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A dislocation-mediated model is presented for restacking phase transitions that have been
observed in a variety of lamellar (liquid crystalline) systems. The model explains the ex-
istence of nonhexagonal crystalline (smectic)-B phases in terms of dislocation-induced tilting
of hexagonally packed layers. Ordered dislocation arrays explain both the symmetry and the
amplitude of observed modulations. It is likely that the model will also be applicable to

modulated lipid-water phases.

PACS numbers: 64.70.Ew, 61.30.—v, 81.30.Kf

Current ideas concerning the types of order and
phase transitions in two-dimensional systems!?
have stimulated renewed theoretical interest in
dislocation-mediated phase transitions in both two
and three dimensions.>* Unfortunately, there are
not many experimentally observed phase transitions
that can be unambiguously interpreted in terms of
dislocations. One of the more interesting properties
of many liquid crystal materials is that on cooling
they form hexagonal, or nearly hexagonal, layered
crystals that exhibit subtle structural phase transi-
tions within a small temperature range.>’ In this
Letter we demonstrate a dislocation model that ex-
plains most of the features of the structural phase
transitions observed in three-dimensional samples
of  heptyloxybenzylidene-heptylaniline,  70.7.7
Nearly all of the liquid crystalline systems that have
phases with long-range in-plane positional order
(i.e., smectic B,G,H, etc.)®? exhibit similar phase
transitions. In most cases where there is a low-
temperature phase with tilted molecules, they are
accompanied by an unexplained long-wavelength
modulation that is similar to the modulation accom-
panying one of the principal phase transitions com-
monly observed in lipid-water mixtures.!® We be-
lieve the proposed model is generally applicable to
all of the liquid crystal systems and may also be ap-
plicable to lipid-water systems. In the latter case,
Chan and Webb interpreted the appearance of
long-wavelength modulation in terms of a martensi-
tic transformation. Although dislocation models for
martensitic transformations have been discussed
previously, the present specific model has new
features that might well explain the lipid-water sys-
tem and also be applicable to metals.

Between 69 and 63 °C thick films of 70.7 form an
hexagonal close packed (hcp) crystal with ABAB

stacking. Figure 1(a) displays the 4, B, and C sites
of a two-dimensional hexagonal lattice. At 63°C
70.7 undergoes a first-order transition in which the
macroscopic symmetry changes from hcp to a
modulated orthorhombic-F phase. The x-ray struc-
ture of the latter has been explained by assuming
that the molecules at the B sites move to the posi-
tion marked by X one layer below (or above) the 4

FIG. 1. (a) Hexagonal lattice sites 4, B, and C. The
hexagonal lattice with alternate layers in the 4 and B po-
sitions transform to orthorhombic-F by displacing the B
positions to the X position. Partial dislocations with
Burgers vector (I) in every second layer transforms the
hexagonal ABAB to a hexagonal ABCABC. The notation
for in-plane strains €; and €, is shown. (b) A regular ar-
ray of edge dislocations of opposite sign produces tilt
boundaries as shown. (c) Projection of lattices that are
locally hexagonal 4BC and ACB onto tilted layers to ob-
tain a modulated orthorhombic-F lattice. Circle letters
indicate equivalent x coordinates. Viewed from opposite
sides of the tilt boundary, single molecular sites in the in-
terface are either B or C.
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sites.” Accompanying this is the appearance of side-
bands on the (0,0,1), (1,0,/) Bragg peaks with / # 0
due to a long-wavelength modulation, A = 18.8a,
with wave vector parallel to the BX direction and
displacements normal to the layers. For the (1,0,1)
Bragg peak the only observed sideband is the lowest
order, with the intensity == 2% of the main peak.
Shifts in the positions of the (1,0,/), (0, 1,/), and
(1,1,)) Bragg peaks imply strains of e€;= —e,
=0.001.

