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Surface-frustrated periodic textures of smectic-A liquid crystals on crystalline surfaces
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Using polarizing optical microscopy we studied thin films and droplets of smectic-A
4-cyano-4’-n-octylbiphenyl (8CB) liquid crystal deposited in air on crystalline surfaces of muscovite mica that
induce monostable planar anchoring. The competition with the homeotropic anchoring at the 8CB-air interface
leads to the formation of one-dimensional (1D) patterns composed of straight, parallel defect domains that are
organized in periodic arrays over areas as large as several mm?. We have developed a simple model which
identifies the arrays with self-assembled “oily streaks,” comprising straight disclination lines and curvature
walls. The model reproduces the observed monotonic increase of the period p with the film thickness 4 in the
range p=1-4 um and #=0.8—17 um. For higher values of & we observed a sharp transition to a 2D lattice of
fragmented focal conic domains. Despite the apparent generality of our model for hybrid planar-homeotropic
anchoring conditions, periodic arrays of straight oily streaks have been observed so far only for 8CB on
crystalline surfaces such as mica or MoS,. Our model indicates that this specificity is due to a particularly
strong anchoring of the liquid crystal on such surfaces.
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I. INTRODUCTION

In recent years, much attention has been devoted to the
study of periodic microstructures with strong nonuniformi-
ties of their optical properties, for application in photonic
band-gap materials [1,2], metamaterials [3], or as templates
for guided particle self-assembly [4]. Smectic-A (SmA) lig-
uid crystals (LCs) have long been known to form periodic
birefringent textures when subject to competing anchoring
conditions. Bidimensional (2D) lattices have been observed
for SmA films deposited in air on isotropic liquids [5,6] or
solid surfaces [7,8], or confined between solid plates [9,10].
In each case, the SmA film was subjected to degenerate pla-
nar or tilted anchoring at one interface and to homeotropic
anchoring at the other interface. An example is given in Fig.
1, where the SmA film rests upon a solid substrate inducing
planar anchoring while the anchoring is homeotropic at the
SmA-air interface. A uniform texture with all molecules per-
pendicular to the substrate [homeotropic texture, Fig. 1(a)] or
parallel to it (planar texture) involves complete breaking of
the anchoring at one of the surfaces [the planar anchoring at
the solid substrate in Fig. 1(a)]. Depending on the strength of
the anchoring, this process may involve a large surface en-
ergy. Both anchoring conditions can be satisfied by introduc-
ing a defect domain of the type described in Fig. 1(b), which
can lower the surface energy to the expenses of volume en-
ergy in a region of lateral extension 2r. On surfaces inducing
a degenerate (rotationally invariant) planar anchoring, defect
domains are or include part of a toroidal focal conic domain
(FCD) [Fig. 1(c)], where the conjugated ellipse and hyper-
bola become, respectively, a circle of radius r anchored at the
surface and a straight vertical line, ¢ [11]. Toroidal FCDs
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self-assemble into close-packed lattices that minimize the
area of the substrate between neighboring FCDs, where the
orientation of molecules violates the planar anchoring condi-
tions [12].

For anisotropic surfaces that align the SmA molecules
along a well-defined direction (nondegenerate, monostable
planar anchoring), the geometry of the defect is expected to
be monodimensional (1D) and invariant for translations per-
pendicular to the planar anchoring direction (easy axis).
Starting from the domain structure of Fig. 1(b), curved smec-
tic layers form concentric cylinders wrapped around straight
disclination lines c. The line ¢ degenerates into a vertical
“curvature wall” [or “tilt grain boundary,” Fig. 1(d)] [13] at
distance r from both disclinations. This type of defect do-
main, known as an oily streak (OS), is common for SmA
samples confined under homeotropic anchoring conditions
[14-16], possibly subjected to external electric fields [17] or
shear [18]. Although the straight OS domain structure may
appear typical of hybrid planar-homeotropic anchoring con-
ditions [Fig. 1(d)], it has been observed so far for one par-
ticular system: films of 4-cyano-4'-n-octylbiphenyl (8CB)
deposited in air on crystalline surfaces of molybdenite
(MoS,) [13].

