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Novel modulated textures, such as stripes and multiarmed star defects, have been observed in
freely suspended films of nonchiral liquid crystals just below the smectic-C to hexatic phase tran-
sition. Detailed studies using depolarized reflection microscopy suggest that the stripes are locally
chiral surface splay domains of the smectic-L phase, a tilted hexatic not previously identified in
thermotropic liquid crystals. Line defects which form additional domain walls in the hexatic lattice
lead to characteristic modulations of the basic one-dimensional stripe pattern. Inside thick circu-
lar islands, for example, stripes form circumferentially and the lines form centered 12-armed stars,
resulting in a regular arrangement of hexatic domains in the form of a brick wall pattern. The
observation that line defects which are not pinned at the film boundaries always form closed loops
supports a model of the stripe pattern based on local chiral symmetry breaking.

PACS number(s): 61.30.Eb, 64.70.Md, 68.15.+e, 75.70.Kw

I. INTRODUCTION

Many low-dimensional systems exhibit unidirectionally
modulated (stripe domain) states whose characteristic
modulation period is set by the balance of a short-range
attractive “domain wall” energy and a long-range, re-
pulsive interaction which may be magnetostatic, electro-
static, or elastic in origin. Such systems include, for ex-
ample, magnetic and organic thin films [1,2] as well as
stress domains on certain semiconductor and metal sur-
faces [3]. Stripe textures are also observed in freely sus-
pended liquid crystal films. In particular, their appear-
ance in films made of chiral materials is well documented
and may be understood in the framework of competing
interactions outlined above [4-7].

We recently reported the observation and initial char-
acterization of modulated textures in thermotropic lig-
uid crystal (LC) films composed of nonchiral materials
[8]. In particular, we described the formation of a sta-
ble, macroscopic texture of alternating uniform stripes
whose appearance is strikingly similar to textures pre-
dicted to occur under particular boundary conditions in
the smectic-L phase, a hexatic phase which has so far
been positively identified only in a single lyotropic LC
system [9]. The present paper contains a general analy-
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sis of the symmetry of tilted smectic films and a detailed
exposition of our experimental observations. In particu-
lar, we describe temperature-induced transitions between
different kinds of linear modulated phases, report the
transformation of 12- to six-armed star defects in circular
islands, and describe the response of the films to applied
electric and magnetic fields. Finally, we explore the im-
plications of chirality for the topology of linear domain
boundaries in these films.

Freely suspended films, which may be from one to sev-
eral hundred smectic layers thick, are a unique prepa-
ration for studying the physics of LC in two dimensions
[10]. Their substrate-free geometry enables the direct ob-
servation of many otherwise inaccessible structural tran-
sitions, by a variety of experimental techniques. Our
efforts have focused on the observation and interpreta-
tion of optical textures in tilted smectic phases of pure
(i.e., single-compound), nonchiral LC materials. The LC
phases relevant to these studies are described briefly be-
low.

In general, the highest-temperature tilted phase is the
smectic-C' (SC) phase. In this phase, the director is
tilted away from the layer normal Z by a temperature-
dependent angle ¢ (typically ¥ ~ 20°) but is otherwise
free to orient anywhere on the so-defined “tilt cone.” The
director orientation field can be described in two dimen-
sions either by the c-director field &(z, y) obtained by pro-
jecting the director fi(z,y) onto the smectic layer plane,
or, equivalently, by the azimuthal orientation of the ¢
director, ¢(x,y), as shown in Fig. 1(a). The in-plane po-
sitional ordering of the molecules in the SC is liquidlike.

At lower temperatures, there exist the tilted hexatic
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phases, a class which includes the smectic I (SI), smec-
tic F (SF), and smectic L (SL). These phases exhibit
bond-orientational ordering and are more viscous and
elastically stiffer than the SC [11]. In the SI and SF
phases, the molecules are tilted, respectively, toward the
nearest and next-nearest neighbors of their local pseudo-
hexagonal lattice, as indicated in Fig. 1. The c-director
orientation in the SL phase is locked along a direction in-
termediate between SI and SF, the offset from the molec-
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FIG. 1. Geometry and symmetry of tilted hexatic smec-
tic films. The layer normal Z and the director fi define the
molecular tilt plane 7. The c-director &(z, y), representing the
projection of fi onto the layer plane with a direction (“head”)
specified, is also in the tilt plane and has an azimuthal ori-
entation ¢(z,y). For a phase of chiral molecules, sketched in
the separate plane shown parallel to 7, the only symmetry
element present is a C, rotation axis perpendicular to 7; the
associated polarization vector P is also indicated. For a phase
of nonchiral SC molecules, there is also reflection symmetry
o with respect to the tilt plane. In the SI and SF phases,
the c director is constrained to point, respectively, along and
midway between the hexatic bond axes. The tilt plane 7 is
therefore a reflection axis of the hexatic bond field and the
symmetry of the phase is the same as that of the molecules.
In the SL phase, however, where the c-director orientation is
between the SI and SF positions, this is not the case, leading,
under circumstances described in the text, to chiral symme-
try breaking. A pair of such chiral substates, SL; and SLo,
is associated with each of the six symmetry directions of the
bond-angle field. Although these substates are degenerate,
the height of the energy barrier to transitions between them
depends on whether a bond direction is crossed or not, as
indicated in (b).

ular bond direction being a particular angle in the range
0 < |¢r| < 30°. While the orientational ordering in the
SI and SF is sixfold degenerate, we note that bulk SL
material has, in general, a twelvefold orientational de-
generacy. This is because there is a pair of SL substates,
(SL;, SLy), arranged symmetrically about each of the six
bond directions. The height of the energy barrier be-
tween adjacent SL; and SL, states depends on whether a
bond direction separates them or not, as indicated in Fig.
1(b). The SL phase is predicted to occur in thermotropic
LC at temperatures intermediate between SI and SF. Al-
though the positional ordering of the molecules is still
short range (liquidlike) in these hexatic phases, the direc-
tor orientation is now coupled to the bond-orientational
order, which is quasi-long-range.

This concludes our introduction to the tilted smectic
phases. In the next section of the paper (Sec. II), we
present a general discussion of modulated phases in lig-
uid crystal films. In Sec. III we describe the techniques
and materials used in our experiments. This is followed
in Sec. IV by a detailed summary of the fundamental ex-
perimental observations. In Sec. V we develop a model
of the stripe phase, which we then apply to chiral line de-
fects in Sec. VI. The model is then reviewed in the light
of additional experimental data and relevant theoretical
considerations (Sec. VII). The paper concludes with a
general summary (Sec. VIII).

II. MODULATED PHASES
IN FREELY SUSPENDED FILMS

A. General symmetry considerations

As we will show, the smectic-L films studied here spon-
taneously break up into stripe domains which are struc-
turally equivalent but differ by the sign of an internal
order parameter. In order to understand the origin of
this behavior, it is useful to analyze the symmetries of
tilted SC, SI, SF, and SL films.

Modulated textures in freely suspended films were first
reported in tilted phases of chiral LC [4,12]. Such ma-
terials are intrinsically ferroelectric, exhibiting a spon-
taneous, in-plane polarization P along the phase’s only
symmetry element, a C; axis oriented perpendicular to
the tilt plane Z-fi and hence also perpendicular to & [13].
These modulations can be accounted for by continuum
elastic theories which treat P as a vector order param-
eter and predict the spontaneous formation of parallel
bands of polarization splay (c-director bend) in such fer-
roelectric films [5-7].

In general, tilted phases, such as the SC and SI, which
are composed of nonchiral molecules possess, in addi-
tion to the aforementioned C; axis, a reflection plane,
o, which is congruent with the tilt plane as illustrated
in Fig. 1(a). The combination of these two symmetry
elements, i.e., a proper rotation followed by reflection
through a plane perpendicular to the rotation axis, is
equivalent to an improper rotation. That is, in tilted
phases of nonchiral molecules there exists an improper
axis, S2, perpendicular to the tilt plane, and hence an
inversion center.
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The symmetry of the director, fi, is fundamentally af-
fected by the presence of an interface. In bulk LC,
has a bipolar, or up-down symmetry (fi = —ii) because,
although an individual molecule may carry a net dipole
moment enabling a distinction between its “head” and
“tail,” a collection of such molecules will generally con-
tain as many dipoles in the up as in the down orientation,
so that the net dipole moment vanishes. It is thus an as-
sembly of (at least two) molecules, rather than an indi-
vidual molecule, that possesses up-down symmetry. The
presence of an interface bounded by different bulk phases
breaks local up-down symmetry because the molecular
dipoles will generally exhibit a preference for one of the
phases, and, on average, more dipoles will populate either
the up or the down state. A finite net dipole moment co-
linear with the director fi appears as a consequence, and
the corresponding surface polarization P, serves as a new
(vector) order parameter. Since the polarization vector
associated with an individual asymmetric interface does
not exhibit C, symmetry with respect to rotations about
the tilt plane normal, this eliminates the center of inver-
sion there [14].

Given the convention [15] of assigning a unique direc-
tion to € by projecting an fi with a component along
the (fixed) positive layer normal, the transformation of &
under a 7 rotation about X is found to be [5]

() =(4)-(3)

while the transformation under reflection through the y-%
plane is described by

S (0)r=2(5)= (%)

as illustrated in Fig. 2.