The literature abounds with successful phase
transformation models involving localized defects
of either the shear type, the shuffle type, or a mix-
ture of the two.!"12 The common feature is the as-
sumption of spontaneously nucleated dislocation
loops of small Burgers vector that grow and interact
to produce a macroscopic transformation. In the
present case, consider a partial dislocation in one
layer of A sites that transforms the crystal from
ABABABABA to ABCACACAC stacking. The
Burgers vector (I) is shown in Fig. 1(a).!* Consider
further that if a similar dislocation is repeated every
second layer throughout the crystal the original lat-
tice is converted to ABCABCABC. This is an obvi-
ous possibility for the molecule pentyloxyben-
zylidine-hexylaniline (50.6) that is only slightly dif-
ferent from 70.7. In the case of (50.6) there is a
hexagonal phase with 4BC stacking between a hex-
agonal phase with ABAB stacking and the
orthorhombic-F phase.!*

If, however, we assume that in 70.7 the Burgers
vector of each of the successive dislocations were
parallel to one another, and that the dislocations in-
teracted to be above one another the result would
be a tilt boundary. Figure 1(b) illustrates a regular
array of tilt boundaries of opposite sign. For 70.7
the layer thickness d = 6a. According to the Frank
formula!® the angle ¢/2=sin"'(a+/3/6d)=0.048
is exactly the correct tilt to put the sites 4’, B’, and
C' [Fig. 1(a)] in a common vertical plane as re-
quired for the orthorhombic-F.

Figure 1(c) illustrates the molecular positions.
On the two sides of the tilt boundary the local pack-
ing is either hexagonal ABC or ACB. To the right
of the tilt boundary the transformation is as
described above. To the left, however, the disloca-
tions occur in the alternate layers and the transfor-
mation is from ABABAB to ACBACB. However, as
viewed along the average (c) axis the molecules
form the face-centered rectangle of the ortho-
rhombic-F phase.

A model to explain the formation of a regular
dislocation array is illustrated in Figs. 2(a) and 2(b).
With the assumption of spontaneous nucleation of a
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FIG. 2. (a) Top view of two dislocation loops (1)-(2)
and (3)-(4). The arrows inside the loops indicate Burgers
vectors and those on the loops the senses. (b) Side view
of dislocations loops whose elastic interactions favor mu-
tual formation. (c) Projection of a lattice that is hexago-
nal ABC onto tilted layers to obtain a modulated hexago-
nal 44A lattice. The plus indicates a missing molecule
due to the interposition of dislocations.

single dislocation loop (1)-(2) of the type discussed
above, the elastic-strain field provides a loop-loop
elastic interaction favoring nucleation of the loop
(5)-(6) two planes directly above or below.!® These
two will then produce a field favoring nucleation of
a (3)-(4), one plane removed from each, displaced
laterally, and of opposite sign. Successive loop nu-
cleations of this kind produce the edge dislocation
tilt walls of Fig. 1(b). The screw portions of the
loops, with lines parallel to the y direction could
also meet and interact to form an array. Such an ar-
ray, however, would not be a low-energy one (a
crossed-grid of screw dislocations is required for a
stable, low-angle twist boundary).!? The attendant
repulsive interactions among screw segments would
tend to cause them to slip out of the crystal, leaving
the edge array of Fig. 1(b).

To evaluate the quantitative predictions of the
model note that the values quoted above for the
strains €; and e, were obtained from shifts in the
positions of the Bragg peaks. If we define (e, €])
to be the strains measured along the local X,y axis,
then one can show that the strains (e, €;) mea-
sured relative to the average X,(y) axis are €; =€/,
e;=€l—¢%8. Under the assumption that the
transformation is accompanied by a simple area di-
lation in the local x-y smectic layers, one obtains
e]=€J=0.001 and ¢/2=(0.004)"2=0.063. This
should be compared with the value of 0.048 ob-
tained from the Frank formula under the implicit
assumption that (e, eJ) =0. With the assumption
of the triangular modulation shown in Fig. 1, the
predicted ratio of sideband to (1,0,1) peak intensity
(8urp/md)?= (¢\/7d)?*=0.016. The measured ra-
tio was == 0.02. Although we are not able to predict
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the value of A this quantitative agreement strongly
supports the model.

Further qualitative support for the model is the
above-mentioned hexagonal phase with 4BC stack-
ing that occurs in 50.6 between the hexagonal
ABAB phase and the orthorhombic-F (48 to
43.8°C). The Bragg peaks that occur in this phase
at (1,0, +4) and (1,0, +5) are accompanied by
diffuse sidebands cylindrically distributed about the
peak.!'* The transition at 48 °C produces layers with
ABC stacking; however, according to the model the
accompanying dislocations have not condensed into
the regular array. This happens in 50.6 at 43.8°C
where one observes a modulated othorhombic-F
phase identical to that in 70.7.