In this work we show that OS domains can also be ob-
tained for 8CB deposited on muscovite mica, which is also a
crystal. As for toroidal FCDs, OSs also self-assemble into
periodic arrays that are remarkably straight and well aligned
with respect to the anchoring direction of mica [Fig. 1(d)].
We measured the period of the arrays as a function of the
optical phase retardation at the curvature walls, which is re-
lated to the thickness, and compared the results to the rela-
tion expected on the basis of the elastic theory of smectics.
We found that experiments and theory agree well if we con-
sider a very high strength of the planar anchoring, which is
probably shared among crystalline surfaces such as mica and
MoS,. We also observed a sharp thickness-induced transition
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FIG. 1. Structures of a SmA film of thickness 4 confined be-
tween a flat solid surface inducing planar anchoring and the free
interface with air, inducing homeotropic anchoring. (a) Uniform
homeotropic configuration. The average orientation of the SmA
molecules is perpendicular to the planes shown in the figure. (b)
Cross section of an isolated defect domain with half-width r. The
domain is symmetric around the vertical line #. Points ¢ are centers
of curvature for the smectic layers. The free interface is bent over a
length 2/ and its normal deviates from the vertical by a maximum
angle o such that r=hsin o and /=hw. (c) A toroidal focal conic
domain can be created on planar degenerate surfaces by rotating (b)
around the line ¢, which becomes a singular line. Rotation of points
¢ creates a circular defect loop. Toroidal FCD self-assemble in a
hexagonal lattice of period p=2r. (d) An array of cylindrical defect
domains or oily streaks (OSs) can appear on crystalline surfaces
inducing nondegenerate planar anchoring. Each domain is created
by uniformly translating (b) in a direction perpendicular to the pla-
nar easy axis and to the line #, which becomes a curvature wall.
Points ¢ become straight disclination lines.

to a 2D lattice of nontoroidal, fragmented FCD of the type
recently discussed by Lavrentovich and Kleman [19]. The
possibility of creating 1D and 2D periodic patterns of bire-
fringent SmA covering areas of the mica surface as large as
several mm? appears interesting for studying defect structure,
nucleation, and self-assembly in structured materials as well
as for possible applications in photonics.

II. MATERIALS AND METHODS

Mica is a layered alumino-silicate crystal that can be
cleaved in large, transparent, and atomically smooth sheets
exposing a same crystallographic plane over an area up to
1 cm? In our experiments, droplets of SmA 8CB (from
Merck, Germany) of volume less than 0.1 ul were deposited
on freshly cleaved plates of muscovite mica (from S&J Trad-
ing, USA) of thickness 0.1-0.3 mm. After a few minutes,
the sample was heated to the nematic phase and the droplet
started spreading on the surface. The spreading continued for
a few hours until the thickness at the edge of the droplet
reduced to a few micrometers. The sample was then brought
back to the SmA phase and imaged at room temperature with
a polarizing optical microscope in transmission. We noticed
that the planar anchoring of nematic 8CB on mica deterio-
rated to homeotropic within a few hours in the presence of
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FIG. 2. Setup used to measure the difference in optical path
between ordinary and extraordinary polarizations of 8CB films on
mica using an optical compensator. Light propagates along the z
direction with wave vector k=27/\. The x axis is parallel to the
planar easy axis . The polarizer P is parallel to the slow optical
axis of mica, 7,,, which forms an angle § with y. The slow axis 7,
of the compensator is at 90° with y. The analyzer A is crossed at
90° with P.

humidity higher than about 30% [20]. To avoid this, we let
the droplet spread in an enclosure containing water-
adsorbing silica gel. Spreading of the droplet and deteriora-
tion of the anchoring were much slower (typically 24 h) in
the SmA phase.

We measured the phase retardation of the 8CB at different
locations of the droplet using a Berek-type tilting compensa-
tor (from Leitz, Germany) with a compensation range of
SA=2.75 pm. Since the birefringence of the 8CB is O,y
=0.14 [21], the compensator was able to compensate the full
(planar) birefringence of a film of thickness up to &
<5N/ Snpax = 19.6 um. Mica plates are birefringent (e,
~0.005) under normal incidence of light. Liquid crystals
compounds of the nCB series generally become anchored on
mica along a direction 7y oblique to the mica slow axis v,
[20]. Under conflicting planar and homeotropic anchoring
conditions, the molecular director is expected to adopt a
splay-bend configuration (without twist). The distorted direc-
tor lies in a plane parallel to y, normal to the mica substrate
and, in the SmA phase, perpendicular to the OSs. A mono-
chromatic wave with wave vector k traveling through the
8CB film at a location x on the substrate where the thickness
is [ experiences a phase retardation between the extraordi-
nary polarization (parallel to the splay-bend plane) and the
ordinary polarization (normal to the plane). The difference in
optical path between the two polarizations is given by

I(x)
ne.n,
p(x) = f dz —n,l(x)
\rn cos? Y(x,z) + n> sin” (x,z)

= on(x)l(x), (1)

where ¢ is the tilt angle of the director at a point (x,z) of the
splay-bend plane, n, and n, are respectively the extraordi-
nary and ordinary refractive indices of 8CB, and &n(x) is the
local birefringence.