These expressions allow us to evaluate the transfor-
mations of terms linear in V - €& and V x &, which would
correspond to possible splay and bend terms in a Landau-
Ginzberg free energy functional for the films of interest.

Given that 8, — 8, and 8, — —38, under CE‘], one finds
that only 0 x € is invariant under the C; rotation about
the tilt plane normal [5]. In contrast, reflection through
the tilt plane, o2 yields 8, — —8, and 9y — 0y,
leaving only V - ¢& invariant.

The first scenario is relevant to assemblies of chiral
molecules, V X & in that case corresponding to V - P,
since P is oriented normal to & [Fig. 1(a)]. The sec-
ond scenario, admitting terms linear in V - &, is the one
pertinent to an assembly of nonchiral molecules near an
asymmetric interface. Such an assembly is thus, in terms
of the symmetry of the c-director order parameter, for-
mally equivalent to films of chiral material. Theories for
the latter may thus be transcribed to apply to the former
case by exchanging & and P as the order parameter.

Since it is the mirror plane which specifically excludes
terms linear in V X & for nonchiral molecules, these are
allowed when reflection symmetry about the tilt plane
is broken, such as takes place in the case of a chiral SL
phase as we will see below.

As a consequence of the linear c-director splay, there
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FIG. 2. Symmetry operations of tilted smectic films. This
figure illustrates the transformation of é under the C; and o
symmetry operations shown in Fig. 1. The ¢ director is by
convention the layer-plane projection of the director fi chosen
to have a component along the positive layer normal +32.

are at least two cases, as pointed out by Hinshaw and
Petschek [6], in which one could expect the spontaneous
formation of periodic c-director splay domains in films of
nonchiral material.

The first case concerns films entirely in one phase and
bounded above and below by the same medium, such
as a SC film in air. By allowing the director orienta-
tions at the two film surfaces to be independent of each
other, thereby breaking the up-down symmetry of the
film, Meyer and Pershan were able to construct an elas-
tic free energy which was minimized by the formation of
periodic surface splay domains separated by disclination
sheets in the director field. The disclination sheets only
penetrate a limited depth into the film interior in their
model and are out of register with those originating at the
other film surface, the idea being that when the surfaces
are far enough apart the surface ordering can overcome
the strong interlayer coupling of the director orientation
field. Such structures were proposed to explain the exis-
tence of the periodic surface domains observed along the
very thick edges of freely suspended SC films [14] and at
the free surface of nematics near the SC transition [16].

Second, a tilted phase film suspended between two dif-
ferent fluids clearly has no such requirement of up-down
symmetry and can therefore spontaneously form uniform
c-director splay domains. This very geometry is found
in monomolecular amphiphilic films adsorbed at the air-
water interface (Langmuir films), where polar ordering is
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a consequence of the preferential “heads down” orienta-
tion of the molecules adsorbed on the water.

The full S; symmetry of the bulk nonchiral films can
be restored by coupling two asymmetric interfaces in such
a way that their respective net dipole moments cancel.
This requires antiparallel orientation of the molecules
near the two interfaces considered, so that P(L/2)
= —P(—L/2) for a layer of thickness L. Such a cancella-
tion would be expected in free-standing films of nonchiral
molecules sufficiently thin to permit the coupling of the
individual surface polarizations.

B. Smectic L as a chiral phase

In determining the full symmetry of the tilted hexatic
phases, we need to consider both the molecular symmetry
and that of the associated bond lattice. The o plane of
tilted nonchiral molecules remains a symmetry element
of the SI and SF, since the molecular tilt plane is always
coincident with a reflection plane of the bond lattice in
these phases. In the SL phase, on the other hand, the ¢
director is not along a symmetry direction of the bond
field and the phase has no plane of mirror symmetry nor-
mal to the layers. When, in addition, reflections through
the layer plane (and hence the C; rotation normal to
the tilt plane) are prohibited by an interface, the phase
has no improper axis of symmetry and the symmetry be-
tween the substates SL; and SL,, which are offset left
and right of the bond direction by the angle ¢, is bro-
ken. In other words, the SL phase is then chiral, with
the energetically equivalent SL; and SL, corresponding
to the enantiomeric substates of the phase [see Fig. 1(a)].
As mentioned in Sec. I, a pair of such chiral substates is
associated with each of the six symmetry directions of the
bond-angle field. Transitions between these states which
occur in the same sense on the tilt cone, SL; — SL»
and SLy — SL;, generally require different energies, as
sketched in Fig. 1(b).

The chiral nature of the “surface SL” phase is therefore
of essentially different origin from that associated with
a phase of intrinsically chiral molecules, which has no
improper rotation axis in any tilted phase.

According to Selinger and Nelson, the chiral nature of
the surface SL phase leads to the appearance of domains
of alternating SL chirality even in films of nonchiral LC.
In principle, both periodic bend- and splay-type domains
can be preferred over the uniform state and can be ac-
counted for by a continuum elastic theory [17,18]. This
theory treats the offset angle between the c-director and
bond fields (8 — ¢), which is the same as ¢, except in
domain walls, as a chiral order parameter. Modulated
states are found by minimizing a free energy functional
in which this order parameter is coupled to terms linear
in V-¢&or V x & The resultant domains can either
be manifested as linear stripes or as a checkerboard pat-
tern. Theory also predicts the evolution of preexisting
six-armed SI or SF star defects into characteristic 12-
armed SL “petal” structures [19].

In fact, a stable stripe phase has recently been discov-
ered by Knobler and co-workers in Langmuir monolay-
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ers, in the tilted “liquid-condensed” phase of several fatty
acids [20,21]. Polarized fluorescence microscopy measure-
ments revealed a splay rotation of the c-director orienta-
tion across each stripe [22]. The additional observation
of chiral star defects with curved arms led Selinger to
propose that this texture was in fact a manifestation of
smectic-L symmetry, the SL being the only intrinsically
chiral monolayer phase [17].

Apart from these monolayer observations, the SL phase
has so far been positively identified only in a single ly-
otropic system [specifically, in thick, hydrated, multi-
layer films of the phospholipid DMPC (dimyristoyl phos-
phatidyl choline)], on the basis of x-ray scattering exper-
iments [9]. Chiral symmetry breaking has also recently
been reported in scattering experiments on monolayers
of the related phospholipid DMPE (dimyristoyl phos-
phatidyl ethanolamine) on water [23].

III. EXPERIMENTAL METHOD

Freely suspended films both 3 mm and 6 mm in diam-
eter were drawn in the smectic-C' phase using apertures
(either of machined brass or made from glass coverslips)
mounted inside a temperature-controlled hotstage [24].
Both round and rectangular apertures yielded the same
basic phenomenology.

Images were recorded using depolarized reflection mi-
croscopy. The smectic layers spontaneously orient paral-
lel to the film plane [10,25] and the film is illuminated by
near-normal, polarized white light. In general, if the in-
cident polarization is not in the molecular tilt plane, the
optical anisotropy of the LC molecules causes the polar-
ization vector of the reflected light to be rotated toward
¢. Spatial variations of perceived intensity can there-
fore be related to azimuthal orientation, enabling a sys-
tematic determination of the director field &(z,y). Opti-
cal diffraction patterns were obtained in transmission by
imaging incident laser light (A = 543 nm, Iy ~ 5 mW) in
the back-focal plane of a 20x objective with the aid of a
Bertrand lens.

Film thickness was estimated from the film’s interfer-
ence color [26] or, in the case of some very thin films,
measured by their reflectivity of laser light [27].

Several LC materials were investigated, including the
terphenyl ester FTE1 [28] and the well-known Schiff’s
base homologs 70.4, 50.7, and 70.7 [29]. Freely sus-
pended films of all of these compounds exhibit the SC
and some tilted hexatic phases and they all show simi-
lar modulated textures. Because of its superior chemical
stability, however, the terphenyl compound was found to
be better suited to extended experimentation than the
hydrolysis-prone Schiff’s base materials [30,31].

FTEL1 is a fluorine-substituted terphenyl ester synthe-
sized by a cross-coupling reaction of a biphenyl and a
phenyl unit catalyzed by a palladium complex [28]. The
product was purified by means of silica-gel column chro-
matography using chloroform-alkane mixtures [such as
chloroform-heptane (7:3)] as a solvent. This was fol-
lowed by a recrystallization in ethanol, the final purity
being estimated as at least 95%. Differential scanning
calorimetry (DSC) reveals several bulk phase transitions
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and the LC phases can be partially identified with the
aid of optical microscopy. Figure 3 shows DSC data for
both heating and cooling. The transition enthalpies are
proportional to the integrated peak intensities of these
scans.

The heating curve shows at least four endothermic
phase transitions. Each of the first two peaks exhibits
an additional shoulder on the low-temperature side of
the maximum, which implies that there are probably
two phase transitions taking place in a very narrow tem-
perature range here. Textural observations of an FTE1
sample melted between glass slides and viewed in polar-
ized light allow the assignment of the biggest peak in the
heating curve (at 69 °C) to the crystal-SC transition, the
latter phase showing typical SC schlieren and fan tex-
tures. The next peak (at 105 °C) corresponds essentially
to a SC-nematic transition: a very narrow intervening
smectic-A (SA) phase can be seen under the microscope
but is not resolved in the DSC. Finally, we note that
the heating curve also shows a broad exothermic peak
(dipping below the baseline) at low temperatures, corre-
sponding to a transition from a supercooled metastable
phase to a stable crystalline phase.

