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Structures in the meniscus of smectic membranes:
the role of dislocations?

M. Selmi,® J.-C. Loudet, ©2*2 P_ V. Dolganov,” T. Othman® and P. Cluzeau®

We report an experimental investigation of the structure of periodic patterns observed in the meniscus
of free-standing smectic films. Combination of polarizing optical microscopy and phase shifting
interferometry enabled us to obtain new information on the structure of the meniscus, and in particular,
on the topography of the smectic—air interface. We investigate the profile of the undulations in the
striped structure in the thin part of the meniscus, change of the stripe period with the meniscus thick-
ness and subsequent transition into a two-dimensional structure. It is shown that the two-dimensional
structure has an unusual complex profile of “egg-box” type. The striped texture occurs upon cooling
from the nontilted smectic-A to the smectic-C* phase, whereas the two-dimensional pattern is present
in both phases. We discuss the possible origin of the modulated structures, the role of the dislocations

rsc.li/soft-matter-journal

1 Introduction

Free-standing smectic films (FSFs) are well-known to serve as
excellent model systems for 2-dimensional (2D) liquids. They
bear similarities to soap films, made from mixtures of water
and surfactant molecules, and consist of molecular layers
parallel to upper and lower free surfaces. The film is connected
to a supporting solid boundary (of rectangular or circular
geometry) by a meniscus. Unlike soap films, the partial order-
ing of the molecules inside each layer imparts elastic properties
to FSFs, whose thickness can be finely tuned from thousands of
layers down to 2 layers thanks to thinning transitions."? In
smectic-A and smectic-C phases (noted SmA and SmC, respec-
tively), there is no positional order of the molecules within the
layers, and the corresponding films can be considered as 2D
isotropic (SmA phase) or anisotropic (SmC phase) liquids. In
the SmA phase, the long axes of the molecules are perpendi-
cular to the layer plane, whereas in the SmC phase (noted SmC*
for chiral compounds) the molecular long axes are tilted with
respect to the layer plane normal. In the latter case, projections
of the molecular long axes on the layer plane define the so-
called c-director, which can reorient in the layer plane. How-
ever, deformations of the c-director field cost elastic energy.'”
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in the meniscus, the elasticity of smectic layers, and the mechanical stress induced by dislocations.

The meniscus in smectic films is of paramount importance
in many aspects. It controls the film stability, the disjoining
pressure, the defect dynamics (dislocations) as well as phenom-
ena related to elastic interactions and self-organization of
colloidal inclusions in smectic films."® The physical properties
of smectic menisci greatly differ from those of isotropic liquids.
Among the main differences, we may cite the meniscus circular
profile, the existence of a nonzero contact angle between the
meniscus and the film, and the fact that the film can support a
normal elastic stress.’ Recently, it was shown that the differ-
ence is essentially a bit deeper. The meniscus free surface in
SmC (SmC*) films exhibits nontrivial undulations, which man-
ifest themselves optically in a quasi-periodic striped pattern
parallel to the thickness gradient.®”® The patterns are long lived
and remain as long as the smectic film is stable. These experi-
ments clearly show that LC menisci can be rugged, in contrast
to their isotropic counterparts. This is obviously a direct con-
sequence of the elastic properties of smectics.

Striped textures in the meniscus of the SmC films were first
evidenced by Meyer and Pershan.'® They interpreted the patterns
as a result of a surface polarity-induced c-director splay: since a
uniform splay deformation cannot be achieved, a series of
domains with a uniform c-director splay forms; each domain
is separated from its neighbors by disclination sheets extending
over a short distance into the film. Seemingly similar splay
domains, together with additional features, were also noticed
by Maclennan in the meniscus of smectic ferroelectric
compounds.'’ Dhara et al'® and Smalyukh et al® further
explored the behavior of FSFs made of twist grain boundary
TGB, and undulating twist grain boundary UTGB¢» compounds.
Optical microscopy observations reveal that the meniscus of
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these LCs also exhibits radial stripes with a varying periodicity
that depends on the meniscus thickness. However, the authors
found that these domains are not consistent with Meyer’s
original splay model.’® Using Fluorescence Confocal Polarizing
Microscopy (FCPM), they clearly demonstrated that the stripes
actually correspond to layer undulations in the bulk of the
meniscus. Additional interest in the field was later fueled by
the first observation of corona patterns in the small meniscus
surrounding solid micro-particles embedded in SmA films.'* As
in ref. 13, the authors attributed the modulation to bulk layer
undulations due to dilative strain caused by the meniscus
curvature, C, which induces a transverse pressure gradient equal
to AP = Pair — Psmectic = VsaC > 0, where yg, is the smectic-air
surface tension. And it is well-known that smectics can minimize
their energy through a buckling of the layers above a critical
dilative strain.'>'® However, layer undulation was not experi-
mentally demonstrated in the work of Conradi et al. Harth and
Stannarius confirmed the existence of striped domains encir-
cling micrometer-sized glass particles and glycerol drops trapped
inside smectic films, as well as in the outer meniscus close to the
holding frame.® Upon testing a variety of compounds, they
noticed that the patterns only existed in the tilted SmC and
SmC* phases but not in the SmA phase. Indeed, the stripes start
to appear at the SmA-SmC (SmC¥) transition and are very
sensitive to temperature. The same authors also showed that
the director structure was actually more complicated than that of
Meyer’s model and that the presence of stripes is not related to
the chiral nature of the compounds. Furthermore, using both
optical and Atomic Force Microscopy (AFM) methods, Loudet
et al® and Harth et al” clearly demonstrated that the linear
stripes are associated with undulations of the smectic free
surface in the SmC phase. In ref. 9, it was suggested that
undulations originate from a mechanically-induced instability
at the SmA-SmC transition due to the contraction of the layers.
Assuming a constant layer number, this contraction is con-
strained by the strong anchoring of the film to the outer wall.
The resulting mechanical stress induces a dilation which then
triggers the buckling of the smectic layers.'>'® However, despite
this likely scenario, several distinct features of the striped
patterns remain to be explained, namely: (i) formation of the
modulated texture in the meniscus (i.e. in a region with thick-
ness gradients) and its absence in flat regions of the film
irrespective of its thickness; (ii) the modulation is always
perpendicular to the thickness gradient; (iii) the dependence of
the stripe period on the sample thickness.