To measure ¢, we aligned the polarizer with the mica axis
v,, and the slow optical axis of the compensator with the
planar easy axis y of 8CB on mica (Fig. 2). The analyzer was
crossed at 90° with the polarizer. The light intensity trans-
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(a) Nematic

FIG. 3. Thin film of 8CB at the edge of a droplet deposited in air
on mica. The slow optical axis, 7,,, of mica is parallel to the polar-
izer, so that bare mica appears dark (not shown), while regions
coated by 8CB appear colored. (a) Nematic phase. Sharp-edged
patches labeled A or B are domains of uniform anchoring of the LC
and correspond to the two types of lattices present on the surface of
a cleaved mica sheet. (b) Smectic phase. OSs appear as linear strips
in the bright patches, oriented along the two directions indicated by
the dotted lines. The two directions of planar anchoring, vy, and 7,
that correspond to the two surface lattices of the mica, are perpen-
dicular to the OS [see also Fig. 1(d)] and form the same angle &
~31° with the mica optical axis, 7,,. Notice the FCD in the thicker
region of the film marked by an arrow.

mitted through the analyzer was proportional to sin’[k(¢
—¢.)/2] where ¢ and ¢, are the path differences respectively
inside the sample [Eq. (1)] and the compensator. Total ex-
tinction was therefore obtained for ¢=¢,, where ¢, could be
read from the compensator. In our experiments, we measured
¢ in regions of maximum birefringence of the OSs, where
curvature walls are expected [Fig. 1(b)]. In Sec. IV, we will
show that there is a one-to-one correspondence between the
path difference ¢ at the location of a curvature wall and the
thickness & of the 8CB film [Fig. 1(b)]. We used the theoret-
ical ¢(h) curve as a conversion chart to indirectly determine
h as a function of the values of ¢ measured in the SmA
phase.

We measured the lateral size of the OS, 2r [Fig. 1(d)],
from digitized micrographs of the 8CB droplets.

III. EXPERIMENTAL RESULTS

Figure 3(a) shows a film of nematic 8CB spreading on a
mica plate. The plate was oriented with its slow optical v,
parallel to the polarizer (Fig. 2) and appeared completely

PHYSICAL REVIEW E 78, 061704 (2008)

dark (without compensator) before being coated by 8CB.
Colored patches in Fig. 3(a) indicate regions where the ori-
entation of the 8CB director, averaged over the film thick-
ness, was oblique to both 7, and the normal to the plate.
8CB [22] and other LCs of the cyanobiphenyl (nCB) family
adopt a planar anchoring on mica, while the anchoring is
homeotropic at the interface with air [20]. Therefore, in the
nematic phase the director of the 8CB was expected to con-
tinuously rotate by 90° going from mica to the free interface
with air (splay-bend distortion [11]). This configuration typi-
cally shows much larger spatial-temporal fluctuations of the
local birefringence than uniform planar or homeotropic tex-
tures. This effect was observed in our experiments, confirm-
ing the hybrid nature of the anchoring conditions and the
tilted average orientation of the molecules in nematic films.
Patches of nematic 8CB on mica were uniformly colored
[bright and dark tones A and B in Fig. 3(a)] and had sharp
edges corresponding to nanoscopic crystallographic steps left
on the mica surface during cleavage. These steps randomly
connect two types of cleavage planes, where atoms are ar-
ranged in two different surface lattices related to each other
by a 60° rotation [20]. Across a step, the variation of bire-
fringence due to changes of the mica thickness is negligible
and the variation of 8CB film thickness is too small and
smooth to explain the observed sharp switching between col-
ors [Fig. 3(a)]. The latter is therefore due to an abrupt change
of anchoring direction across steps connecting different sur-
face lattices with two possible easy axes, vy, and yg. We
point out that in each cleavage domain of the mica surface
the planar anchoring direction is unique (monostable anchor-
ing along vy, or 7yg). In contrast, 8CB on MoS, can adopt
multiple anchoring orientations (multistable anchoring) on a
same cleavage plane [23].

After cooling down the sample to the SmA phase, regular
arrays of OSs appeared [Fig. 3(b)] for thin 8CB films. The
arrays were oriented along two well-defined directions. Since
the cylindrical axis of a linear defect is expected to be per-
pendicular to the local easy axis [Figs. 1(b) and 1(d)], y, or
v, the orientation of the array immediately reveals the ori-
entation of this axis [Fig. 3(b)]. We found that y, and 7y are
symmetrical with respect to the mica optical axis v, at the
same angle of 6=~ 31°. This behavior is similar to the anchor-
ing of 5CB on mica [20].

The size r of an OS [Fig. 1(d)] increased as we moved
from the thin edge to the thicker center of the 8CB droplet
[Figs. 4(a) and 4(b)]. The increase was monotonic and con-
tinuous along the easy axis, while a stepwise increase was
observed along the cylindrical axis of OS (normal to the easy
axis) where two or more OSs suddenly merged into a defect
with larger radius [dotted ellipses in Figs. 4(a) and 4(b)]. In
uniform regions of small thickness, close to the droplet edge,
OSs showed the same radius and formed periodic arrays with
a well-defined period p. For larger thicknesses closer to the
droplet center, » was slightly polydispersed and p was less
defined.

