
dimensional plane of the phase. If the molecules are tilted, the
molecular form factor for long thin rod-like molecules will shift the
intensity maxima as indicated in Figs. 4.4.4.3(d) and (e). The phase
in which the molecules are normal to the two-dimensional plane is
the two-dimensional hexatic-B phase. If the molecules tilt towards
the position of their nearest neighbours (in real space), or in the
direction that is between the lowest-order peaks in reciprocal space,
the phase is the two-dimensional smectic-I, Fig. 4.4.4.3(d). The
other tilted phase, for which the tilt direction is between the nearest
neighbours in real space or in the direction of the lowest-order peaks
in reciprocal space, is the smectic-F, Fig. 4.4.4.3(e).

Although theory (Halperin & Nelson, 1978; Nelson & Halperin,
1979; Young, 1979) predicts that the two-dimensional crystal can
melt into a hexatic phase, it does not say that it must happen, and the
crystal can melt directly into a two-dimensional liquid phase.
Obviously, the hexatic phases will also melt into a two-dimensional
liquid phase. Fig. 4.4.4.3(a) illustrates the reciprocal-space structure
for the two-dimensional liquid in which the molecules are normal to
the two-dimensional surface. Since the longitudinal (i.e. radial)
width of the hexatic spot could be similar to the width that might be
expected in a well correlated fluid, the direct X-ray proof of the
transition from the hexatic-B to the normal liquid requires a hexatic
sample in which the domains are sufficiently large that the sample is
not a two-dimensional powder. On the other hand, the elastic
constants must be sufficiently large that the QLRO does not smear
the six spots into a circle. The radial line shape of the powder
pattern of the hexatic-B phase can also be subtly different from that
of the liquid and this is another possible way that X-ray scattering
can detect melting of the hexatic-B phase (Aeppli & Bruinsma,
1984).

Changes that occur on the melting of the tilted hexatics, i.e.
smectic-F and smectic-I, are usually easier to detect and this will be
discussed in more detail below. On the other hand, there is a
fundamental theoretical problem concerning the way of under-
standing the melting of the tilted hexatics. These phases actually

have the same symmetry as the two-dimensional tilted fluid phase,
i.e. the smectic-C. In two dimensions they all have QLRO in the tilt
orientation, and since the simplest phenomenological argument says
that there is a linear coupling between the tilt order and the near-
neighbour positional order (Nelson & Halperin, 1980; Bruinsma &
Nelson, 1981), it follows that the QLRO of the smectic-C tilt should
induce QLRO in the near-neighbour positional order. Thus, by the
usual arguments, if there is to be a phase transition between the
smectic-C and one of the tilted hexatic phases, the transition must
be a first-order transition (Landau & Lifshitz, 1958). This is
analogous to the three-dimensional liquid-to-vapour transition
which is first order up to a critical point, and beyond the critical
point there is no real phase transition.

4.4.4.2. Hexatic phases in three dimensions

Based on both this theory and the various X-ray scattering
patterns that had been reported in the literature (Gray & Goodby,
1984), Litster & Birgeneau (Birgeneau & Litster, 1978) suggested
that some of the three-dimensional systems that were previously
identified as mesomorphic were actually three-dimensional hexatic
systems. They observed that it is not theoretically consistent to
propose that the smectic phases are layers of two-dimensional
crystals randomly displaced with respect to each other since, in
thermal equilibrium, the interactions between layers of two-
dimensional crystals must necessarily cause the layers to lock
together to form a three-dimensional crystal.* On the other hand, if
the layers were two-dimensional hexatics, then the interactions
would have the effect of changing the QLRO of the hexagonal
distribution of neighbours into the true long-range-order orienta-
tional distribution of the three-dimensional hexatic. In addition,
interactions between layers in the three-dimensional hexatics can
also result in interlayer correlations that would sharpen the width of
the diffuse peaks in the reciprocal-space direction along the layer
normal.

4.4.4.2.1. Hexatic-B

Although Leadbetter, Frost & Mazid (1979) had remarked on the
different types of X-ray structures that were observed in materials
identified as ‘smectic-B’, the first proof for the existence of the
hexatic-B phase of matter was the experiment by Pindak et al.
(1981) on thick freely suspended films of the liquid crystal n-hexyl
4�-pentyloxybiphenyl-4-carboxylate (65OBC). A second study on
free films of the liquid crystal n-butyl 4�-n-hexyloxybiphenyl-4-
carboxylate (46OBC) demonstrated that, as the hexatic-B melts into
the smectic-A phase, the position and the in-plane width of the
X-ray scattering peaks varied continuously. In particular, the in-
plane correlation length evolved continuously from 160 Å, nearly
10 K below the hexatic to smectic-A transition, to only 17 Å, a few
degrees above. Similar behaviour was also observed in a film only
two layers thick (Davey et al., 1984). Since the observed width of
the peak along the layer normal corresponded to the molecular form
factor, these systems have negligible interlayer correlations.

4.4.4.2.2. Smectic-F, smectic-I

In contrast to the hexatic-B phase, the principal reciprocal-space
features of the smectic-F phase were clearly determined before the
theoretical work that proposed the hexatic phase. Demus et al.
(1971) identified a new phase in one material, and subsequent X-ray
studies by Leadbetter and co-workers (Leadbetter, Mazid &
Richardson, 1980; Leadbetter, Gaughan et al., 1979; Gane &

Fig. 4.4.4.3. Scattering intensities in reciprocal space from two-
dimensional: (a) liquid; (b) crystal; (c) normal hexatic; and tilted
hexatics in which the tilt is (d) towards the nearest neighbours as for the
smectic-I or (e) between the nearest neighbours as for the smectic-F.
The thin rods of scattering in (b) indicate the singular cusp for peaks
with algebraic line shapes in the HK plane.

� Prior to the paper by Birgeneau & Litster, it was commonly believed that some of
the smectic phases consisted of uncorrelated stacks of two-dimensional crystals.
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