In this article, we present new experimental data that shed
some light on the physical mechanisms that drive the for-
mation of the meniscus structures. We made an extensive use
of optical microscopy and phase shifting interferometry (PSI)
methods to probe the director field and the meniscus profile
in both thin and thick regions as a function of temperature.
In the thick zones, we show that the texture consists in a
2-dimensional array made of focal conic domains (FCDs),
featuring a very bumpy smectic free surface with dimples
exceeding 250 nm. FCDs are present in both SmC and SmA
phases and are very likely to originate from giant edge
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dislocations as we will see below. Since the transition between
the radial stripes and the FCDs is “continuous”, i.e. there exists
a crossover region, it is suggested that dislocations play also an
essential role in catalyzing the undulation instability at the
SmA-SmC transition. In fact, we show that a scenario based on
dislocations is able to address the points listed above and can
account for most of the meniscus structures.

Understanding these phenomena is a necessary prerequisite
prior to dealing with the interactions and the self-organisation
of an assembly of exogenic inclusions, e.g. solid micro-particles,
trapped in FSFs. As recalled above, radial wrinkles also decorate
the small meniscus, or wedge, around the particles, just like in
the outer meniscus of FSFs. In fact, both the director field and
free surface distortions are intertwined in these phenomena,
leading to potentially very interesting elasto-capillary inter-
actions, which have received little attention so far.'”2°

The article is organized as follows. Experimental details,
dealing with the preparation of FSFs and their characterization
via optical methods, are described in the next section. Section 3
is devoted to the experimental results. We offer detailed char-
acterization of the various patterns that decorate the FSF
meniscus. The meniscus surrounding the micro-particles
embedded in the film is also briefly analyzed. A discussion is
presented in Section 4. As aforesaid, we propose a general
interpretation based on the presumably important role of
dislocations that are ubiquitous in the meniscus. A brief
summary and some prospects (Section 5) close the paper.

2 Experimental details

Free-standing smectic films were standardly prepared by
spreading a small amount of a smectic liquid crystal over a
3 mm circular opening, drilled in a 1 mm thick glass slide.
Three ferroelectric compounds, namely ZLI-3488 (bulk phase
sequence: Iso [85 °C] N [66 °C] SmA [61 °C] SmC*),>" SCE-9
(Merck, England; bulk phase sequence: Iso [116 °C] N* [80 °C]
SmA [70 °C] SmC*), and SCE-12 (Merck, England; bulk phase
sequence: Iso [117 °C] N* [81 °C] SmA [71 °C] SmC*), were used
in all our experiments. The films were created either in the
high-temperature SmA phase or directly in the SmC* phase at
room temperature. Prior to any measurements, the films were
let to homogenize at constant temperature for several hours,
until they were uniformly colored, as checked in reflected light
optical microscopy. We used the Newton color chart to estimate
the membrane thickness, which was typically less than 1 um
after film relaxation.

A few experiments were dedicated to the observation of the
meniscus around micrometer-sized particles embedded in the
smectic membrane. For that purpose, a very dilute aqueous
dispersion (mass fraction «0.01%) containing either polystyrene
(PS) spheres (Polysciences, diameter 10 pm) or prolate ellipsoids
(see ref. 22 and 23 for the fabrication process) was then sprayed in
the air above the FSF with a fine nozzle, after film relaxation. The
water drops evaporated quickly while a few particles gently landed
on the film where they got trapped without rupturing the film

This journal is © The Royal Society of Chemistry 2017
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provided it was not too thin. In all cases, the particle size was
always larger than the film thickness (<1 um); and in both the
SmA and SmC* phases, a meniscus of finite spatial extension
systematically surrounds the particles, meaning that the used
smectic compounds actually wet the particle surface. The smectic
membrane is therefore strongly deformed in the vicinity of
particles as we will see in more detail hereafter.

We used polarized and depolarized optical microscopy
(in both transmitted and reflected light) and phase shifting
interferometry to characterize the textures observed in the
menisci of FSF. PSI is a powerful technique to compute the
phase of an object wave and thereby determine optical path
differences with nanometer resolution. Here, we applied it to
probe the topography of the smectic-air interface in the
meniscus region as a function of temperature thanks to a
home-made hot stage designed to accommodate the FSF sam-
ples. The basic principles of PSI and details of our experimental
setup can be found elsewhere.”***

3 Results

3.1 Textures in the outer meniscus

In this section, we provide valuable information on the patterns
that decorate the meniscus of FSF thanks to optical microscopy

View Article Online
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observations and extensive PSI measurements at the smectic-air
interface. Different regions are clearly visible in the meniscus of
Fig. 1a: (i) the flat film, (ii) edge dislocations near the meniscus,
(iii) a 1D structure made of radial stripes (label 1) with a varying
periodicity, (iv) a crossover region from a 1D to a 2D structure,
and (v), a 2D structure consisting of focal conic domains (FCDs)
(label 2), again with a varying periodicity. The flat film region
(simply named “film” in the following), in the center of the
sample, remains free of any pattern in all our experiments. In the
following, we will mainly focus on the 1D and 2D structures.

3.1.1 Radial structures. The radial structures, or stripes,
that decorate the meniscus in FSFs were already thoroughly
characterized in previous works.®® Here, we summarize impor-
tant previous findings whilst providing additional details on
specific points.

In the SmC (or SmC*) phase, radial stripes are known to
correspond to both c-director splay distortions®'® and undula-
tions of the smectic-air interface.””® The latter phenomenon is
further illustrated in the optical microscopy images of Fig. 2.
The interference fringes (PSI) are not straight but rather dis-
torted in the presence of stripes (Fig. 2b), which is not the case
in the SmA phase where the stripes are absent. The stripes are
directly responsible for the wavy character of the fringes and this is
best seen in Fig. 2c, where a bright-field image and the corres-
ponding interferogram have been superimposed. The meniscus

Fig. 1 Optical photographs of the meniscus of a smectic SCE-9 film at two different temperatures. (a) T = 40 °C, SmC* phase. Several regions can be
easily distinguished: the flat film; a 1D structure made of radial stripes with a varying periodicity (label 1); and a 2D structure consisting of focal conic
domains (FCDs) (label 2), again with a varying periodicity (see the text for details). (b) T = 64.5 °C, still in the SmMC* phase. At higher temperatures, the
stripes start to disappear in the thinner parts and become less contrasted. In the transitional region between the 1D and 2D structures, the small FCDs
follow the alignment of stripes. In the thickest parts, FCDs form a well-ordered lattice with a growing periodicity. The photographs were recorded in

transmitted light with decrossed polarizers to enhance the contrast.