Figure 5 is an example of optical compensation of an
array of OSs obtained using the tilting compensator. The
slow optical axis of the underlying mica plate was parallel to
the polarizer (Fig. 2), so that bare (uncoated) mica appeared
dark. Without compensator [Fig. 5(a)], the texture appeared
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FIG. 4. Textures of SmA 8CB deposited on mica in air and
observed between crossed polarizers (no compensator). In (a) and
(b), the mica optical axis was aligned with the polarizer. The gra-
dient of thickness was approximately directed from the lower left to
the upper right corner. 7y is the direction of planar anchoring. (a)
Periodic arrays of OSs observed for thin films. Ellipses mark the
points where two or more defects merge in a larger defect. (b) A
thicker region of the 8CB droplet, showing a thickness-induced
transition from a 1D array of OS to a domain containing a 2D
lattice of FCDs. The rectangle marks isolate OSs with transverse
striation, which were equally found in both regions above a certain
thickness.

as a series of alternating bright and dark parallel bands. Dark
bands corresponded to an average homeotropic alignment of
the director, which we identify with the region of the OS
containing the disclination [lines ¢ in Fig. 1(b)], while bright
bands correspond to the curvature wall [z in Figs. 1(b) and
1(d)]. The distance between two consecutive dark and bright
bands is the radius r of the defect [distance c-f in Fig. 1(b)].
The period of the array was calculated as p=2r, averaging r
over at least five bright bands. We compensated the optical
phase retardation at the centerline of bright bands [Figs. 5(a)
and 5(b)]. A curve showing the period p of the linear arrays
as a function of the optical path difference ¢ is given in Fig.
6. The period could be resolved by optical microscopy down
to a minimum value of about 0.5 um. For smaller thick-
nesses close to the edge of the droplet, the OS array contin-
ued into a birefringent (nonhomeotropic) texture, where OS
domains, if present, could not be resolved.

As the thickness of the 8CB film increased going from the
edge to the center of the droplet, we observed a sharp tran-
sition from OSs to FCDs (Fig. 7) at a well-defined thickness.
FCDs were self-organized in a 2D lattice that was almost
hexagonal, with a lattice distance of about 4 um for thick-
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FIG. 5. Array of OSs in the thickest region of the 8CB droplet,
immediately before the transition to a 2D lattice of FCDs. Images
were taken between crossed polarizers (see Fig. 2 for the alignment
of the optical elements). (a) Without compensator, the singular lines
¢ of Figs. 1(b) and 1(d) appear dark, while curvature walls ¢ appear
bright. (b) The same region of the sample after compensating the
bright ¢ lines with an optical path difference ¢ =205 nm. Notice the
dispersion of defect sizes and the presence of domains (to the right
of the images) with a transverse periodic striation.

ness close to the transition to OSs. One of the lattice vectors
[« in Figs. 7(a) and 7(b)] was approximately parallel to the
easy axis y and perpendicular to the linear defects. The unit
cell of the FCD lattice showed a fan-shaped anisotropic tex-
ture aligned with vy and spanning an angle 7~ 75° [Fig. 7(c)].
We interpret these structures as fragmented FCDs having in-
complete ellipses anchored at mica surface [14,19]. The con-
jugated hyperbolas cross the plane of the substrate at the
vertices of the fan textures and their asymptotes point out-
ward from the 8CB/air interface. Interestingly, the oriented
fan-shaped FCDs never pointed at each other with their ver-
tices, despite the symmetry of the planar anchoring condi-
tions for rotations of 180° around the substrate normal. Close
to the transition between the 1D array of OSs and the 2D
lattice of FCDs, the size of a fan texture measured along 7y
was close to the size, 2r, of an OS. The size of the fan texture

061704-4



SURFACE-FRUSTRATED PERIODIC TEXTURES OF ...

Thickness, h (um)

0 6 12 18

5 .
—_ 4'
€
>
= 3
oN
I
o 2t
ke
.0
2

- R"—h=0.8 ym
0 n n

0 0.05 0.1 0.15 0.2 0.25

Optical path difference, @ (um)

FIG. 6. Period p of an array of OSs as a function of the optical
path difference ¢ measured with a compensator at the location of
the curvature wall [Fig. 1(d)]. Circles, squares, and triangles repre-
sent data from three different 8CB droplets on mica at temperatures
of 26-29 °C. Periods smaller than p=0.5-0.6 um were not re-
solved by optical microscopy. For ¢>0.23 um, the array trans-
formed into a 2D lattice of FCDs. The solid line is a theoretical
curve calculated from Egs. (1) and (11). The model parameter 3, \,
n,=1.66, and n,=1.52 [21] were taken from the literature, whereas
a=10 and A% =3/2 were chosen so as to give a critical period pg
close to the minimum measured value (black dot). The top axis and
arrows show the values of the film thickness % calculated from the
measured values of ¢ (see Sec. IV B)

and the lattice period increased with the thickness A, while
the fan aperture angle 7 was constant. The increase of size
was accompanied by an increased polydispersity similar to
that observed for OSs. We could not determine the exact
geometry of the FCD, which prevented us from extracting a
quantitative measurement of 4 from the phase retardation
measured with the compensator.
In both 1D arrays and 2D lattices, we observed isolated
streaks with a periodic transverse striation, i.e., a modulation
O
L