These observations imply a phase sequence on heating
which includes at least the following bulk transitions:

105°C

€1 28 0y F e L NIBEE T
° 62°C
C, 4(2—0 SX .

The lower-temperature peaks in the cooling curve are
shifted and of different magnitude from those observed
on heating. Supercooling of crystalline phases is com-
mon in liquid crystals and makes the interpretation of
these data difficult. However, the relatively small transi-
tion enthalpy of the peak at 62 °C suggests the possible
existence of a monotropic smectic phase, denoted SX in
the diagram below.
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FIG. 3. DSC curves for the compound FTEl. The data
are for an 8 mg sample and were obtained on a Perkin Elmer
DSC 2c at a scan rate of 5°C/min. The second heating and
cooling runs are shown. The tick spacing on the vertical axis
corresponds to 0.5 mcal/sec. Only those phases whose iden-
tification is unambiguous are labeled.

The bulk phase sequence can be used as a starting
point for understanding the phase behavior of FTE1 in
freely suspended films. As with other LC materials, how-
ever, the phase sequence in thin films shows distinct dif-
ferences from the bulk. For example, no SA phase is seen
in thin films of FTE1, this phase presumably being su-
pressed in favor of the SC. The SC phase in films has a
similar range to that of the bulk phase but the bounding
transition temperatures are elevated about 10°C above
the bulk values. In addition, tilted hexatic phases appear
below the SC which exhibit the modulated textures that
are the subject of this paper.

Unless specifically stated otherwise, all photomicro-
graphs are of films of FTE1, viewed in reflection with
slightly decrossed polarizers.

IV. EVOLUTION OF TEXTURES
WITH TEMPERATURE

We have made careful studies of the textures of films
of uniform thickness, as well as of films containing is-
lands, while cooling from the SC to the underlying hex-
atic phases.

A. Linear modulations in uniform films

For films thicker than about ten layers, we repeatably
see the following general sequence of textural changes.

1. Smectic-C phase

The texture well in the SC phase is characterized
by rapid, large-scale fluctuations in the director field:
broad, fluctuating extinction brushes, sometimes ema-
nating from point singularities in &(z,y), represent typi-
cal features of this phase [10]. Frequently, SC films within
a few degrees of the lower SC phase boundary also con-
tain thin, curvilinear defects, from a few to several hun-
dred micrometers in length, which separate regions of
different director orientation. These often nucleate at
the edges of the film or at layer steps, and either exist
as isolated segments only a few micrometers in length
or may generate curved sidearms forming large, complex
treelike structures. When densely packed, they resemble
the fingerprint textures of cholesteric LC [32]. These di-
rector field defects are found in both chiral and nonchiral
materials and have been compared by Pang et al. [33] to
the strings predicted for XY-like systems [34].

2. SC-hezatic transition

Upon cooling to just (S 1°C) above the hexatic transi-
tion (about 81 °C in FTEL1), there is a dramatic increase
in the magnitude of the director fluctuations, likened by
Amador et al. to critical opalescence [35]. Simultane-
ously, we observe transient, anisotropic correlation re-
gions, which are typically about 100 pm in extent, devel-
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oping perpendicular to &(z,y), an effect also previously
seen in a different Schiff’s base material at the SC-SI
transition [36]. With further cooling, director fluctua-
tions are reduced again, leaving a large-scale, frozen tex-
ture of oblong domains (bitonnets) that resembles the
classical focal-conic fan texture of smectic LC prepared
between glass plates [37]. In general, a focal-conic tex-
ture is evidence of an underlying periodic structure. In
the present case, this could well be the onset of the line
phase described below, but since the wavelength is too
small to resolve optically we cannot be certain of this.
Concomitantly, the formerly broad extinction brushes
essentially collapse on themselves [Fig. 4(a)], signal-
ing the evolution of transient (SC) correlation regions
into permanent domains (grains) of rather uniform direc-
tor orientation separated by distinct walls (grain bound-
aries). These walls are presumably generated as a re-
sponse of the growing hexatic bond-orientational order-
ing field to the director topology inherited from the SC

phase, in a manner similar to that leading to star defects
in some SI films [12]. In the material 70.7 these phe-
nomena occur very near 78 °C, the temperature at which
x-ray measurements reveal that the two outermost layers
of the film undergo a transition into the SI phase, the
film interior remaining SC [26].

3. Lines

After minimal further cooling, the film in many cases
now displays an array of thin disclination lines, spaced
0.5-2 um apart. These are overlaid on the existing tex-
ture with an orientation parallel to &(z,y) so they are
most probably splay defects [38]. The director orien-
tation between each pair of lines is initially difficult to
resolve but on lowering the temperature the lines move
further apart and each band is seen to have an obvious
gradation from dark to bright, implying that the director

FIG. 4. Modulated textures in hexatic films. (a) Evolution of SC brushes to strings. The broad extinction brushes of the
SC phase collapse to sharp strings when cooled to the hexatic phase transition (T ~ 80°C). When the film is subsequently
heated, the inverse process, wall broadening, occurs. (b) Coexisting stripe and line texture in 70.4 (T ~ 75°C). (c) Stripes
near film edge, modulated by perpendicular line defects (brick wall texture). The stripes are bent into cusps at each line defect
and can pass through only every second line unchanged (T ~ 73 °C). (d) Honeycomb texture at low temperature (T ~ 65 °C).
The insets in (c) and (d) show details of the texture near bend walls. The horizontal dimension of (a) and (b) is about 250 um,

of (c) and (d) about 130 pum.



rotates continuously across each band [Fig. 4(b)]. That
is, the line texture is composed of bands of continuous
director splay, separated by splay disclinations.

4. Stripes

The coarse-grained texture with superimposed discli-
nation lines just described persists at most over a cou-
ple of degrees [39] and then transforms into a phase
of parallel, uniform stripes of well-defined, temperature-
dependent periodicity d, initially of the order of 2-5 um.
The stripes form parallel to the original line texture, each
splayed band typically evolving into precisely one light
and one dark stripe [Fig. 4(b)]. This evolution essen-
tially involves broadening of the lines, which either takes
place homogeneously (simultaneously) everywhere on the
line, or is achieved by motion of a line-broadening front
traveling along the line. The director orientation appears
to be uniform within each stripe and jumps alternately
by a fixed angle +6¢ in the range 25° < |d¢| < 35° when
crossing stripe boundaries, which are sharp (resolution-
limited), weakly undulating walls. The original grainy
domain texture frozen in from the SC phase is rapidly
annealed out and is then no longer visible in the stripe
phase. When the film is left to equilibrate, within a
few hours the stripes form a few well-oriented, almost
defect-free regions spanning the film and this texture is
extremely stable, existing unchanged for many days. The
resulting stripes have a well-defined periodic structure
which gives rise to several orders of Bragg scattering of
visible light (Fig. 5).

FIG. 5. Optical diffraction pattern from a striped film
(T ~ 68°C). This computer-enhanced image shows the first
and third order peaks as well as the central maximum. Fifth
order spots were visible by eye but fell outside the imaging
area of the camera. The two off-axis spots near the central
maximum are stray reflections of the main beam; the even
order peaks are absent. The inset shows a circular region
of uniform stripes such as were illuminated in the diffraction
experiment.
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The stripe period increases monotonically with de-
creasing temperature, as was illustrated in Ref. [8]. This
broadening of the stripes is reversible provided that the
temperature is changed slowly but rapid heating also
leads to buckling, a response, familiar from magnetic sys-
tems, that reduces the stripe period without having to
introduce new stripes [40]. An example of this is shown
in Fig. 6.

We have seen no evidence (such as overlapping domains
or misaligned stripes) that would indicate independent
or different director orientations on the two film sur-
faces. The high degree of optical contrast between the
stripes suggests that the director azimuth, ¢, is fairly
constant through the thickness of the film [41]. Weak
SC-like director fluctuations are observable in the back-
ground throughout the stripe phase, although they be-
come less visible with decreasing temperature. Stripes
occur in films with thickness ranging from about ten to
at least 60 layers (i.e., with interference colors from black
to green). There is no strong dependence of stripe width
on film thickness in this range, with stripes passing con-
tinuously and apparently unchanged across steps in film
thickness of the order of 15 smectic layers or more. How-
ever, in a 5.06 film only about six layers thick, no stripes
were observed throughout the hexatic range, the film re-
taining instead the coarse texture of large-scale corre-
lation regions frozen in from the SC phase. Similarly,
FTE1 films with only two layers showed only the phase
transitions and broad band textures normally associated
with SI and SF phases in freely suspended films [12,42],
and no stripes in the relevant temperature range [43].

The stripe phase persists down to about 73°C in 70.7,
the temperature at which the x-ray experiments show
that, in addition to the surfaces, the film interior too
transforms into the SI phase [26]. At this point the di-
rector fluctuations and domain wall undulations are fi-
nally quenched and the stripes slowly evolve to the broad,
graded bands characteristic of many SI and SF films
[12,42]. This expansion is often achieved by the expul-
sion of alternate stripe boundaries to the edges of the
film, a process basically the reverse of the original hex-
atic line-stripe transition: the low-temperature banded
textures are, however, much less regularly spaced than
the high-temperature line array.

FIG. 6. Stripes buckling in response to rapid heating
(T ~ 76 °C). The horizontal dimension is about 250 xm.
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At even lower temperatures, the films often acquire a
crystalline appearance and are presumably in a smectic
crystal phase.