Fig. 2 Optical microscopy pictures of the radial stripes in the SmC* phase (compound SCE-9, T = 25 °C). (a) Bright-field image (transmitted light).
(b) Corresponding interferogram obtained through PSI (reflected light). The interference fringes are distorted. (c) Superposition of images (a) and (b).
The distortions of the fringes are directly correlated to the presence of stripes.

This journal is © The Royal Society of Chemistry 2017

Soft Matter, 2017, 13, 3649-3663 | 3651


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sm02736a

Open Access Article. Published on 18 April 2017. Downloaded on 12/4/2025 12:41:55 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

w
Height [um]

%/
Fig. 3 3D reconstruction of the meniscus profile, z = h(x, y), from a series of
interferograms recorded in the SmC* phase (PSI technique, cf. Section 2).
Undulations in the meniscus are clearly visible (compound SCE-9, T = 25 °C).
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free surface is rugged, as revealed by the 3D reconstruction of
Fig. 3, obtained through PSI measurements. Crests and valleys are
clearly visible. The average slope in this area is usually below 10%
within our experimental conditions.

The data of Fig. 4 show the evolution of the undulations as a
function of the distance x to the film. The greater the x value,
the thicker the meniscus. As aforesaid, both the amplitude, u,,
and the wavelength, 4, of the undulations are increasing func-
tions of x. If we make a simple analogy to the planar case, it is
indeed expected that A grows with the sample thickness 4.">"°
We will come back to this point in the discussion part.

In the thick stripes area (curve 6 on Fig. 4b), the undulations
are no longer sinusoidal and exhibit a saw-tooth profile with

0 2 100 nm and 4 ~ 5-10 pm. This is even more spectacularly
illustrated in Fig. 5 in the case of very large stripes, just before
the FCD network. There, ©, > 200 nm and 4 ~ 30 um. In
contrast, close to the film (e.g., curves 1 & 2 in Fig. 4b), the
amplitude of the modulation is below our experimental resolu-
tion (~5 nm). Similar features, for both u, and A, were found

Amplitude [pm]
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Fig. 5 Characterization of the meniscus in the region of very thick stripes
(compound SCE-12, T = 25 °C). (a) Interferogram (PSI) in the region of thick
stripes. (b) Superposition of the interferogram and the brightfield trans-
mitted image. (c) z-Profile obtained along the oblique dashed curve
plotted in (b).

50 60 70

with atomic force microscopy measurements carried out
directly on the meniscus of FSFs.”

We may use the PSI data to examine the meniscus profile in
the stripe region. This is displayed in Fig. 6a, where the
meniscus height relative to the film, #, is plotted as a function
of x. According to ref. 26 and 27, the profile should be circular,
which is reasonably verified by the best circular fit to the
experimental points. The typical curvature radius, R, deduced
from the fits, is in the range (400-600) um. From the average
slope of Fig. 6a, we expect a rather high density of (edge)

1.00 | 4

0 10 20 30 40 50 60
y [um]

Fig. 4 Evolution of the undulation amplitudes as a function of the distance x from the film (compound SCE-9, T = 25 °C). (a) Optical photograph of the

striped domains (transmitted light). The dashed curves i =1,...,
(b) Corresponding amplitudes.
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6 mark the different positions along which the undulation amplitude was determined.
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Fig. 6 (a) Meniscus profile, h(x), plotted as a function of the distance x to
the film in the striped region. The solid line is a circular fit to the
experimental data. (b) Polarized optical microscopy picture of striped
domains. The dashed lines mark the positions at which the spatial peri-
odicity of the stripes, 4, was measured. The white cross at the bottom left
corner indicates the directions of the crossed polarizers (transmitted light,
SCE-9 compound, T = 24 °C). (c) 4 versus h. Several data sets are reported.
The solid curve is an average curve obtained from all the experimental
data. Inserted optical photograph: parallel stripes with uniform periodicity
extending over a large length scale (inside the dashed frame) in the thick
part of the meniscus (transmitted light with decrossed polarizers, SCE-12
compound, T = 60.5 °C).

dislocations in the striped area, approximately one per 20 nm
(assuming they remain single), from a simple geometrical estimate.

Use of the circular fit in Fig. 6a allows us to plot the
variations of 4 versus h, at various positions in the meniscus

This journal is © The Royal Society of Chemistry 2017
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(Fig. 6b). The corresponding graph is exhibited in Fig. 6c, where
it is seen that 4 grows with £, but tends to level out at “large” A.
This can be attributed to the fact that, quite often, the big
stripes extend over a large length scale (>40 pm) with a
uniform periodicity, as illustrated by the photograph inserted
at the bottom right corner of Fig. 6¢c. A plateau is therefore
expected in the A(h) graph. No simple scaling can be inferred
from the data of Fig. 6c¢, in contrast to the ‘“historical”” planar
geometry for which 1o vd, where d is the sample
thickness."™'® In ref. 6, the authors reported a linear relation-
ship between 4 and 4.

The striped domains are very sensitive to temperature, as
shown previously:>®° on heating to the SmA phase, the stripes
become less contrasted and gradually disappear (Fig. 1b). Just
above the SmA-SmC (or SmC*) transition temperature, Tyc, the
existence of stripes can be attributed to surface-induced mole-
cular tilt: the tilt angle is nonzero, albeit small, only near the
surface of the film.® Well above Tac, the stripes disappear
completely, while most of the FCD network holds. In this case,
a sharp boundary exists between the FCDs and the defect-free
area of the meniscus (Fig. 7a). Upon cooling back to the SmC*
phase, the stripes reappear; the whole process is very reproduc-
ible over numerous heating and cooling cycles. However, it is
important to note that the stripes pop out rather suddenly just
below Txc and span the whole range of region 1 in the form
of thin, straight periodic wrinkles (see Fig. 7b and c) with a
period ~2 pm. Upon further cooling, small FCDs start to
nucleate on thick stripes (Fig. 7d; see also Fig. 1b) and the
stripes start to branch (Fig. 7e and f). The transitional region
between the 1D and 2D structures is no longer sharp and most
stripes become curved a little. At lower temperature, the
textures become more and more contrasted because of greater
molecular tilt.