‘&g

L

FIG. 7. Bidimensional lattice of FCD of a 8CB droplet on mica.
(a) A thick region of the droplet viewed between crossed polarizers
(no compensator). FCDs are shaped like fans pointing toward the
direction of the lattice vector a. The vector 8 forms an angle ~120°
with @. (b) Transition region between the 2D lattice and the 1D
array of OSs. The vector « forms an angle =90° with the cylinder
axis (dashed line) and it is almost parallel to the planar easy axis. P
and 1y, respectively represent the orientation of the polarizer and of
the mica optical axis. (c) The same region after rotating the sample
between crossed polarizers, highlighting the fan shape of the FCD
texture with aperture 7=75°.
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of the birefringence along the main axis of the streak. Ex-
amples are given in Figs. 4(b) and 5. The period of the stria-
tion was smaller that the size r of the domain. Striated do-
mains were parallel to (nonstriated) OSs and completely
disappeared at small thickness, leaving only OSs.

IV. MODEL FOR LINEAR ARRAYS
A. Isolated oily streak

We propose a simple model to describe the periodic arrays
of linear defects observed for SmA 8CB on mica. First, con-
sider an isolated OS domain [Fig. 1(b)] with radius r, sur-
rounded by a uniform SmA texture. The energy per unit
length of the OS differs from the uniform configuration by an
amount

AF=F,+2(l-r)o-2rAc. (2)

The first term, F,> 0, describes the increase of energy due to
curvature, dilation, and compression of the layered smectic
structure in the volume of the film. F, also includes the en-
ergy of the disclination lines ¢ and of the curvature wall 7 at
the center of the OS [Fig. 1(b)]. The second term of Eq. (2),
20(l-r) >0, where o is the surface energy of the smectic-air
interface, is the energy required to bend this interface in a
cylindrical shape of length 2/ [Fig. 1(b)]. The last term of Eq.
(2), —2Ao0r, contains the difference in surface energy Ao
=0,— 0, between a homeotropic alignment (o) and a planar
alignment (o) of the director at the SmA-mica interface.
Since Ag>0 for planar anchoring, the last term of Eq. (2) is
negative. To create a stable defect (AF<<0), this last term
must balance the sum of the positive terms of (2) and a

Sortiori balance the second term, which leads to the condition

(I-r)/r<Aoc/o. Since in most situations Ao/ o<1, we con-
sider the case where 0<(I-r)/r<1. In the construction of
Fig. 1(b), where r=h sin w and [=hw, this case corresponds
to (I-r)/r=w’/6<1, which we will call the small-angle
approximation in the following. The opposite situation,
where w= 7/2, corresponds to the disappearance of the cur-
vature wall.

The volume term of Eq. (2) is the sum of four contribu-
tions:

Fy = Finner + Fouter + Fan + Feore- (3)

Finer 18 due to cylindrical smectic layers with radius of cur-
vature smaller than or equal to r [Fig. 1(b)]. Foye is due to
layers with radius of curvature between r and /. These terms
can be written as

F

inner —

L

Kln(r/r,) = %TK In(hw/r,),

' arcsin ¢
Foua=K . dt = Ka-Kw, (4)
rlh

where K=7X10"" J/m is the curvature elastic constant of
8CB [24] and r, is the radius of the disclination core. The
rightmost side of Eq. (4) is valid only in the small-angle
approximation, /h=~ w<< 1. The integral has been developed
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to the first order of w and the adimensional constant a
=1.09 is its value for w=0. To derive Eq. (4) we have sup-
posed that the thickness of a smectic layer is constant
throughout an OS, so that we only considered the bending
elastic energy. In fact, layers dilation becomes significant
close to the curvature wall, in a region of width comparable
to the smectic penetration length [9], A=(K/B)">~3 nm,
where B is the compression modulus of 8CB [25]. We treat
this region as a wall defect in the continuous structure of the
OS. Its energy, including bending and dilation of the layers,
is given by the third term of Eq. (3):

P ro h

Wall~bK)\ "‘-’bK(l))\ (5)
Equation (5) can be derived from the energy of a tilt grain
boundary of arbitrary angle [9,13], giving a value of the con-
stant b close to unity [14,19].