5. Strings and hezatic line defects

Several important additional defect structures are fre-
quently seen in the stripe phase. Stringlike defects first
appearing in the SC can persist into the stripe phase,
where they are indistinguishable from line defects gener-
ated by the condensation of broad walls at the hexatic
transition. Hexatic line defects are always associated
with characteristic additional modulations of the basic
one-dimensional stripe pattern described above.

Two limiting cases can be distinguished: line defects
oriented parallel to the stripes are associated with a
monotonic evolution of the stripe intensities normal to
the stripe direction. The location of these defects is
marked by an interruption of the prevailing regular al-
ternation of dark and light stripes, and the onset of a
new pair of stripe intensities; this shading then evolves
over several stripe pairs back to the original two intensi-
ties.

When perpendicular to the stripes, as is usually the
case, the line defects appear as sharp domain walls across
every other stripe and lead to long-wavelength modula-
tions of the director field along the stripe direction. Re-
markably, they also cause the stripe orientation to be dis-
torted locally into a cusp. An array of such defects gen-
erates a film texture resembling a brick wall [Fig. 4(c)],
which evolves into a honeycomb texture [Fig. 4(d)] on
further cooling.

Grain boundaries at intermediate orientations are ac-
commodated by linking alternating parallel and perpen-
dicular string segments, resulting in a rather mobile tex-
ture resembling the wandering steps seen on atomically
grown surfaces [44].

We will discuss hexatic line defects and their role in
determining film textures at length in Sec. VI.

B. Circular geometries—islands

Lateral temperature gradients or the accumulation of
surplus material while the film is being drawn can lead
to the spontaneous formation of circular islands, which
are uniformly thick regions where there are extra layers.
These layers probably float within the film and the edge
dislocations defining their perimeter serve to constrain
the director field topologically and mark the boundary
of the island. The well-defined geometry of such islands
has allowed observations of textural transitions which are
crucial to our understanding of the hexatic stripe phase.

In the SC phase, a point singularity in the director
field appears spontaneously near the middle of each is-
land because of the symmetry imposed by its circular
boundary, yielding a characteristic four-brush extinction
pattern when viewed between crossed polarizers. The
relative rotation of these brushes when the polarizers are
decrossed slightly shows that the basic orientation of the

c director in these islands is circumferential [45], i.e., the
point defect forms the center of a bend distortion. This
configuration minimizes the elastic free energy when, as
expected, the Frank elastic constant for splay is greater
than that for bend (Ks > Kp) [25]. The anisotropic cor-
relation regions that form on cooling to the SC-hexatic
transition are always extended radially inside these is-
lands, along the splay fluctuation direction.

Upon further cooling, stripes form as concentric rings
and a 12-armed radial star defect appears in each island.
The arms terminate at the edge of the island, are usually
curved, and are often unevenly spaced. Although ten-
and 14-armed defects occasionally occur, the overwhelm-
ing preference for 12 arms suggests that each arm prefer-
entially mediates an average change of director orienta-
tion of about 30° (27 /12 rad). The stripes are modulated
along their length and each stripe is apparently able to
pass through every other radial arm unchanged, as can
be seen seen in Fig. 7(a). This gives each ring-shaped
stripe the appearance of being azimuthally rotated half a
“modulation period” (30°) relative to its neighbors. We
recognize this equilibrium configuration as being the fa-
miliar brick wall pattern bent around in a circle. This
implies that the wall defects crossing linear stripes [Fig.
4(c)] and the arms of the star are topologically equiva-
lent. In addition, the fact that stripes always form con-
centrically in islands with central director bend defects
confirms that stripes correspond fundamentally to splay-

FIG. 7. Modulated hexatic textures in islands. (a) Concen-
tric stripes modulated by a 12-armed star defect (T ~ 71 °C).
The horizontal dimension is about 250 pm. (b) Six-armed star
defect at low temperature (T ~ 61 °C) . The surrounding film
is considerably thinner and thus darker than the islands.
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like modulations of the director field. Variations along
the stripes are therefore bendlike. As we will discuss be-
low, the specific intensity patterns displayed in the brick
wall texture strongly constrain possible models of the di-
rector configuration and the assignment of symmetry to
the stripe phase.

Upon further cooling, the stripe phase disappears and
the 12-armed star defects evolve (reversibly) to siz-armed
stars, usually with straight arms [Fig. 7(b)]. Each arm
of this new defect mediates a change of A¢ ~ 60° and
delineates six sectors of uniform director orientation, as
indicated in Fig. 8. The ends of the arms are anchored
along the edge of the island and it is this boundary which
energetically stabilizes six arms [20] rather than the five
seen by Dierker et al. around an isolated point defect in a
SI film [12]. The six-armed stars are reminiscent of sim-
ilar defects seen in bulk smectic-F' droplets surrounded
by the isotropic LC phase [46] and, more recently, inside
hexagonal domains in tilted hexatic Langmuir monolay-
ers [20].

The transformation from six- to 12-armed stars be-
gins with a destabilization of the linear arms which
causes them to expand at intervals along their length
into smooth, rounded domains of different sizes. These
regions expand until they make contact with their neigh-
bors and, on further heating, transform into regular cir-
cumferential stripe domains of the type seen in 12-armed
stars. A typical intermediate state is shown in Fig. 9.

This concludes our initial description of the experimen-
tal observations.

V. PROPOSED MODEL

We now present a model of the stripe textures in our
films, mindful of the possible mechanisms for the forma-
tion of modulated textures outlined in Sec. II.

Specifically, we propose that the stripes represent a

FIG. 8. Director field in a six-armed star. The c director is
uniform in each sector and the six orientations shown here cor-
respond to equilibrium azimuths of the SF phase. The polar-
izer and analyzer are decrossed, yielding three distinct reflec-
tion intensities. The bond orientation lattice rotates through
|A8] = 120° in each arm, the shading of two segments of the
lattice enabling visualization of its absolute orientation.

FIG. 9. Evolution of six- to 12-armed stars on heating
(T ~ 64°C). The straight arms of the original six-armed star
have destabilized and are no longer recognizable. On further
heating, the irregular bulging domains seen in this picture
extend circumferentially and reorganize into regular stripes
modulated by a 12-armed star. The diameter of the larger
island is about 170 pm.

modulated phase resulting from breaking of local (up-
down) reflection symmetry analogous to that in Lang-
muir films, combined with the onset of hexatic bond-
orientational order. This symmetry breaking is a conse-
quence of the incomplete wetting of the air-SC interface
by a newly appearing surface hexatic phase on cooling
from the SC, a phenomenon explicitly demonstrated by
the Pershan group in x-ray scattering experiments on the
materials 70.7 and 50.6 [35,26]. Films up to a thickness
of about 35 layers were found in their experiments to ex-
hibit an intriguing two-step SC-SI transition: First, the
two surface layers “freeze” into the SI, the interior re-
maining essentially SC but probably taking on some local
hexatic ordering induced by the surface layer [35]. In this
intermediate phase, denoted “SI/SC”, molecules close to
the surface are considerably more tilted than those in
the interior [47]. Upon further reduction of the tempera-
ture, a continuous increase of the surface hexatic order is
eventually terminated by the abrupt (first order) conden-
sation of the entire film interior into the SI phase. This
is followed at even lower temperatures by a homogeneous
transition of the entire film to the SF phase.

Significantly, the range of temperatures over which we
see stripes in 70.7 corresponds very closely to the tem-
perature range of the so-called SI/SC phase. Since the
original x-ray phase identification was based primarily
on radial scans through an azimuthally powder-averaged
scattering pattern, there is some uncertainty that the
surface phase really is SI [48]. The experiments leave
no doubt, however, that the surfaces are hexatic and the
film interior SC-like at these temperatures. -

In SI and SF films, the observed jump in director ori-
entation across domain walls or star arms is typically
found to be to A¢ = 60°, corresponding to the angle
between neighboring hexatic bond orientation axes [12].
Although such simple splay walls as are allowed by SI
symmetry [17] may explain the higher-temperature line
texture of our films, a director field with SI (or SF) sym-
metry cannot account for the characteristic intensity dis-



3216 MACLENNAN, SOHLING, CLARK, AND SEUL 49

tributions of linear and circular stripe patterns decorated
by transverse bend walls observed at lower temperatures.
In particular, the typical magnitude (25° < |A¢| < 35°)
of the observed jump in director orientation from stripe
to stripe is fundamentally incompatible with the pseudo
sixfold symmetry of the bond-angle field to which ¢ is
locked in the SI (or SF) phase.

However, the existence in the SL phase of 12 energet-
ically equivalent states and two different wall energies
(the height of the energy barrier between SL; and SL,
depending on whether there is an intervening bond di-
rection or not) allows the construction of a model that
is consistent with all of our observations, namely, that
the stripes correspond to alternating smectic-L domains,
SL; and SL,. SL symmetry would not only explain the
director orientations measured in the stripe phase, but is
also consistent with the specific hexatic textural changes
with temperature observed in our films, as we shall see
below.

In general, hexatic grain boundaries form perpendic-
ular to gradients in ¢. They locally relieve the strain
between the director ¢ and hexatic bond lattice 6 orien-
tations by allowing a phase slip in the offset angle (6 —¢).
In our model of the stripe phase, each transverse domain
wall (or radial arm) and each stripe boundary mediates a
change in SL chirality. This proposed structure is a two-
dimensional variant of one-dimensional SL stripe struc-
tures proposed by Selinger [17] to explain the patterns
observed in Langmuir films.