Note that, at constant temperature, the 1D structure shown
here is long lived and survives for many months. As long as the
film is stable, the structure is conserved. This situation differs
greatly from the undulation instability in a sandwich cell, which
is metastable, and disappears after a few seconds because
dislocations glide between layers to relax the stress."*'>'%?8
We will further comment on this point in Section 4.

To end this section, let us mention that very similar striped
patterns, with a varying periodicity, were also reported in the
meniscus of twist grain boundary (TGB) LCs featuring SmA and
SmC* blocks."

3.1.2 Focal conic domains. As we go further away from the
film, the stripes give way to a two-dimensional (2D) ordered
array of focal conic domains (FCDs). The FCD network usually
appears at a rather well-defined distance from the film (region
marked by label 2 in Fig. 1). There exists a transition region
between the 1D and 2D patterns, which makes them quite
compatible: as aforesaid, the first small FCDs usually nucleate
along the thick stripes (Fig. 1b and 7d-f) and follow their
alignment prior to forming a compact lattice - sometimes
crystal-like - made of rounded, or sometimes squared,
domains. The characteristic FCD size is an increasing function
of the meniscus thickness (Fig. 1, 8a and 9a). In the bright-field

Soft Matter, 2017, 13, 3649-3663 | 3653
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Fig. 7 Time series of optical microscopy images illustrating the appearance of stripes upon cooling from the SmA to the SmC* phase (~5° min™,

1

compound SCE-9). The flat film is located to the right on each image. (@) SmA phase. The meniscus is smooth. The 2D network of focal conics persists
and a small part of it is visible on the left. (b and c) Transition to the SmMC* phase: nucleation of thin wrinkles spanning the whole length of the meniscus.
(d) Branching of the 2D network on the left: small rounded domains pop out. (e and f) Branching of the radial stripes in the lower part of the meniscus and

enhancement of the contrast.

optical image of Fig. 8a, ordered arrays of small FCDs in the
thin zones progressively give way to less ordered, larger and
rounded FCDs in thicker parts. Under crossed polarizers,
distortions of the molecular director within FCDs located in
thin areas appear as bright brushes separated by dark lines, or
highly deformed dark crosses in certain cases (Fig. 8b and c).
These patterns are reminiscent of those observed with a parti-
cular class of FCDs, called type I FCDs (see below), in confined
geometries (see for instance, Fig. 8a in ref. 29 or Fig. 1b in
ref. 30). In thick regions, it is difficult to obtain good images
since many domains seem to be entangled and stacked on top
of each other.

Like the 1D structure described previously, the 2D FCD
network is also sensitive to temperature, but to a lesser extent.
Deep in the SmA phase, small FCDs begin to fade away row by
row, starting from the thinner region. But large FCDs still
remain with a high contrast in the thickest regions of the
meniscus. Close to the nematic-smectic (or cholesteric-
smectic) transition, FCDs eventually disappear completely in
the meniscus. Like the radial stripes, FCDs survive for many
months, as long as the film is stable. A similar 2D lattice was
also mentioned in ref. 8.

PSI measurements show that the interference fringes are
quite distorted and pinned within each FCD. The fringes form
rounded arches (Fig. 9b), unlike the chevron-like fringes
obtained with stripes (Fig. 2b and 5a, b). The resulting 3D
profile reveals that the smectic-air interface in this area con-
sists of a regular array of depressions and hills, leading to an
“egg-box” like structure (Fig. 9d). The graph of Fig. 9c clearly
indicates that each depression, with amplitudes up to 150 nm,
is associated with the dark area located in the center of each
domain. Even greater dimple amplitudes, exceeding 250 nm,
can be measured in thicker regions of the meniscus with bigger
domains, which are less ordered (Fig. 10). In this area, the 3D
plot of Fig. 10e gives evidence that the smectic-air interface is
very bumpy with significant pinches.

3654 | Soft Matter, 2017, 13, 3649-3663

All these results show that the reported focal domains are
likely to correspond to “type I” FCDs (just noted FCDs here-
after), where the smectic layers bend to form singular points,
which are all arranged in two conjugate conics: an ellipse at the
basis of the FCD, and a branch of hyperbola that passes
through one of the foci of the ellipse (see e.g. ref. 29). This is
further supported by the dark dots seen in the center of (small)
FCDs under polarized microscopy which, most probably, mark
the location of hyperbolae (Fig. 11). The presence of such dark
dots was also reported in ref. 30-32 for FCDs forming on curved
smectic interfaces in the vicinity of colloidal particles and
micropillars. All our data, in particular the dimple amplitudes
and the surface topography, are very consistent with previous
characterization of FCDs, whether in confined geometries,zg’z’s_37
or on curved interfaces around colloids and microposts.
However, the mechanism that drives the formation of FCDs in
FSF is likely to be different than that highlighted in previous
works on smectic films with hybrid boundary conditions.>**
We will discuss this point below.

30-32,38

3.2 Wedge around colloidal particles

In this section, we briefly mention a few observations about the
meniscus, or wedge, around solid particles embedded in the
flat film area of the FSF. Our goal here was to reproduce and
complement the already thorough observations reported in
ref. 4, 6 and 14, using our experimental conditions.

The particles were placed on the films using a spraying
technique, as described above (Section 2). In all cases, the
particle size was greater than the film thickness and the
inclusions were always surrounded by a significant smectic
wedge of finite extension. Edge dislocations can be clearly
distinguished at the periphery of the wedge (Fig. 12b) and the
boundary between the wedge and the film is very sharp
(Fig. 12a and c).