The fourth term F_,.~cK is the energy per unit length
(or line tension) of a straight disclination core. We introduce
the adimensional variables f=AF/K, x=h/\, AS=Ao\/K,
and Y =0N/K=1.3, where we have used the value o
=30 mJ/m? for 8CB [13]. Equation (2) becomes

f=a-Q2Bx+ o+ Sxw’/3, (6)

where

T
@=at+c+ In(r/r,),

B=A3 - b/2. (7)

Because of the logarithmic dependence, the quantity «
slowly varies with the radius, r=0.5-2 um, measured in our
experiments and can be approximated to a constant [6]. We
will consider @~ 10 for small values of the core energy
F.we/K=c~=1 and radius r,=\ [6,17,26], and a=50 for
larger core energies F../K=10-100 [9,27], and radius r,
~ 100 nm, recently found for 8CB on MoS, [27].

For a given thickness x a stable defect can be created if
the function f of Eq. (7) has a negative minimum for some
value of w. This requires B to be positive [28] in the second
term of Eq. (7), i.e., Aoc> (b/2)K/\=~15 mJ/m?>. This value
is high compared to the typical strength Ac<<1 mJ/m? of a
planar anchoring in the nematic phase [20].

The limit of stability for a single OS is described by the
condition f(x,w)=0, which defines a single-valued function
x(w) [solid line in Fig. 8(a)] with an absolute minimum x, at
an angle w, given by the following relations:

wé%ZS,
hO 3 o
=~ — 8
X0 N 220)(3) ( )

Therefore, stable defects can only be created above a critical
thickness k. For h<<h, the texture of the SmA is uniformly
homeotropic. At h=h,, defects are created with a finite radius
ro== hywy. For h>hy, the equilibrium value of ) as a func-
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FIG. 8. Periodic array of OS. (a) Energy per unit area, u, as a
function of the angle w and the film thickness x=A/\, normalized
by the smectic penetration length A=3 nm. w is calculated from
Eq. (10) with AX=3/2, 3, taken from the literature and a=10. The
white solid line corresponds to w(x,w)=0. The white dot is the
critical point (xo=ho/N=270, wy=0.111) where the function x(w)
has an absolute minimum. Defects are stable (equilibrium) along
the white dashed line for x>x,. The black dotted line for x<x,
indicates metastable states (positive minima of u). (b) Equilibrium
surface energy u as a function of the thickness /. Black dots and
dotted lines indicate respectively critical and metastable points. (c)
Equilibrium period, p/\=2r/\, normalized by the smectic penetra-
tion length A as a function of 4. (d) Equilibrium optical path differ-
ence ¢ as a function of h.

tion of the thickness 4 can be calculated from the condition

If 1 dw=0:
QoA 2B X
Ny ©)

Therefore, () monotonically decreases with & whereas the
equilibrium radius R = h{) monotonically increases.

B. Periodic array of oily streaks

Above the critical thickness, multiple OSs can lower the
total energy by reducing their mutual distance so as to maxi-
mize the area where the anchoring is planar. Each OS is
therefore expected to be in contact with two others, sharing
the disclination lines [Fig. 1(d)]. This arrangement produces
the periodic arrays of parallel OSs observed experimentally
(Fig. 4). For a fixed thickness i we call f the energy of a
single streak of lateral extension 2r [Fig. 1(b)] and N the
total number of OSs in an array. As pointed out by Blanc and
Kléman [12], minimizing the total energy Nf of the array for
a fixed thickness 4 amounts to minimizing the energy per
unit area w of the array with respect to w:

M:—z—(i———mEﬂ). (10)
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This energy is negative in the same region of the (x, )
space where f<0 [Eq. (6)] and therefore the critical values
hy and w for the creation of a periodic array are the same as
for an isolated OS [Eq. (8)]. The Q(x) curve can be calcu-
lated from the condition du/dw=0:

33 an
Q= Eﬂ (11)

As for single defects, () decreases with A, while the equi-
librium period P=2R=2h() increases as h*>. We notice that
Q) depends on the properties of the smectic compound
through o and « but not on the difference of surface energies
Ag. Therefore, different substrates should produce the same
Q(x) curve. On the other hand, Ao determines the critical
thickness [via B in Eq. (8)] for which OSs become energeti-
cally favorable compared to the homeotropic texture.

Figure 8(a) shows the surface energy u as a function of
x=h/\ and w, as well as the equilibrium Q(x) curve for
values of 2, taken from the literature on 8CB [29,30] and for
small values of the core energy (a= 10). With the choice of
Ao=0/2, the critical thickness for the appearance of a stable
array is hy=270\, while the critical angle is wy=0.11m,
which satisfies the small-angle hypothesis. This indicates that
much higher values of the surface anchoring energy, Ao
> ¢, are needed for the curvature wall to completely disap-
pear from the centers of the OS (1=/2). Figures 8(b) and
8(c) show, respectively, the equilibrium surface energy
u(x,Q) and period P(x) as a function of x. The energy u
increases as the thickness / decreases, whereas P decreases.
Figure 8(d) shows the optical path difference ¢ at the loca-
tion of the curvature wall, where the thickness is ¢
=hcos Q= h [Fig. 1(b)], as a function of A. To calculate ¢,
we used Eq. (1) with a tilt angle (z)=a sin(z/h) for the
splay-bend director profile at the curvature wall. We notice
that ¢ monotonically increases with # and that the increase
becomes almost linear at large values of A. In our experi-
ments (Fig. 6, solid line), we used these properties to indi-
rectly determine 4 from measured values of ¢.