At 60.1°C thick films of 70.7 undergo a second
transition from the orthorhombic-F to a monoclinic
phase. The x-ray data for this phase are consistent
with the assumption that the molecules located at
the X position in Fig. 1(a) moved along the line XA4.
Following a small sudden displacement at 60.1°C
the molecules move continuously with decreasing
temperature until at 59.75 °C there is a second small
displacement that places this layer directly under
the A position in the adjacent layer. These effects
can also be explained by an extension of the previ-
ous model. For example, Fig. 2(c) displays a struc-
ture similar to that of Fig. 1(c) except that it has a
modulated 444 structure. The tilt angle ¢/2 re-
quired to produce this structure, tan™ 1(V3a/ 3d), is
exactly twice the tilt required to produce the
orthorhombic-F structure. One way to produce this
starting from the orthorhombic phase depicted in
Fig. 1(c) is illustrated in Fig. 3. Starting from a
structure that is locally ABCABCA (orthorhombic-
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FIG. 3. Intermediate steps in the dislocation-induced
transition from the orthorhombic-F to the hexagonal-
AAA phase.

F) a partial dislocation in the second layer (of the
same type as invoked previously) with Burgers vec-
tor (ID converts the structure to the ACABCAB
structure when in the center panel. A second dislo-
cation, either the same type (II) or of the type (III)
in the third layer converts this to ACBCABC. If
this sequence is repeated one obtains an 4CBAC-
BACB structure with an increase in the Frank tilt by
A(¢/2) =tan"'(~/3a/6d). This is exactly the
correct value to be added to the orthorhombic-F
phase to obtain the structure in Fig. 2(c).

The monoclinic phase that separates the
orthorhombic-F and the hexagonal 444 would then
be an intermediate phase for which there were
some statistical distribution in the number of type II
and III dislocations to produce a domain with a
component of tilt along the x direction. Obviously
the sequence could have begun with a type III, rath-
er than type II, dislocation. According to this
model the maximum component of tilt due to a
coherent stacking of only type (II) dislocations
would be ¢,/2=tan"'(a/2d) = 0.083 about the j
axis and (¢,/2) =tan~'(~/3a/3d) =0.096, about
the x axis. Assuming the intralayer strain remains
isotropic (e.g., e/ =€) the predicted anisotropy in
the reciprocal lattice vectors (see Fig. 3 of Ref. 7) is
+[(64/2)2— (¢,/2)*1=0.00086. Although this is
approximately three times larger than the observed
splitting in the monoclinic phase the actual splitting
is a very delicate function of not only the distribu-
tion of (II) and (III) dislocations but also of their
physical distribution within the domains. The ob-
served anisotropies could also be reduced by allow-
ing €] # €J. The more significant feature is that it
provides a rational explanation for the observed
reduction in the splitting.

In conclusion, we have presented a dislocation
model for restacking transitions observed in bulk
phases of crystalline-B liquid crystals. Features of
these transitions appear similar to phase transitions
in other systems, such as lipid-water mixtures,
which have been widely studied and it is likely that
the model here is relevant to those systems. The
model also predicts that the orthorhombic-F to
hexagonal-4BC transition in 50.6 should be an ex-
ample of the crystallization of dislocations. Further
experimental studies of this transition should be
carried out with this in mind. The model is suffi-
ciently specific that one might hope to develop a
molecular model for the forces that generate the
dislocations. For example, if these transitions are
driven by a mechanism that causes a shearing of the
original unit cell, the model illustrates how a set of
minimum molecular displacements can accommo-
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date both the shear and the local molecular packing.

Finally, we do not believe there is a direct relation
between the present model and the tilted hexatic
phases that appear in thin films of 70.7.17 The
large molecular tilt (==24°) is indicative of a
separate thermodynamic phase that is probably sta-
bilized by surface effects. Similarly, since the dislo-
cations in the present model run parallel to the
smectic layers they are not the same as dislocations
normal to the layers that are commonly invoked to
discuss two-dimensional melting."?
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