In the brick wall pattern of Figs. 4(c) and 10(a) the
stripes are crossed, nearly at right angles, by a second set
of walls. With the identification of the stripes as SLy, SL,
domains separated by splay walls, it is natural to suppose
that the second set of lines be bend walls. Figure 10(b)
shows a composite splay wall-“stripes” bend wall-“lines”
structure in which the bend walls merely switch the chi-
rality of the stripes. This kind of two-dimensionally mod-
ulated structure, where the director is wobbling between
symmetric positions about the local stripe direction in
a periodic fashion, is consistent with the basic optical
observations.

Given this fundamental structure for walls and stripes,
though, several characteristic geometrical features of the
brick wall pattern still need to be explained. For exam-
ple, for a given bend wall, the c-director jump is sharp
only in every other stripe, being diffuse in the intermedi-
ate stripes; and the “sharp” and “diffuse” bend walls also
alternate along the stripes, which is what directly gives
rise to the brick wall pattern of overlapping tiles. In the
model of Fig. 10(b), all of the bend walls are equivalent,
the director jumps simply being of opposite sign. Thus
this model would predict uniformly sharp bend walls at
every stripe and a symmetry not exhibited in the brick
wall pattern.

That there are ways of producing nonequivalent jumps
of ¢ is evident from the energy vs c-director orientation
diagram E(¢) in Fig. 1(b). Here we see that there are
several energetically different possible paths by which ¢
can go from SL; to SL;. In the model of Fig. 10(b), all of
the jumps, whether parallel or transverse to the stripes,
are through the SI orientation [i.e., (SL; — SI — SL3)

and (SLy — SI — SL;)] and are thus equivalent, as noted
above. The next simplest scenario is to assume that the
jump sequence along a stripe is (SL; — SI — SL;) then
(SLy — SF — SL;), the c director passing alternately
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FIG. 10. Brick wall texture. (a) Array of line defects in
the form of bend walls, decorating a stripe phase in the lin-
ear geometry and leading to the appearance of an intensity
pattern in the form of a brick wall. The stripe period is ap-
proximately 12 um. (b) Naive proposed smectic-L bond and
director fields for the brick wall texture in (a). Each lateral
stripe boundary represents a splay wall which also mediates
a change in SL chirality. Additional transverse line defects in
the form of bend walls also mediate a change in SL chirality.
The director field is nonuniform, bending along the stripes to
give the characteristic observed intensities. (c) Refined ver-
sion of the model in (b), in which a steady rotation of the
bond field along the stripe direction results in an average m/3
phase slip between bond and director fields for each cross-
ing of a bend wall. The shaded hexagon segments labeling
an arbitrary (but definite) symmetry direction of the hexatic
lattice make the bond field rotation plain. The stripes curve
to follow the lattice orientation, leading to the formation of
cusps at the bend walls.



49 TEXTURES IN HEXATIC FILMS OF NONCHIRAL LIQUID . ..

through the SI and the SF orientation at successive bend
walls. This scenario would require a 7/6 = 30° rotation
of the hexatic lattice as one moves from line to line along
the stripes, with the nearest-neighbor rows (SI tilt di-
rection) parallel to the stripes at one line crossing and
next-nearest-neighbor rows (SF tilt direction) parallel to
the stripes at the next. There is no fundamental prob-
lem with this kind of rotation since the lattice is hexatic.
However, this scenario also requires a 7 /6 rotation of the
lattice as one moves along a line in the transverse direc-
tion (i.e., from stripe center to stripe center). This kind
of rotation is not seen experimentally.

The next possibility is to have an average 7/3 = 60°
lattice rotation along the stripes between each pair of
lines. This structure, shown in Fig. 10(c), is consistent
with the features found in the optical observations. In
this model the c-director jump across the bend walls al-
ternates between the two indicated in Fig. 1(b), namely,
(SL; — SF — SL;) (SLz — SL; — SF — SLy — SL,).
The lattice has the SF bond oriented along the mean
stripe orientation at every line (bend wall) and the lat-
tice orientation is the same from stripe to stripe.

In summary, we are proposing that the brick wall pat-
tern is a result of a continuous rotation of the hexatic lat-
tice relative to the mean c-director orientation. The brick
wall texture corresponds to a regular checkerboard ar-
rangement of oblong SL; and SL; domains, with the non-
uniform optical appearance of the individual domains re-
sulting from director bend along the stripes. This direc-
tor configuration is qualitatively consistent with the ob-
served intensity distributions and explicitly realizes the
requisite jumps in chirality of the surface SL phase. The
spontaneous domain structures induced in the hexatic
surface layers would be propagated elastically through
the SC film interior. We note that neighboring splay
walls have alternating up-down symmetry, so that each
wall is associated with a polar axis along the film normal.

This model leads directly to the interpretation of the
12-armed star defect of Fig. 7(a) as being the brick wall
pattern bent about a defect core at the center of the
island. The net strength of the c-director disclination is
s = +1 (since |A¢| = 27), and that of the hexatic lattice
vortex v = —12 (since |Af| = 4w). We have already
noted that there is a temperature-mediated, reversible
transformation between this structure and that of the
six-armed star (see Fig. 9). The mechanism appears to
be similar to one proposed by Selinger and Nelson [19] in
which SL domains collapse onto the six domain walls of
a SF star on cooling, and reappear on heating.

In contrast to the modulated stripe segments of the 12-
armed SL structure, each sector of the six-armed SF star
has a uniform c-director orientation. If lattice vorticity
within the island is conserved during the transformation
from 12 to six arms, then each SF arm must mediate a
lattice rotation of |Af| = 27 /3 = 120°, in the opposite di-
rection to the c-director rotation across the arm. Dierker
et al. proposed a structure for their five-armed SI star de-
fect [12] with director disclination strength s = +1 and a
lattice vorticity v = +6 (i.e., ¢ and the bond field rotate
in the same sense, both through 27). Although the bond-
director field shown in Fig. 8 looks like a straightforward
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modification of the Dierker model (and indeed would be
optically indistinguishable from a six-armed defect struc-
ture with lattice vorticity v+ = 6), it is essentially dif-
ferent in that the lattice rotation in each arm is twice as
big in our model, and in the opposite direction.

VI. LINE DEFECTS

The model introduced in the preceding section for the
conformations of director and bond-angle fields in the
stripe phase enables us to proceed to a closer investiga-
tion of the general nature of line defects and their in-
teraction with the stripe pattern. Line defects crossing
stripes, which we have identified as director bend walls,
have already been encountered in Sec. IV, both as trans-
verse walls in the linear geometry [Figs. 4(c) and 10(a)]
and as radial arms in the circular geometry of islands
[Fig. 7(a)]. As can be seen in Fig. 4(c), bend lines can
apparently simply end. To show that this is an illusion,
we need to examine the topology of the stripe domain-
bend wall intersections.

Specifically, let us consider the topological conse-
quences of the broken chiral symmetry characteristic of
the SL phase, as envisioned in the models of Fig. 10.
Here, splay walls separating successive stripes, as well as
bend walls in the form of transverse line defects, mediate
a change in chirality. As Fig. 11(a) indicates, a closed

FIG. 11. Chiral topology of line defects in the stripe phase.
(a) Details of bond and director fields, constructed for the sur-
face of a SL film in accordance with the model of Fig. 10(b),
at the intersection of a splay wall 8§ and a perpendicular bend
wall B. The intersection is characterized by a downward cusp
in the stripe profile. Also shown is a contour, I'; enclosing
the intersection point. (b) and (c) illustrate arguments, given
in the text, eliminating, respectively, the possibility of termi-
nating a bend wall B, either in the interior of a stripe, or at
its intersection with a splay wall S. The consequent ambigu-
ity in the assignment of a chiral state near the hypothetical
terminal point 7 is indicated in both cases.
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contour, I', about any splay wall-bend wall intersection
point traverses at least two splay walls and two bend
walls, or more generally an even number of each. This
is a necessary condition to ensure that there is no en-
closed topological charge and to avoid ambiguity in the
assignment of a unique chiral state at any given posi-
tion. As Figs. 11(b) and 11(c) illustrate, termination of
a transverse line defect leads to a violation of this con-
dition and must therefore be forbidden on topological
grounds. This difficulty persists regardless of whether
the terminal point 7~ is chosen to lie in the interior of
a stripe [as in Fig. 11(b)] or on a stripe-stripe bound-
ary [as in Fig. 11(c)]. We note that the scenario (b)
is the analog of the configuration proposed for each ter-
minus of the radial disclination lines of five-armed star
defects in the SI phase [12]. While the symmetry of the
SI phase permits the termination of a disclination line
in a point (which consequently carries a net topological
charge [12]), lowering of the symmetry to SL specifically
eliminates this possibility. That is, line defects in a chiral
SL phase cannot end in a point. Conversely, the absence
of such terminal points in a hexatic phase may then be
interpreted as evidence of broken chiral symmetry.