So far we have calculated the difference in surface ener-
gies u [Eq. (10)] between an array of OSs and a reference
uniform texture, that was chosen to be homeotropic. How-
ever, the results are valid also for a planar reference texture,
with layers normal to the surface. In this case, Ao=0,-0,
>0 is the difference in surface energies between the planar
(0;) and homeotropic (o) alignment at the SmA-air inter-
face. Therefore, as the thickness / decreases, OSs disappear
at the critical thickness h given by Egs. (7) and (8), where
Ao is the surface energy required to reorient the LC mol-
ecules by 90° at the interface with the weakest anchoring.
For h <h, the texture becomes uniform across the film thick-
ness and oriented along the direction of the strongest anchor-
ing.

V. DISCUSSION

One of the main advantages of using mica to study arrays
of OSs is that the planar anchoring of 8CB on mica is
monostable in each cleavage domain where the surface lat-
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tice is uniform [20,22]. By carefully cleaving mica plates,
one can obtain large cleavage planes of area up to 1 cm? (see
typical application for the surface force apparatus in Refs.
[22,31]). Therefore, 8CB on mica creates uniform periodic
arrays of straight OSs of much larger extent than previously
obtained on multistable MoS, surfaces [13,23]. Moreover,
mica is transparent to visible light, which is an advantage for
application in photonics compared to opaque substrates [ 13].

These features helped us establish the geometry of the OS
in the arrays, presented in Figs. 1(b) and 1(d), with respect to
the film thickness and the local direction of planar anchoring
on mica. The most significant validation of our model is
given in Fig. 6, where the measured values of the period p of
the array and of the optical path difference ¢ at the curvature
wall are compared to a theoretical curve obtained for well-
known values of 2 [29,30], X [25], and the refractive indices
ne and n, of 8CB [32] and for small core energies [a= 10 in
Eq. (7)]. The only adjustable parameter was the surface en-
ergy Ao required to reorient the molecules by 90° at the
surface with weakest anchoring. Ao is analogous to the ze-
nithal (out-of-plane) strength of the anchoring for a nematic
with a surface energy obeying the Rapini-Papoular law:
o(h)=0y+Ac sin? i, where ¢ is the tilt angle and oy is a
constant [20].

A value of Ag=0/2 was chosen so as to cover the entire
range of periods over which ordered arrays could be resolved
by optical microscopy, from the transition to the FCD lattice
at prax~4.2 pm down to p.;,=~0.5-0.6 um. The model
correctly reproduces the magnitude of p and ¢, and the slope
of the ¢(p) curve. The theoretical line is slightly shifted from
the experimental points to higher values of ¢, most likely
because the theoretical value of ¢ was calculated at the exact
location of the wall, whereas ¢ was measured over a finite
area of lower birefringence surrounding the curvature wall.
The value of a=10 used for Eq. (7) has been calculated
using core energy F,...~ K and radius r,=~\ [6,17,26]. If we
consider higher values of F,./K=c=50 and r.~ 50\, re-
cently found for OSs of 8CB on MoS, [27], we obtain «
=~ ¢=50. In this case, one has to consider a higher anchoring
energy, Ao=0o/1.3, to reproduce the experimental ¢(p)
curve down to the minimum period p,;,, while the slope of
the ¢(p) curve is only slightly increased (not shown). This
shows that our analysis cannot precisely determine F,,. and
r.. In fact, an increase of the core radius and energy of a
disclination reduces by a comparable amount the volume and
elastic energy of the layers wrapped around the disclination.
As a result, only slight adjustments of the anchoring energy
Ao are required to account for large changes of F . and r,.

Our model appears to correctly describe the defect do-
main structure as that of an OS, characterized by the pres-
ence of curvature walls and curved cylindrical layers, which
have also been observed on MoS,. In particular, the expres-
sion for the dilation energy of curvature walls [Eq. (5)] ap-
pears to be correct. Such agreement between experiment and
theory could not be obtained for MoS,, where 8CB form
stripes of uniform homeotropic alignment alternating with
streaks—a feature that could not be accounted for in theoret-
ical models [13].