In the SmA phase, the wedge around each particle is homo-
geneous and free of any textures (Fig. 12a). But this is not so in

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Optical microscopy pictures of the FCD network (transmitted light,
compound SCE-9, SmC* phase at T = 25 °C). (a) Bright-field image. The
meniscus thickness increases from top to bottom. Rounded and colorful
domains of tens of micrometers can be observed in the thickest zones.
Scale bar: 33.5 pm. (b) Corresponding polarization image recorded
between crossed polarizers, whose directions are indicated by the white
cross. The focus was made in the thin parts of the meniscus, such as that
marked by the dashed yellow rectangle, which is enlarged in (c). Scale bar:
33.5 um. (c) Zoomed-in view of the area enclosed by the dashed yellow
rectangle drawn in (b). The bright brushes and the dark lines within
domains seem to be consistent with those observed for type |-FCDs
(FCDs), as in ref. 29 (see text for details). Scale bar: 17.8 um.

the SmC* phase where a pattern made of branched stripes
occurs (Fig. 12b). These stripes, just like those in the outer
meniscus, also correspond to c-director deformations and to
undulations of the smectic-air interface, as revealed by the small
distortions of the interference fringes (Fig. 12c). A preliminary
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analysis indicates that the undulation amplitudes are very small,
of the order of 20 nm,*® whereas the maximum height variation
of the wedge reaches about 1.5 um with respect to the film. Note
the elongated shape of the smectic wedge around the ellipsoid.
Similar features were observed with spheres, although the wedge
is circular in this case. Actually, the particle shape alters both the
meniscus shape and its profile. But a detailed analysis of that
effect is not the main purpose of the present study and the
results of a dedicated investigation will be reported elsewhere.
Most importantly, we wish to stress that FCDs never appear in
the wedge surrounding micrometer-sized colloidal particles,
whether they are spheres or ellipsoids, and whatever the smectic
phase. Actually, this is an important fact that will help us
understand the mechanisms that drive the formation of these
patterns, as discussed hereafter.

4 Discussion

In this section, we wish to provide some insight to tentatively
explain the formation of the different structures that decorate
the meniscus, essentially in the tilted SmC* phase. We start
with the radial stripes before addressing the case of FCDs.
The discussion ends with a few open conjectures.

4.1 Radial structures

Elastic energy vs. surface energy. PSI measurements in
region 1 of the meniscus in the SmC* phase (Fig. 1a) show
that the radial stripes correspond to a physical undulation of
the smectic-air interface. Most likely, this undulation must
propagate into the bulk of the meniscus, thereby leading to
undulated smectic layers in the whole sample. We can make
simple estimates of the characteristic surface and bulk energies
that support this picture. As a first approximation, we may use
the elastic energy of the SmA phase because the radial stripes
appear at the SmA-SmC transition, when the molecular tilt
angle, 0, is likely to be very small (second-order phase transi-
tion). To estimate the typical elastic energy, F.j, due to layer
undulations, we consider a smectic monodomain in contact
with a sinusoidal solid wall placed at z = 0 of amplitude «, and
wave vector q = 2nt/, with qu, « 1. An approximate expression
of F¢ reads (per unit length along y):?

B f
-7:61 J de dx (uzz + Azuxxz)v (1)
0 0

T2

where u(x, z) is the layer displacement in the z direction, u, = 0u/0z,

etc., and A =+/K/B is the smectic penetration length (of the
order of the layer thickness a,). K and B are the curvature and
compression modulus of the smectic layers, respectively. Mini-
mizing eqn (1), with the boundary condition u(x, z = 0) =
Ugcos gx, leads to the solution: u(x, z) = u,cos gre 7, where
&= (4¢")"" ~ 1.4 mm with 2 = 10 um and 4 = 20 A. ¢ is the
characteristic penetration length of the perturbation in the bulk
of the smectic sample and we see that it has a macroscopic
value.'”® Thus, bulk distortions must have an influence on the
capillary properties of smectics as we shall see hereafter.
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Fig. 9 Characterization of FCDs in the meniscus (beginning) (compound SCE-12, T = 25 °C). (a) Bright-field optical microscopy image. The focus was
made on the centers of FCDs, which appear as dark circular domains. (b) Corresponding interferogram. The interference fringes are distorted and form
small rounded arches, which are pinned at the locations of the dark disks (centers of FCDs). The white dashed frame indicates the region analyzed using
PSI. (c) z-Profile obtained along the white dashed line plotted in (a). The minima of the curve correspond to the locations of the dark domains in (a), i.e.
the FCDs are associated with depressions. A modest slope (< 1%) exists along the cut. (d) 3D profile obtained from (b) via PSI. In this region, the meniscus
exhibits an “egg-box” like profile consisting of a network of bumps and dimples organized in two orthogonal directions.

Injecting the solution for u(x, z) in eqn (1) and integrating yields:
Fe= B/lqzuo2/4.

Consider now an undulating SmA-air interface with an
assumed sinusoidal profile, again of amplitude u, and wave
vector g. The cost in terms of surface energy may be approxi-
mately given by (still per unit length along y):"*

Lo (dny?
Fexgpnal (a) dx, ®)

where ys, is the smectic-air surface tension. After integration,
we obtain: F = y,¢’us>/4. We see that the ratio F/F; is
equal to a dimensionless number f = AB/ys,. Taking typical
values, i.e. A1=20A,B ~ 10" Jm ®and y5, ~ 2 X 10 2] m ™ 2,%*7
we obtain f§ ~ 1.%° Therefore, the surface energy is of the same
order of magnitude as the bulk elastic energy, which means
that layer undulations at the free surface certainly propagate
into the bulk, and vice versa, layer undulations in the bulk
extend all the way to the smectic-air interface. Consequently,
the experimental radial stripes should correspond to both
surface and bulk undulations of smectic layers.

It follows from the above considerations that undulations of
smectic layers may be the source of c-director deformations,

3656 | Soft Matter, 2017, 13, 3649-3663

which can be easily visualized using a polarized optical micro-
scope, as shown in Fig. 6b. With crossed polarizers, the film
area (bottom left) appears completely dark, meaning that the
c-director is aligned along one of the directions of the polar-
izers. However, broad and bright orange domains alternate
with thin dark and blue lines in the meniscus. These domains
reflect c-director distortions that bear some resemblance to
the splay domains of the original Meyer’s model® (see also
ref. 6 and 8).