This conclusion provides the basis for our interpreta-
tion of the topology characterizing the apparent termi-
nation of bend walls, or transverse line defects, within a
stripe pattern; examples of this are visible in Fig. 1(a)
of Ref. [8] and can be seen more clearly in Fig. 12(a).
The sketch in Fig. 12(b) shows a model of this situation
in which the bend wall B does not in fact terminate at
the point 7, but emerges as an additional stripe-stripe
(splay) domain wall 8’. The result of this conversion of a
bend into a splay wall is the appearance of an additional
semi-infinite stripe, i.e., the creation of a dislocation in
the stripe pattern. The particular array of dislocations
visible in Fig. 12(a) appears to facilitate an overall re-
orientation of the pattern imposed by the curved film
boundary.

This transformation of a bend wall into a splay wall
is readily generalized to the interconversion of transverse
and longitudinal line defects, which is an obvious mecha-
nism for avoiding the termination of line defects in points.
Figure 13 demonstrates that this interconversion is in-
deed observed: it facilitates changes in direction of line
defects relative to the prevailing stripe orientation and
provides the necessary ingredient for creating closed loops
of line defects. A crucial observation, illustrated by this
figure, is that line defects do in fact either form loops,
or terminate at film boundaries or other inhomogeneities
disrupting the entire stripe pattern, as in the example
of Fig. 10(a). This topological characteristic of line de-
fects in a SL is analogous to that of dislocations in three
dimensions [49].

A closer inspection of the pattern in Fig. 13 reveals
several additional features associated with line defects in
the SL phase.

A first observation concerns the cusps formed by
stripes crossing a loop: these adopt opposite orienta-
tions on entering and leaving, as may also be seen in
Fig. 14(a). This is in essential contrast to the situation
encountered with arrays of transverse line defects in the

linear geometry of Fig. 10(a): there, each stripe is dis-
torted into a sequence of arcs, forming cusps of identical
orientation at intersections with successive bend walls.
The model of Fig. 10(c) in fact suggests an intimate
connection between the orientation of the cusps and that
of the bond-angle field—namely, that the stripe domain
walls prefer to lie along the nearest-neighbor (SI) bond
direction—that gives rise to the characteristic intensity
modulations of the regular brick wall pattern. Examina-
tion of the patterns in Figs. 13 and 14(a) makes clear that
the intensity modulations exhibited by stripe domains in-
tersecting a loop do not conform to the brick wall pat-
tern. For example, the set of stripes which enters a loop
without experiencing a discontinuity in intensity also ex-
its from the loop without intensity change, retaining a
gray color in the rendition of Fig. 14(b). The adjacent
set of stripes, on the other hand, exhibits two successive
discontinuities, white—black and black—white.

We Conclude from this observation that the topologi-
cal transformation induced in a stripe when entering the
loop is reversed when leaving the loop. As the model

(b)

FIG. 12. Stripe dislocations terminating a bend wall tex-
ture. (a) Enlarged view of the apparent end points of the
array of transverse line defects shown in Fig. 4(c). A dis-
location in the stripe pattern is associated with each of the
apparent end points. (b) Director-bond field model of the ap-
parent terminal point of a transverse line defect B, derived
from that of Fig. 10(b). The model illustrates that the con-
version of B into an additional, distinct splay wall S’ requires
the introduction of an edge dislocation in the stripe pattern.
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FIG. 13. Curved line defects. The photograph shows a
stripe pattern permeated by an array of line defects emerg-
ing from the edge of the film (part of the filmholder is vis-
ible in the lower left portion of the image). Note that the
cusps associated with successive defects adopt identical ori-
entation (pointing upward). What are initially transverse line
defects convert into longitudinal defects via “faceted” curved
segments. A portion of a loop is visible in the lower right of
the image. Details of the intensity modulations and cusp ori-
entations are discussed in the text. The horizontal dimension
of the field of view is approximately 180 pum.

of Fig. 14(b) illustrates, this means that no topological
constraint exists to prevent the removal of pairs of stripe
segments interior to the loop. The fact that the con-
tours I'_ and I'; shown in Fig. 14(c), which enclose, re-
spectively, the two intersection points &_ and K, must
be followed in opposite directions to realize the same se-
quence of stripe colors, is an expression of the opposing
chiralities associated with these two intersection points.
According to this model, loops are topologically unstable:
we do in fact observe that they contract and annihilate in
the course of annealing of stripe patterns, as illustrated
in Fig. 14(a). As a result, equilibrated stripe patterns
do not contain loops. These considerations imply that
arrays of successive bend walls in the brick wall pattern
decorated by cusps of identical orientation can only be
removed if they are part of complete loops. If pinning at
the sample boundary intervenes, as in Fig. 13, arrays of
line defects of equal chirality are stable.

A prerequisite for loop formation, or indeed for any
change in orientation of a line defect, is the transforma-
tion of transverse to longitudinal line defects and vice
versa. In fact, our observations suggest that line de-
fects are apparently restricted to two distinct orientation
states, namely, transverse and longitudinal with respect
to the prevailing stripe orientation, as illustrated in Figs.
13 and 14. Such a restriction, limiting turns to right
angles, would be analogous to that restricting steps on
certain crystal surfaces to the directions consistent with

the discrete symmetry of the underlying lattice [44].

We have already seen examples of the conversion of
a transverse (bend) wall B into a longitudinal (splay)
wall &', where the conversion was accompanied by the
insertion of an extra, semi-infinite stripe into the pattern
in Figs. 4(c) and 12(a). In the apparently more com-
mon situation typified by Fig. 13, this creation of stripe
dislocations is not observed. That is, the longitudinal
segment emerging from the transverse portion of the line
defect and assuming the form of an extra splay wall is
not directly visible. However, the foregoing topological
argument prohibiting the termination of line defects in
a SL stripe pattern forces the conclusion that this extra
splay wall segment must in fact be present. The intensity
pattern characterizing “jogged” line defects, which shows
both the usual longitudinal modulations in the stripe in-
tensity associated with bend walls (as in Fig. 10), as well
as new transverse modulations illustrated in Fig. 15(a),
is therefore thought to arise from a sequence of inter-
conversions between bend and splay character of the line
defect. This leads to the model in Fig. 15(b), in which we
postulate the existence of a “double splay wall” (S, 8’),
in which & and &’ coincide and which has the topological
property that no net change in chirality is incurred when
crossing it.

To account for the striking transverse modulations in
stripe intensity associated with “jogged” defects in a con-
sistent way, we find that the bond-director field model
already introduced in Ref. [8] and reproduced in Fig.
10(b) must be augmented to include explicitly the effects
of line defects on the bond-angle field, as discussed in
the preceding section. Starting with the ansatz that the
bond field is continuous through bend walls, we find that
the existence of jogged line defects with no extra stripes
requires the introduction of an average m/3 phase slip
[50] between bond-angle and director fields when cross-
ing any bend wall, as indicated in the brick wall case of
Fig. 10(c). A line defect comprising both bend B and
splay 8’ segments is a single topological object that has
the same action on the bond field everywhere along its
length. The sign of the phase slip is correlated with the
orientation of the cusp formed by the stripes where they
intersect the line defect, or, equivalently, with the chi-
rality of this intersection point. One phase slip of equal
sign is introduced for each similar bend wall crossed by
a given stripe. That is, the phase angle (§ — ¢) continues
to“wind up” as a stripe traverses an array of similar bend
walls. The result, readily ascertained from inspection of
Fig. 10(c), is the sampling of successive degenerate pairs,
(L1, L2), of chiral substates, each pair being associated
with a different symmetry direction of the original bond-
angle field. The topological charge acquired when cross-
ing bend walls which generate cusps of one orientation
can only be neutralized by crossing an equal number of
bend walls with cusps of the opposite orientation. Thus,
as implied in the model of Fig. 14(b), crossing a closed
loop leaves no net phase slip.

The association of phase slip with line defects has an
important consequence for the double splay wall consid-
ered above. Figure 12(b) showed how a newly emerging
wall, 8’, while still corresponding to a splay wall for the
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(b)
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FIG. 14. Line defects as loops. (a) Closed loops in the stripe phase contract and become more rounded, ultimately shrinking
to nothing. Note that the cusps in the stripe pattern adopt opposite orientations along the left and right boundaries of the
loop, as indicated by the arrows. The horizontal dimension of the first frame is about 160 ym and the elapsed time between
frames about 30 sec. (b) Director-bond field associated with the intersections of stripes with two successive bend walls forming
part of a loop, using the model of Fig. 10(c). (c) Schematic illustration of cusp orientation and stripe intensities at opposite
intersection points of a stripe and transverse line defects forming part of a loop. The closed contours, ' and I'y, enclosing,
respectively, the intersection points KX_ and K, must be followed in opposite direction senses, to realize identical sequences
of stripe intensities (“colors”). This construction serves to define the chirality associated with each of the intersection points.