From the period of the linear arrays measured on mica in
the range [Poin»Pmax] We calculated the range of thicknesses
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[Mmins Pnax]=0.8—=17 um (Fig. 6) where OSs could be re-
solved. At a certain critical thickness /,, OSs should become
energetically unfavorable and disappear to the advantage of a
uniform texture. Our measurements showed that the OS tex-
ture at the edge of the droplet continued into a birefringent
(non homeotropic) texture without any evident structural
transition. This could be an indication that the uniform tex-
ture was planar or that OSs are still present at small thick-
nesses, but no more resolved by optical microscopy. Prelimi-
nary measurements with an atomic force microscope proved
to be difficult in this region, possibly because small streaks
create an undulation of the 8CB/air interface that is too shal-
low to be observed in noncontact mode [13].

As a result, our measurements provide an upper value for
the critical thickness, ho<h.;,=0.8 um and lower bound,
Ao=15 mJ/m?, for the strength of the smectic zenithal an-
choring. We stress that this value of Ao refers to both inter-
faces: the homeotropic 8CB/air interface as well as the pla-
nar 8CB/mica interface. If one of the two anchorings was
weaker than 15 mJ/m?, a uniform texture aligned along the
direction of the strongest anchoring would appear for some
thickness 7> h;,.

The value of Ao is much higher than the typical anchor-
ing strength of a nematic LC [20,33]: Ac<1 mJ/m?. In the
SmA phase, deviations of the surface director from the an-
choring direction require compression or dilation of the lay-
ers, eventually leading to the creation of structural defects
near the surface [34]. It has been calculated [35] that the
energy per unit area required for large deviations is of the
order of K/\= 10 mJ/m?2, which is close to the value of Ao
found in our experiments. However, an explanation based on
general properties of the SmA phase cannot account for the
fact that OSs of the type of Fig. 1(d) have been observed so
far only for mica and MoS,. There must be a specific inter-
action between 8CB molecules and these substrates that pro-
duces a high value of Ao and stabilizes the OS structure.
Most likely, this is related to the extreme smoothness of such
substrates (rms roughness ~1 A) and to the presence of a
highly ordered, lattice-type monolayer of LC molecules ad-
sorbed on the surface [23]. Indeed, the anchoring appears to
be very strong already in the nematic phase of 8CB on MoS,
[36] and for other nematic nCB compounds on mica [31,37].

OSs are usually observed in SmA samples under symmet-
ric homeotropic anchoring conditions, where they appear as
curved, winding domains with a typical transverse striation
[15-17,38]. Striation can be due to an intrinsic instability of
straight curvature walls [39], which tend to slightly undulate
along the main streak axis [15] or to the presence of a peri-
odic sequence of FCDs oriented with the minor axis of the
ellipse along the streak [16]. In both cases, the horizontal
orientation of the director (in a plane containing both discli-
nations ¢ of Fig. 1(b)) varies along the streak. On the con-
trary, straight OSs have been observed only on mica and
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MoS,, where they are free of striation for small thicknesses.
This indicates that the azimuthal (in-plane) strength of the
planar anchoring is particularly high compared to other sub-
strates: horizontal deviations from the easy axis are highly
restrained. Indeed, the presence of a highly-ordered mono-
layer lattice of LC molecules adsorbed on a crystalline sur-
face [40] produces well-defined macroscopic anchoring di-
rections to the LC [23]. One expects such surfaces to provide
a more directional planar anchoring than amorphous surfaces
such as rubbed glass, resulting in a higher azimuthal
strength.

Limited azimuthal deviations of the director from the easy
axis appear on mica in isolated striated streaks and FCD
(Fig. 7) for large thickness only. The maximum azimuthal
deviation occurs in the fragmented FCD and is the half-
aperture 7/2=~37° [Fig. 7(c)] of the fan-shaped texture. To
our knowledge, this type of FCD lattice has been observed
only once [10,19] for a thermotropic LC confined between
solid plates under hybrid anchoring conditions. Describing
the geometry of fragmented FCDs in free SmA films and
deriving the relation between their energy and size is beyond
the scope of this article. It is clear however that thickness is
the main parameter for the appearance of these structures.
Theory is available only for lattices of toroidal FCDs formed
on surfaces that induce degenerate planar anchoring
[6-8,12]. In this case, the azimuthal anchoring strength is
zero and no other birefringent structure is observed as the
thickness changes.

VI. CONCLUSIONS

We have shown that it is possible to obtain large arrays of
remarkably straight, parallel and periodic OSs in thin films
of SmA deposited on mica in air. This is due to a particularly
high strength of both zenithal and azimuthal anchoring on
crystalline substrates. Comparing measurement of optical bi-
refringence with a simple theoretical model, we were able to
describe the variation of the array period as a function of the
film thickness. The system also shows a thickness-induced
transition from 1D arrays to a more complex geometry of
fan-shaped, fragmented focal conic domains arranged in 2D
lattices. The possibility of preparing patterns of size and di-
mensionality depending on the thickness could be used for
guided spatial organization and alignment of nanoparticles of

different size and shapes (spheres, rods, disks) in
SmA-nanoparticle mixtures.
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