In general, it is reasonable to expect the occurrence of c-director
modulations, and therefore stripes, if the layers undulate.*" How-
ever, the reverse may not be necessarily true: the presence of
c-director distortions (stripes) does not guarantee that the layers
undulate. In fact, we spotted a few scarce, preliminary evi-
dence of this phenomenon in our experiments.** Thus, it is
important to have in mind that some of the striped patterns
reported so far in FSFs (see e.g. ref. 8 and 43, for a recent
review) may actually correspond to c-director effects only,
without involving layer deformations. The original splay
domains evidenced by Meyer and Pershan more than 40 years
ago'® might fall into this category. The subtle coupling
between the c-director field and the layer distortions definitely
calls for further dedicated investigations.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Characterization of FCDs in the meniscus (thick zone) (compound SCE-12, T = 25 °C). (a and b) Bright-field optical microscopy images recorded
at two different locations. In (a), the meniscus thickness is less than in (b). The domain size grows as the meniscus thickens but the spatial organization of
FCDs becomes less ordered. (c) Interferogram corresponding to (b). As in Fig. 9b, the interference fringes are strongly pinned at the centers of the
domains. (d) Height profile along the oblique dashed cut plotted in (b). The dimple amplitudes can exceed 250 nm. (e) 3D profile obtained from PSI via a
series of interferograms such as the one in (c). In this area, the smectic free surface appears very bumpy. Scale bar on all images: 20 pm.

Fig. 11 Zoomed-in optical microscopy image of FCDs recorded between
decrossed polarizers to enhance the contrast. The small dark spots located
inside the domains are likely to mark the location of (hyperbolic) defect
lines (see text for details) (compound SCE-9, T = 25 °C).

In the remainder of this section, we do not pretend to fully
elucidate the physical origin of all kinds of meniscus stripes.
We only focus on the possible origins of those stripes that are
associated with layer deformations.

This journal is © The Royal Society of Chemistry 2017

Mechanical instability. What is the mechanism that drives
the formation of the undulated 1D structure? A likely scenario
based on a mechanically-induced instability at the SmA-SmC
(SmC¥) transition was proposed eatlier.’ Indeed, the smectic layers
tend to contract when going from the SmA to the SmC phase
because of the molecular tilt. However, this contraction is con-
strained by the fact that the total height of the meniscus at the
outer border, or the height difference between terraces in the
meniscus, is supposed to be fixed by the number of dislocations.*”
Therefore, if we assume a constant layer number in a given slice of
the meniscus, the resulting mechanical stress is equivalent to a
dilation**** (Fig. 13). And above a critical dilative stress, the layers
start to undulate to fill space and relax the stress, as is well-
known, 2116284445 Thyg  this scenario may also account for
striped patterns in thickness gradient areas that join terraces,
which are sometimes seen in the meniscus (see e.g. Fig. 4 in ref. 7).
Here, the assumption of a constant layer number is reasonable, at
least in a transient regime: layer undulation is a fast (a few ms)
relaxation process of the stress, because the layers can easily slide
past each other. However, the creation (or annihilation) of extra
layers, which is another possible mechanism, is a much slower
relaxation process (typical time >1 s) related to the phenomenon
of permeation.”® We will come back to this point below.
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Fig. 12 Optical photographs of colloidal inclusions (here, ellipsoids) trapped in the FSF (compound ZLI-3488). (a) SmA phase (reflected light). The
menisci around each inclusion is smooth and free of any texture. The film thickness is very homogeneous, as indicated by the uniform pink color. The
dashed arrow in the bottom left corner indicates the presence of FCDs in the thick area of the outer meniscus. As mentioned in the text, most FCDs
remain in the SmA phase. Scale bar: 39.5 um. (b) SmC* phase (transmitted light). The meniscus around the ellipsoid is decorated with radial stripes, just as
in the thin areas of the outer meniscus (cf. region 1, Fig. 1). Scale bar: 15.6 um. (c) Typical interferogram obtained for an adsorbed ellipsoid such as that in
(b). The interference fringes are deformed and also reflect undulations of the free surface, like in the outer meniscus (cf. Fig. 2). However, the amplitudes
are much smaller, of the order of 20 nm, i.e. close to the resolution limit of our PSI technique. Scale bar: 11.3 pm.
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Fig. 13 Possible origin of the undulation of smectic layers in the meniscus. (a) Illustration of the contraction of the layers at the SmA-SmC transition in a
slice dx of the meniscus. ag is the layer spacing and 6 is the molecular tilt angle with respect to the layer normal N. At left, the nails symbolize edge
dislocations in the meniscus. (b) The resulting mechanical stress is equivalent to a dilation (red arrows) if we assume a constant layer number; the dilative

stress then triggers layer undulations (see the text for details).

The above scenario is further supported by the early work of
Ribotta and Durand.?® These authors investigated the influence
of a molecular tilt on the undulation instability, especially in
the close vicinity of the SmA-SmC transition. Although approx-
imate, their theoretical analysis shows that the critical dilation
necessary to trigger the undulation instability is significantly
decreased if the molecular tilt is allowed. This is so because a
finite molecular tilt systematically lowers the Frank distortion
energy. Hence, the explanation is simple: the instability occurs
only if it is energetically more favorable for the layers to
undulate rather than being uniformly stretched. And since
the Frank energy is relaxed by the molecular tilt, the instability
threshold is lower.”® Noteworthily, the same authors verified
this prediction experimentally using a smectic material confined
between two glass substrates: as the SmC phase is approached
from above, the temperature variation of the instability thresh-
old decreases by almost a factor of 2.

At this point, we may state that the above interpretation is
compatible with most of the observations reported so far: the

3658 | Soft Matter, 2017, 13, 3649-3663

undulation instability develops only in the SmC (SmC*) phase
and for compounds that possess a SmA phase in their phase
sequence. Furthermore, the chiral properties of the LC material
do not matter.’

Role of dislocations. Another experimental fact of primary
importance is that radial stripes only appear in menisci, either
in the outer meniscus of the FSF (Fig. 1), or in the wedge
around colloidal inclusions (Fig. 12). Indeed, as aforesaid, the
film region always remains structureless in our experiments,
whatever the smectic phase. Otherwise stated, the radial struc-
tures seem to require the existence of a thickness gradient. This
observation points to the presumably important role of edge
dislocations, as already noticed in ref. 7, which are obviously
present in such areas.”’

