropic liquid. Nevertheless,
the results on aligned samples confirm the struc-
tural description given earlier and show the
phases to have 3D bond orientational order, posi-
tionally uncorrelated layers with no long-range
order in the layers. Detailed quantitative analysis
of the correlation in the layers has therefore been
made on powder samples because reproducible
(intrinsic) correlations are obtained and high ex-
perimental resolution was available.

Powder samples

The powder patterns were recorded with a high-
resolution Guinier camera equipped with an elec-
tric heating stage and using a focused monochro-
matic beam [MCoKa,) =1.7889 A]. The sample
is placed on a grating which oscillates in its plane
and as all orientations are statistically represented
any effect of mosaic spread of a given single do-
main is canceled. The intensity profiles obtained
for the SmF and SmI phases of TBDA are shown in
Figs. 4-6.

'In order to analyze these profiles we assume that
the layers are uncorrelated so that the intensity
scattered from all the layers is proportional to
that scattered by a single layer. The partial
structure in the c* direction G(g,) is derived from
the square of the Fourier transform of the molecu-
lar electron density p. This is described to a very
good approximation as the sum of two step func-
tions characteristic of the core and of the end
chains.M

The total structure factor must take into account
the order within the layers which is characterized
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FIG. 4. Comparison of the line shape of the diffuse
ring in the powder diffraction pattern for the Sm F phase
of TBDA with the calculated curve using the Lorentzian
law for f(q,,q,) (see text).
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FIG. 5. Calculation showing that a Lorentzian law is
not suited to analyze the line shape of the diffuse ring in
the powder diffraction pattern of the SmI phase of TBDA.

by falq,,q,) (Fig. 1). The total structure factor is,
then, the product of the structure factor along c*
and the in-plane structure factor S(q) fila,,q,).
glq,), where g, q, are the in-lalane components,
and g, is the ¢* component of q.

The main characteristic of a powder diagram is
that all the orientations of the sample are statis-
tically represented which implies that the intensity
distribution 15(6) (Q is the scattering vector) is
obtained by summing the intensity located around
an kk0 point of the reciprocal lattice over a sphere
centered at the origin of the reciprocal space and
whose radius is @. The intensity is formally writ-
ten as

5@ = [ aes@®u(k|*- |33,

where G=ha* +kb* and k=G+q.

In the SmF phase of TBPA (Ref. 11) it has been
shown that the diffuse ring can be analyzed with a
Lorentzian in-plane structure factor characteristic
of a short-range positional order and we find again
the same law in the SmF phase of TBDA:
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FIG. 6. Comparison of the line shape for the SmI
phase of TBDA with the calculated curve using a corre-
lation function with power-law decay (see text).
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fala,,q,) ~ [£(g2+q3) +1T
defining a correlation length
£=180+20 A at T~127°C.

Figure 4 displays an example of a fit of the experi-
mental line shape.

At lower temperatures the correlation length
increases: at T~120°C, £=250+30 A. It appears
therefore that whatever the homolog, ¢ has the
same order of magnitude but never diverges.

The main difference in the powder patterns be-
tween SmF and Sm/ is that the half-width of the
hkO0 ring for the latter is approximately four times
narrower. Therefore, the Sm/ phase appears very
much better ordered than the SmF phase although
it appears at a higher temperature.

Taking into account the different orientation of
the tilt angle, for the SmI phase, we have tried
to analyze the experimental line shape using, as
for the SmF phase, a Lorentzian structure factor,
but such law does not give good agreement with the
experimental data as can be seen in Fig. 5. We
have therefore used a power-law decay to char-
acterize the positional order:

fE(Q,, q,) o« (qi +q3)(‘2+ﬂ)/2 .

This law brings the “sidebands™ of the line shape
up and permits good agreement with the experi-
mental scattering factor (Fig. 6). Meanwhile as
this law diverges, one has to perform the convolu-
tion of the structure factor with the resolution
function of the spectrometer. Except in a range

of less than +0.01 A-! around the maximum of the
curve, our resolution function, whose width is
small compared with the observed phenomena,

has no drastic effects. At T'~152°C we find 7
=0.24+0.02. A temperature dependence of 1 has
not been observed since the variation of n would
not be significant in the temperature range of exis-
tence of the Sm/ phase (< 8°C). The homolog Cy;
with a larger temperature range of stability might
allow such an analysis.

DISCUSSION

The behavior of the SmF, but not the SmI, phase
may readily be understood in terms of the theory
of 2D melting proposed by Halperin and Nelson'?
following the work of Kosterlitz and Thouless.!® At
low temperatures a 2D phase is expected to show
long-range bond orientational order and quasi-
long-range positional order with a positional cor-
relation function decaying algebraically like r"‘”,
giving rise to power-law singularities in the scat-
tering in place of true Bragg reflections. At suf-

ficiently high temperatures melting occurs by the
dissociation of a small fraction of bound disloca-
tion pairs to give the hexatic phase which has
quasi-long-range bond orientational order (alge-
braic decay) but short-range positional correla-
tions of the form exp(~7/£), where £ is the correla-
tion length, which is readily obtained from the
Lorentzian scattering profile (£2|Q - G]*+1)™. In
this phase the orientational defects which are the
disclinations form bound pairs and a second dis-
clination unbinding transition is necessary to com-
plete the transition from solid to liquid.

The algebraic decay of correlation functions is
associated with an infinite corresponding sus-
ceptibility so that weak interlayer coupling, as in
certain smectic liquid crystals, would convert
the above partially ordered 2D phases into either
a true crystal phase or a hexatic phase with long-
range bond orientational order.!* The latter behav-
ior is now established in SmF and SmB phases
with £~100 A, compared with £~10 A for the true
liquidlike layers of SmA or SmC phases. We have
shown here that insofar as it possesses algebraic
decay of positional correlations the Sm/ phase ap-
pears to behave like an uncoupled 2D crystalline
phase. Still more surprisingly, however, where
the SmF and Sm/ phases occur in the same com-
pound the Sm/ is the higher temperature phase
and no theory currently exists to explain a phase
transition which produces longer-range positional
correlation with increasing temperature. This
situation is not, however, unique as 50 * 6 (Ref. 7)
(see Table I) has an SmF phase appearing between
crystalline SmG and SmB phases as the tempera-
ture is increased.

In conclusion, we have confirmed in TBDA that
the SmF phase has a stacked tilted hexatic struc-
ture (long-range bond orientational order but short-
range positional order) and have established that
the SmI phase is a quasi-two-dimensional phase
(no positional correlation between layers) with
algebraic decay of positional correlation within
layers. The Sm/ phase has previously been shown
to have long-range bond orientational order. The
SmI and SmF phases also differ in the direction of
the molecular tilt relative to the hexagonal molecu-
lar packing but no relationship is yet apparent be-
tween this and the type of correlation. The type
of order in SmI and its relationship to SmF both
appear to be anomalous.
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