($,87)

(b)

FIG. 15. Conversion of transverse to longitudinal defects. (a) Stripe pattern containing longitudinal and transverse line
defects, the latter in a “jogged” configuration. The horizontal dimension is about 250 ym. (b) Bond and director field
configurations associated with a simple jogged line defect, constructed by applying the model of Fig. 10(c). The defect is
shown to undergo a series of interconversions between transverse and longitudinal orientations, the latter implying the creation
of sections of double splay wall, (S§,8’). This double splay wall may be thought of as a narrow stripe domain of vanishing
width § for the purposes of understanding the chiral topology. The phase slip between bond and director fields associated with
the line defect is retained as the wall undergoes interconversions between transverse and longitudinal orientations and hence
between bend and splay character. As a result, a splay wall 8’, or double splay wall (S,8’), which is formed by a line defect
is always topologically distinct from the regular splay walls S of the pristine stripe phase.
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director field, inherits, from the bend wall B to which it
is connected, the topological effect of introducing a /3
phase slip between bond and director fields. We suggest
that this distortion in the bond-angle field is retained in
the double splay wall (S,8’) [see Fig. 15(b)] and is the
origin of the persistent discontinuity in stripe intensity
visible in Fig. 15(a). Inspection of this figure shows that
the jump to the “white” color at each double wall ap-
pears to remain absolutely stable and unchanged along
the stripe-stripe interface, in a manner consistent with
the type of topological excitation (or “kink”) of the bond
field we postulate here. In the transverse direction, the
intensity is seen to decay back to the normal levels ob-
taining in the unperturbed region in the top portion of
the figure.

The foregoing discussion has explored some of the im-
plications of chiral symmetry breaking for the topological
nature of line defects in a chiral SL phase. The impor-
tant conclusion that line defects may not terminate in
interior points has provided the basis of the interpreta-
tion of several specific stripe configurations. We conclude
this section with some remarks on the conversion of the
“brick wall”~pattern of Fig. 4(c) into the “honeycomb”
pattern of Fig. 4(d). We note in particular that this
conversion requires no topological transformation, but is
achieved by merely displacing (and deforming) existing
wall segments.

The brick wall pattern is composed of an array of trans-
verse line defects of equal topological charge, as indicated
by the identical orientation of the cusps at successive
bend walls (see also Fig. 4 of Ref. [8]). A comparison of
the model for this pattern [Fig. 10(c)] with the potential
energy curves of Fig. 1(b) shows that the free energy of
the interfaces formed by a given bend wall B must alter-
nate in successive stripe domains: interfaces character-
ized by a continuous variation in stripe intensity (gray)
involve a small phase slip (6 —¢) and a minimal distortion
of the director field, in contrast to those marked by a vis-
ible transition in intensity (black«<>white). We propose
that this periodic variation in the energy of successive
segments of a transverse line defect represents the driv-
ing force for the pattern transformation. As Fig. 16 indi-
cates, the essential distortion facilitating the conversion
of the brick wall into the honeycomb pattern is produced
by simply extending the length of the low-energy (gray)
sections of the bend wall at the expense of its high-energy
(black-white) sections.

We expect the details of the forces on the director and
bond-angle fields (which may be partly electrostatic in
nature; see below) that drive the transformation of the
curved brick wall segments into elongated hexagons to
be subtle and not readily accessible to simple qualitative
arguments. However, the fact that gray sections are in-
deed expanded while black-white sections are contracted
relative to their originally identical lengths lends further
support, in our view, to the essential ingredients of our
model of the stripe phase.

VII. DISCUSSION

In the foregoing sections we have presented a detailed
description of the temperature-induced evolution of novel

3221

FIG. 16. Brick-wall-to-honeycomb transformation. Illus-
tration of the relative elongation and contraction of succes-
sive bend wall segments in a brick wall pattern required as
the essential mechanism of generating a honeycomb pattern
like that in Fig. 4(d). The respective segments correspond
to energetically different transitions between chiral substates
L, and L. What drives the originally curved stripe segments
(the “bricks”) to transform to straight-sided structures is not
known.

stripe textures observed in freely suspended films of non-
chiral molecules which exhibit a phase transition from
being uniform SC to having surface hexatic layers. We
have invoked symmetry arguments to construct a model
of the observed stripe phase as a chiral SL phase. This
model, in the version originally introduced elsewhere [8],
facilitates the detailed analysis of a variety of complex
structures introduced in the stripe pattern by line defects,
and provides a rationale for the observed transformation
of brick wall into honeycomb patterns. The realization
that broken chiral symmetry disallows point defects in a
surface SL phase leads to the principal conclusion that
line defects in our stripe phase must either end at the
film boundary or form loops. The latter requires an in-
terconversion between bend and splay character of the
line defects. Our analysis culminated in the augmenta-
tion of the original model to include a phase slip between
bond-angle and director fields at each such line defect.
This augmented model was sketched in Fig. 12 and ap-
plied to line defects in Fig. 14.

The absence of a stripe phase in very thin films has a
natural explanation within the framework of the model
we have elaborated. Below a certain thickness, the film
surfaces start to interact and the director ii is constrained
to be uniform through the film [18]. C; rotation symme-
try about the tilt plane normal is then restored, with the
consequence that the SL is then no longer a chiral phase
and stripe domain formation of the kind we are propos-
ing would be inhibited. Alternatively, since the phase
behavior of films of several LC materials, including 70.7,
shows a strong dependence on the number of smectic lay-
ers in the film [26], it may be that the surface SL phase
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itself is supressed below a certain thickness (in favor of,
say, the SI).

The general sequence of hexatic textural changes seen
in our films and, particularly, the striking similarity of
the observed 12-armed stars in islands to the SL petal
structure proposed by Selinger and Nelson [19] provide,
in our view, additional support for our interpretation of
the stripe phase. The fact that 12-armed stars trans-
form reversibly to six-armed stars on cooling, as shown
in Fig. 9, would also be characteristic of a SL-SF phase
transition [19]. We might therefore tentatively identify
the high-temperature line phase with the SI, the stripe
phase with the SL, and the banded lower-temperature
phase with the SF. X-ray scattering experiments testing
this assignment are currently in progress.

Several additional observations give important clues as
to the nature of the structures and phase transitions in
our films. For example, the transverse (or radial) bend
domain walls in our films are seen to exhibit substantial
transverse fluctuations (“wall wandering”) near the SC
phase transition and they transform reversibly to broader
SC brushes on heating. While quantitative analysis re-
mains to be performed, these phenomena would be con-
sistent with critical behavior, as predicted for SL bend
walls by Selinger [17]. The observed broadening of the
stripes with decreasing temperature is consistent with a
general increase in the elastic stiffness, as has been ob-
served in light scattering experiments on hexatic films
[11,51].

In a “defect-free” striped film, the director orientation
is simply alternating between two neighboring SL sub-
states. Since the SL; and SL, states should have the
same energy, it seems entirely reasonable that alternat-
ing stripes should be of the same width, and that all splay
walls should have the same energy and width as one an-
other. This would be consistent with our observations.

Whatever the actual thermodynamic phase of the
striped films, a fundamental question concerns the molec-
ular origin of the repulsive interaction stabilizing the ar-
ray of walls. We believe that a contribution to such a
term probably results from dipole-dipole interactions. X-
ray measurements have revealed that in 70.7 films in the
SI/SC phase, molecules closer to the surfaces are consid-
erably more tilted than those in the interior [47]. Accord-
ing to Durand [52], a gradient in the magnitude of the ne-
matic or smectic order parameter in the direction normal
to the film-air interface generally induces an ordo-electric
surface polarization. The tilt gradient experimentally ob-
served in freely suspended films could therefore conceiv-
ably lead to a surface polarization in terms of this model.

In our films, below the SC-hexatic transition, we have
argued that each hexatic surface layer at the liquid
crystal—air interface exists in an asymmetric environment
(bounded by the two fluids, air and SC-phase LC) which,
given a finite molecular dipole moment, will generally re-
sult in a surface polarization [53]. Indeed, experiments on
FTE1 films just above the hexatic transition do reveal a
polar (rather than dielectric) response of the director field
to weak applied electric fields (F ~ a few V/mm), which
would seem to confirm the presence of permanent dipoles
in the film. At lower temperature, however, the stripes
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show no identifiable response to the same weak fields,
which may be attributable to the film’s increased hexatic
stiffness. Continued attempts to reorient the stripes by
increasing the applied field strength were made inconclu-
sive by the onset of electroconvective flow.

We have also applied a dc magnetic field (B ~ 0.1 T),
inclined at about 20° to the film plane, while cooling
from the SC phase. Although there appeared to be some
initial ordering of freshly formed stripe domains near the
film center, the final stripe orientation after cooling (by
which time there was essentially a single set of stripes
with few defects) was apparently determined primarily by
strong boundary conditions at the edge of the film rather
than by the field. Magnetic fields of this strength typ-
ically produce very good alignment of the director field
in tilted hexatic films [11,51] and we do not understand
why striped films should not respond in a similar fashion.

We note that although our stripe phase model derives
continuing moral support from the ideas of Selinger and
his co-workers, even their latest theory of modulated
hexatic films [18], although predicting several interest-
ing modulated structures in two dimensions, is as yet
unable to account specifically for a texture of uniform
SL stripes of the type we observe. While these may yet
be discovered by a further exploration of phase space in
their theory, we end by suggesting two areas of possi-
ble theoretical development concerning the existence of
a surface polarization, which would generally have com-
ponents both parallel and normal to the layer plane.

First, the existence of a normal polarization is expected
to lead to pattern formation in a manner analogous to
that obtaining in Langmuir monolayers adsorbed at an
air-water interface. Stripe and hexagonal bubble domain
patterns are found by theory to be the modulated phases
of lowest free energy [2,54]. The competing contributions
to pattern formation of this electrostatic interaction and
of the elastic instabilities arising from chiral symmetry
breaking may lead to rich and complex behavior.