In fact, Rault showed that smectic layers are intrinsically
dilated in the vicinity of edge dislocations.*®"” He proposed
that such an internal dilative stress could be relaxed by a
buckling of the layers in order to explain the periodic deforma-
tions of “oily streaks” in lamellar systems (smectic and

This journal is © The Royal Society of Chemistry 2017
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cholesteric LCs). Thus, in our experiments, the undulation
instability at T)c may preferentially start in the vicinity of edge
dislocations, with a wave vector parallel to the dislocation lines,
as described in ref. 46 and 47. Such a scenario, where the
dislocations serve as nucleation sites for layer undulations,
would provide a consistent explanation of the observations: it
explains why the stripes have a radial symmetry (provided that
the FSF was created with a circular geometry), or equivalently,
why the undulation wave vector is perpendicular to the thick-
ness gradient.

The ““dislocation” scenario has the advantage of providing a
generic interpretation of the observations, i.e. independently of
the material physical constants (K and B). Indeed, as pointed
out in ref. 7, the striped texture has been observed indepen-
dently by several groups, and with numerous different com-
pounds in the SmC (SmC*) phase, thereby ruling out a possible
material dependent-based origin of the phenomenon.

A possible link between dislocations and layer undulations
may also be invoked to offer a different interpretation of the
data in Fig. 6b and c. These data show that the wavelength of
the undulation is an increasing function of the meniscus
thickness. As aforesaid, this trend is expected by analogy to
the simple planar case. However, unlike the planar geometry,
the meniscus contains a much higher density of dislocations,
which may play an essential role. The surmise consists in
relating the undulation wave vector to the Burgers vectors of
the numerous edge dislocations. In fact, this argument was first
put forward by Rault who showed that, in the vicinity of a
dislocation of Burgers vector b, layer dilation occurs over a
length scale of order b (=|b|)."® And by analogy to the planar
case,"™'® the undulation wave vector at the instability thresh-
old, g, may be given by: g.>4b = Cte, where A is the smectic
penetration length defined previously. Therefore, the larger b,
the larger the period of undulations.

We may extrapolate the above reasoning to our experimental
situation. The thickness increase in the meniscus is compen-
sated by the insertion of new layers and the formation of edge
dislocations. The thicker the meniscus, the higher the density
of dislocations. However, dislocations are known to interact
and group together to form large-b dislocations, which are
more energetically favorable."*?” Consequently, large-b (resp.,
low-b) dislocations are preferentially located in the thick (resp.,
thin) parts of the meniscus. Thus, provided that the undulation
instability starts close to dislocations, as proposed above, large
(resp., small) wavelength distortions are expected to arise from
large-b (resp., low-b) dislocations. Although speculative, this
interpretation might account for the data in Fig. 6c. In fact, a
similar argument was proposed by Smalyukh et al. to tentatively
explain the branching of striped domains in the meniscus of
FSFs made from TGB, and UTGBc+ LCs (see Fig. 7 in ref. 13).

The variations of A versus the meniscus thickness may also
be understood from a purely energetic viewpoint. As a first
approximation, if we consider again the expression of the
elastic energy, F., of a smectic A [eqn (1)], we see that, in
terms of orders of magnitude, the curvature energy term can be
written as u,,> ~ 1%/A*, where u, is the undulation amplitude.

This journal is © The Royal Society of Chemistry 2017
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Thus, we notice that long wavelength distortions should be
favored in order to minimize F¢ as much as possible. Hence,
for a given local thickness £, the system will tend to maximize 4.
This trend, combined with the fact that there is no layer
undulation in the film, might force the system to generate a
hierarchical cascade of stripes with a varying periodicity. Actu-
ally, this phenomenon bears some analogy with instabilities
unveiled in other systems, such as thin polymer films or
membranes subjected to external constraints.*®*™>?

Finally, we close this section with a few open issues con-
cerning the ageing of the striped patterns in the meniscus. As
aforementioned, the radial stripes are conserved as long as the
film is stable. Some samples could be kept for several months,
at constant temperature, without any apparent evolution. This
is in fierce contrast to what is usually observed in a conven-
tional sandwich cell, where the stripes eventually disappear via
a dissipative process involving a plastic relaxation from the
motion of dislocations."” In the SmA phase, a rather high
density of dislocations — with potentially large Burgers vectors —
is already present in the meniscus. Most likely, these dislocations
are located in the center of the sample since they are repelled
from free surfaces." At the SmA-SmC (SmC*) transition, layer
undulation takes place and creates a periodic stress field in
the bulk. This stress field is expected to exert forces on the
dislocations which should, therefore, move and redistribute in
the meniscus provided they are not pinned. Such motions, if
they occur, might be responsible for the branching of stripes,
which are initially straight and thin at T,c over the whole
meniscus (¢f Section 3.1.1 and Fig. 7). This scenario would
be consistent with the fact that undulations may preferentially
appear in the vicinity of dislocations: if the dislocations rear-
range, so do the stripes. However, we have no proof to support
this highly speculative statement. Reliable orders of magnitude
of typical dislocation velocities or transit times are difficult to
estimate. The situation is quite complicated because the force
acting on different points of the same dislocation line changes
periodically, resulting in a non-uniform propagation velocity.
To our knowledge, we are not aware of any work dedicated to
the dynamics of even a single dislocation in the presence of an
undulation instability. The only (early) experiments that touched
upon this problem are those due to Bartolino and Durand, who
investigated the undulation instability in a wedge cell for several
wedge angles, «.>® They showed that the instability threshold, 6.
(critical displacement of the upper plate), grows significantly in
the large angle limit, i.e. when one enters the regime of high
dislocation densities. This result still remains poorly understood
today, but points to the undoubtedly important role of defects in
relaxation mechanisms.

4.2 Focal conic domains

Here, we wish to discuss the possible mechanism that drives
the formation of FCDs in the thickest parts of the meniscus. As
aforementioned, this mechanism is likely to be very different
from the one usually invoked to account for the existence of
FCDs in confined geometries.>®® In these works, the smectic
LC is, on one side, in contact to a solid substrate, while the
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other side is open to the air. Usually, the solid substrate is
chemically treated to impose planar boundary conditions of the
LC molecules, whereas the smectic free surface generally
insures a homeotropic anchoring. These hybrid, conflicting
anchoring conditions are precisely responsible for the for-
mation of FCDs. Indeed, their stability is dictated from a
balance between the surface anchoring and elastic energies:
FCDs will form if the surface anchoring energy gain at the
substrate overcomes the elastic energy penalty associated with
the distortions of the layers and defects.?® Note that only half
domains are present in this case, with the ellipse of the FCD
located on the substrate surface (see e.g. ref. 36). In the
meniscus of FSFs, such hybrid boundary conditions do not
exist since the LC is not in contact with a solid substrate, except
at the outer border. Furthermore, in contrast to FCDs on solid
substrates, full domains, and not just half ones, are present in
FSFs with the ellipse located in the central plane of the
455 We have checked that, changing the anchoring
conditions on the outer boundary wall has no influence on the
existence of FCDs. Thus, boundary conditions are unlikely to
explain the formation of FCDs in our experiments.