Second, the very presence of a polarization, in addition
to renormalizing elastic constants, may favor certain di-
rector configurations, both within each smectic layer and
between successive layers. Here it is important to note
that in principle, all LC interfaces to different material
lack inversion symmetry and therefore allow the possibil-
ity of a spontaneous polarization parallel to the director
at the interface. Such surface polarization has been de-
tected, for example, in nematics at the LC-glass interface
[55,56], and in tilted smectic phase films of racemic LC
forming on the surface of isotropic droplets [53]. The pos-
sible importance of surface polarization effects in freely
suspended films was addressed early on by Rosenblatt
and co-workers in an effort to explain the unexpectedly
high splay elasticity measured in SC films [25,57]. Calcu-
lations by Meyer and Clark showed that electrostatic in-
teractions of surface molecular dipoles could indeed lead
to an upward renormalization of the effective splay elas-
tic constant, as observed [58]. Explicit theoretical con-
sideration of hexatic ordering in the the presence of such
electrostatic interactions, certain to be present near any
asymmetric interface, would clearly be of interest to fur-
ther experiments on thin liquid crystal films.
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VIII. SUMMARY

We have described the spontaneous formation of mod-
ulated textures in hexatic films of nonchiral liquid crystal.
A periodic stripe texture is identified as being domains of
uniform director orientation separated from one another
by splay walls which arise from the breaking of up-down
symmetry by the polar hexatic surface layers. Additional
long-wavelength modulations of the director field result
in the appearance of linear grain boundaries in the bond-
director orientation. An explicit model of the director
configuration requires macroscopic rotations of the hex-
atic bond lattice, and the introduction of a chiral sym-
metry breaking consistent with that expected in the SL
phase, with domain walls mediating changes in chirality.
This assignment of SL symmetry is supported both di-

rectly by microscopic observations of textural transitions
in the films which are characteristic of the SL phase, as
well as indirectly by published x-ray data on other sys-
tems. Further x-ray and electron diffraction experiments
are now being performed specifically to confirm the ther-
modynamic phase and probe the precise molecular order-
ing of the striped texture.
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FIG. 10. Brick wall texture. (a) Array of line defects in
the form of bend walls, decorating a stripe phase in the lin-
ear geometry and leading to the appearance of an intensity
pattern in the form of a brick wall. The stripe period is ap-
proximately 12 pm. (b) Naive proposed smectic-L bond and
director fields for the brick wall texture in (a). Each lateral
stripe boundary represents a splay wall which also mediates
a change in SL chirality. Additional transverse line defects in
the form of bend walls also mediate a change in SL chirality.
The director field is nonuniform, bending along the stripes to
give the characteristic observed intensities. (c) Refined ver-
sion of the model in (b), in which a steady rotation of the
bond field along the stripe direction results in an average m/3
phase slip between bond and director fields for each cross-
ing of a bend wall. The shaded hexagon segments labeling
an arbitrary (but definite) symmetry direction of the hexatic
lattice make the bond field rotation plain. The stripes curve
to follow the lattice orientation, leading to the formation of
cusps at the bend walls.



FIG. 11. Chiral topology of line defects in the stripe phase.
(a) Details of bond and director fields, constructed for the sur-
face of a SL film in accordance with the model of Fig. 10(b),
at the intersection of a splay wall & and a perpendicular bend
wall B. The intersection is characterized by a downward cusp
in the stripe profile. Also shown is a contour, I', enclosing
the intersection point. (b) and (c) illustrate arguments, given
in the text, eliminating, respectively, the possibility of termi-
nating a bend wall B, either in the interior of a stripe, or at
its intersection with a splay wall 8. The consequent ambigu-
ity in the assignment of a chiral state near the hypothetical
terminal point T is indicated in both cases.



(b)

FIG. 12. Stripe dislocations terminating a bend wall tex-
ture. (a) Enlarged view of the apparent end points of the
array of transverse line defects shown in Fig. 4(c). A dis-
location in the stripe pattern is associated with each of the
apparent end points. (b) Director-bond field model of the ap-
parent terminal point of a transverse line defect B, derived
from that of Fig. 10(b). The model illustrates that the con-
version of B into an additional, distinct splay wall 8’ requires
the introduction of an edge dislocation in the stripe pattern.



FIG. 13. Curved line defects. The photograph shows a
stripe pattern permeated by an array of line defects emerg-
ing from the edge of the film (part of the filmholder is vis-
ible in the lower left portion of the image). Note that the
cusps associated with successive defects adopt identical ori-
entation (pointing upward). What are initially transverse line
defects convert into longitudinal defects via “faceted” curved
segments. A portion of a loop is visible in the lower right of
the image. Details of the intensity modulations and cusp ori-
entations are discussed in the text. The horizontal dimension
of the field of view is approximately 180 pm.



(b)

(0) —
FIG. 14. Line defects as loops. (a) Closed loops in the stripe phase contract and become more rounded, ultimately shrinking
to nothing. Note that the cusps in the stripe pattern adopt opposite orientations along the left and right boundaries of the
loop, as indicated by the arrows. The horizontal dimension of the first frame is about 160 gm and the elapsed time between
frames about 30 sec. (b) Director-bond field associated with the intersections of stripes with two successive bend walls forming
part of a loop, using the model of Fig. 10(c). (c) Schematic illustration of cusp orientation and stripe intensities at opposite
intersection points of a stripe and transverse line defects forming part of a loop. The closed contours, '~ and T4, enclosing,
respectively, the intersection points K_ and K, must be followed in opposite direction senses, to realize identical sequences
of stripe intensities (“colors”). This construction serves to define the chirality associated with each of the intersection points.
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FIG. 15. Conversion of transverse to longitudinal defects. (a) Stripe pattern containing longitudinal and transverse line
defects, the latter in a “jogged” configuration. The horizontal dimension is about 250 um. (b) Bond and director field
configurations associated with a simple jogged line defect, constructed by applying the model of Fig. 10(c). The defect is
shown to undergo a series of interconversions between transverse and longitudinal orientations, the latter implying the creation
of sections of double splay wall, (§,8’). This double splay wall may be thought of as a narrow stripe domain of vanishing
width 4 for the purposes of understanding the chiral topology. The phase slip between bond and director fields associated with
the line defect is retained as the wall undergoes interconversions between transverse and longitudinal orientations and hence
between bend and splay character. As a result, a splay wall 8’, or double splay wall (§,8"), which is formed by a line defect
is always topologically distinct from the regular splay walls & of the pristine stripe phase.




FIG. 16. Brick-wall-to-honeycomb transformation. Illus-
tration of the relative elongation and contraction of succes-
sive bend wall segments in a brick wall pattern required as
the essential mechanism of generating a honeycomb pattern
like that in Fig. 4(d). The respective segments correspond
to energetically different transitions between chiral substates
L, and L,. What drives the originally curved stripe segments
(the “bricks”) to transform to straight-sided structures is not
known.
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FIG. 2. Symmetry operations of tilted smectic films. This
figure illustrates the transformation of ¢ under the C; and o
symmetry operations shown in Fig. 1. The ¢ director is by
convention the layer-plane projection of the director fi chosen
to have a component along the positive layer normal +2.




FIG. 4. Modulated textures in hexatic films. (a) Evolution of SC brushes to strings. The broad extinction brushes of the
SC phase collapse to sharp strings when cooled to the hexatic phase transition (T ~ 80°C). When the film is subsequently
heated, the inverse process, wall broadening, occurs. (b) Coexisting stripe and line texture in 70.4 (T ~ 75°C). (c) Stripes
near film edge, modulated by perpendicular line defects (brick wall texture). The stripes are bent into cusps at each line defect
and can pass through only every second line unchanged (T ~ 73°C). (d) Honeycomb texture at low temperature (T ~ 65 °C).
The insets in (c) and (d) show details of the texture near bend walls. The horizontal dimension of (a) and (b) is about 250 pm,
of (c) and (d) about 130 pm.



FIG. 5. Optical diffraction pattern from a striped film
(T ~ 68°C). This computer-enhanced image shows the first
and third order peaks as well as the central maximum. Fifth
order spots were visible by eye but fell outside the imaging
area of the camera. The two off-axis spots near the central
maximum are stray reflections of the main beam; the even
order peaks are absent. The inset shows a circular region
of uniform stripes such as were illuminated in the diffraction
experiment.



FIG. 6. Stripes buckling in response to rapid heating
(T ~ 76 °C). The horizontal dimension is about 250 pm.



FIG. 7. Modulated hexatic textures in islands. (a) Concen-
tric stripes modulated by a 12-armed star defect (T ~ 71 °C).
The horizontal dimension is about 250 um. (b) Six-armed star
defect at low temperature (T ~ 61 °C) . The surrounding film
is considerably thinner and thus darker than the islands.



A

FIG. 8. Director field in a six-armed star. The ¢ director is
uniform in each sector and the six orientations shown here cor-
respond to equilibrium azimuths of the SF phase. The polar-
izer and analyzer are decrossed, yielding three distinct reflec-
tion intensities. The bond orientation lattice rotates through
|Af| = 120° in each arm, the shading of two segments of the
lattice enabling visualization of its absolute orientation.



FIG. 9. Evolution of six- to 12-armed stars on heating
(T ~ 64 °C). The straight arms of the original six-armed star
have destabilized and are no longer recognizable. On further
heating, the irregular bulging domains seen in this picture
extend circumferentially and reorganize into regular stripes
modulated by a 12-armed star. The diameter of the larger
island is about 170 pm.