In fact, it turns out that edge dislocations, again, may play a
crucial role. To our knowledge, the existence of FCDs in FSFs
was first mentioned by Proust and Perez,*® and more recently
by Picano et al.>” and Kléman et al.>** In ref. 27, chains of
FCDs are clearly visible in the thickest parts of the meniscus in
a smectic A sample. Most importantly, the authors give also
evidence of giant edge dislocations with large Burgers vectors
located just before the FCD network. And it is known that giant
edge dislocations become rapidly unstable with respect to the
formation of FCDs, as mentioned in ref. 27, and demonstrated
in ref. 57. In fact, edge dislocations are topologically equivalent
to focal conics, ie. dislocations can be transformed into
focal conics and, vice versa, dislocations can emerge from
FCDs.*”*”%% Consequently, following Picano et al.,*” it seems
reasonable to think that the FCDs evidenced in our experi-
ments (Fig. 1, 9 and 10) originate, at least partly, from giant
dislocations, which are certainly present in the thickest parts of
the meniscus.

But very interestingly, Lavrentovich et al. also showed that
layer undulations could catalyze the nucleation of FCDs in the
bulk.>® More generally, their theory predicts that it is easier to
generate FCDs out of a distorted state — due to e.g. dislocations,
layer undulations, or small dust particles - rather than out of
an ideally uniform state. Our observations directly support this
scenario: both giant dislocations and layer undulations are
present in the meniscus, and possibly serve as sources for the
nucleation of FCDs.”””*° The latter phenomenon is particularly
well illustrated in Fig. 1 and 9: indeed, small FCDs preferen-
tially nucleate on thick stripes, prior to forming a more ordered
array composed of larger domains (¢f Section 3.1.2). Upon
heating well above Ty, the small FCDs disappear along with
the stripes, but the larger FCDs remain, certainly because of the
dislocations. This argument explains why FCDs are always
present in the thick regions of the meniscus, whatever the
smectic phase (SmA, SmC or SmC*).

meniscus.
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Further considerations reinforce the previous scenario. In
Section 3.1.2, we mentioned that FCDs appear at a well-defined
distance from the film. This observation fits very well with the
fact that giant dislocations only form in thick enough regions of
the meniscus, i.e. at a precise distance from the film that
depends on the radius of curvature.””” As a first approxi-
mation, we may use the model of ref. 27 to provide a rough
estimate of the minimum distance from the film, L,;,, at which
giant dislocations are expected to appear in the meniscus.
Taking R ~ 500 um (cf. Section 3.1.1), we find Ly, &~ 50 um,
which appears consistent with most of our observations, since
the distance at which FCDs typically nucleate is (50-100) um
from the film (see e.g. Fig. 1).

The previous argument also explains why FCDs are usually
not observed in the wedge around small, micrometer-sized,
colloidal inclusions (Fig. 12): the meniscus thickness is not
large enough for giant dislocations to develop, and FCDs
cannot nucleate, despite the presence of small stripes. A few
tests performed with rather large polystyrene particles (dia-
meter 240 pum, data not shown) revealed the presence of FCDs
in the thickest parts of the wedge, as in ref. 8 (see Fig. 8a
therein), which is in line with the above statement.

5 Summary and prospects

In this work, we have reported a detailed experimental study of
the structures that decorate the meniscus of free-standing
smectic films. The structures only appear in areas where
thickness gradients exist, including the wedge surrounding
colloidal particles trapped in the film, and are absent in flat
zones. They consist of radial stripes in the thin parts (SmC or
SmC* phase only) followed by an ordered array of focal conic
domains in thicker regions (SmC, SmC* and SmA phases).
Using optical microscopy and phase shifting interferometry,
we confirmed that the former correspond to undulations of
smectic layers and showed that the latter exhibit an “egg-box”
like and bumpy profile with dimple amplitudes exceeding
200 nm. For both types of textures, the characteristic domain
size grows as the meniscus thickens. Using reasonable argu-
ments based on well-established literature results, we sug-
gested that the dislocations, which are ubiquitous in the
meniscus, play an essential role in the occurrence of these
patterns. In particular, the focal conic domains do not arise
from anchoring effects, as in confined geometries with solid
boundaries, but rather from unstable giant dislocations
encountered in sufficiently thick regions. However, further
investigations are still required to (i) explain the persistence
of the striped patterns over very long time scales (some samples
could be kept for more than a year), and (ii) achieve a better
understanding of the coupling between the deformations of the
layers and the modulations of the c-director field in the radial
wrinkles. As aforementioned (c¢f Section 4.1), we have a few
pieces of evidence of the presence of striped domains without
undulations of the smectic free surface. These observations are
still unclear to us. Theoretical work is also missing on that
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particular issue. Some attempts were made a while ago, but in
the absence of free surfaces and thickness gradients.*®*!

Concerning future work, we think that the behavior of solid
inclusions embedded in FSFs is definitely an interesting prob-
lem to explore. The case of endogenic liquid inclusions is
already very well documented, but here, both director field
and interfacial deformations take place around the trapped
colloids, resulting in elasto-capillary interactions on which very
little is known. Understanding these interactions, and their
self-assembly properties, hinges on a careful examination of the
meniscus profile and the accompanying elastic distortions.
Also, drag forces are unknown for particles straddling the
smectic free surface whilst being dressed with a decorated
meniscus. These studies could then be extended to quantify
the 2D diffusion of particles of arbitrary shapes, as was done
recently with smectic islands and microspheres.®®®* Such
problems bear a direct interest in Biology, where it is of
paramount importance to gain knowledge on the diffusion of
a variety of species (e.g. macromolecules, lipid rafts) inside, and
through, the cellular membrane.%**
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