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Polar Smectic Films
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We report on a new experimental procedure for forming and studying polar smectic liquid-cry
films. A free-standing smectic film is put in contact with a liquid drop, so that the film has o
liquid-crystal/air interface and one liquid-crystal/liquid interface. This polar environment results
changes in the orientational order parameter textures observed in the film, including a boojum te
and a previously unobserved spiral texture in which the winding direction of the spiral reverse
a finite radius from its center. Some aspects of these textures are explained by the presenc
Ksb term in the bulk elastic free energy that favors a combination of splay and bend curvatu
[S0031-9007(99)09072-9]
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Interfaces have a strong influence on molecular o
dering, especially in soft condensed phases of organ
molecules. This is most evident for thin films from a
few to a few hundred nanometers thick. In particular
interfacial interactions can be employed to create a pol
environment for a thin film, by placing it between two
different isotropic media, liquid at one interface and ai
at the other. Illustrations include biphasic systems, e.g
prewetting films which form at the surface of a mesogen
liquid [1], as well as bichemical systems where the liquid
medium is chemically different from the ordered wetting
phase. These include nematic films spread on glycer
[2], as well as Langmuir multilayer [3] and monolayer
[4] films spread on water. For polar and nonpolar film
with in-plane orientational order, such as a two dimen
sional (2D) nematic or hexatic phase, a fascinating aspe
of these self-organizing systems is the orientational pa
terns, or textures, they adopt, both in unbounded geom
tries and in 2D confined domains. Confinement impose
topological constraints, often forcing the formation of de
fects, such as point disclinations, in the observed texture
Understanding the delicate balance of forces that dictat
the equilibrium textures has proved to be a challengin
problem that has received a great deal of attention in th
literature. For instance, the energetics governing the loc
tion of, and texture around, a single point disclination in
circular domain has been a long-standing theoretical pro
lem [5] on which recent progress has been made [6,7].

In this Letter, we report a new experimental metho
for creating a polar environment for a thin film, starting
with a free-standing film of smectic liquid-crystal (LC)
material, and depositing it onto a liquid drop by contac
(see Fig. 1). This method makes use of much simpl
techniques and smaller scale apparatus than the ones c
monly used to study Langmuir films, for example. It also
provides researchers with a broad range of experimen
possibilities such as wetting the film with any kind of
liquid, as long as it does not dissolve the liquid crysta
and choosing the initial thickness of the film. We de
veloped this technique especially to study the changes
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r-
ic

,
ar

r
.,

ic

in

s
-
ct
t-
e-
s

-
s.
es
g
e

a-
a
b-

d

t
er
om-

tal

l,
-
in

texture observed when a free-standing film was put int
polar environment. We examined films of the tilted ch
ral smecticCp (Sm Cp) phase of several liquid crystals
on a variety of liquid substrates. We paid particular a
tention to single circular domains in which we observ
significant changes in the textures of the in-plane o
entational order parameter involving a topological po
disclination, including a boojum pattern (Fig. 2c) [8] an
most remarkably, a spiral pattern reversing its direction
winding at a particular radius (Fig. 2b). We also disco
ered the importance of a previously unutilized term in t
free energy for these systems that favors an equilibri
state with combined splay (- " %) and bend (% °! &)
curvatures.

We start with a free-standing film of a thermotrop
smectic, formed by spreading the smectic across a circ
frame (a 6 mm diameter hole in a thin metal plate). T
film consists of a stack of molecular layers, each abo
3 nm thick, oriented parallel to the two free surfaces
contact with air, defining a film of homogeneous thickne
Using a micrometer screw, the film is lowered toward t
top of a liquid drop. The drop (of, say, water) is he
in place in a small hydrophilic circle on an otherwis
hydrophobically treated glass substrate. When the con
is established, the resulting sample consists of the po
film itself as shown in Fig. 1 and of the “remaining” free
standing film stretched between the film holder and t
liquid medium. On the drop, a circular meniscus of ext
LC material forms at the junction of the free-standing fil
with the polar film. Depending on the relative surfac
tensions of the three surfaces meeting at this meniscus
top of the drop is flatter than initially, still tending to b
somewhat curved. The diameter of the polar film can
varied by raising or lowering the film holder.

The original free-standing film can be made in thic
nesses ranging from thousands down to two layers
We made samples of hundreds of layers, down to ab
30 layers. Extremely thin samples are difficult to d
posit by this method. We examined films on distille
water, glycerol, ethylene glycol, and aqueous solutions
© 1999 The American Physical Society 3815
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FIG. 1. Experimental setup: (a) Before contact, a fre
standing film is spread on the holder and a drop of liquid
deposited on the slide. (b) After contact, the polar film
created on top of the drop.

poly-vinyl-alcohol and sodium dodecyl sulfate. We ra
the experiment at20 ±C in order to minimize the evapo-
ration of the wetting liquid. Most of our studies were
made on films of the room temperature ferroelectric S
Cp mixture CS1015 from Chisso [10].

Sm Cp is a layered liquid-crystal phase composed
chiral (nonreflection symmetric) molecules. The mea
molecular long axis, given by the directorn̂, chosen to
point “upwards” from the film, is tilted relative to the
layer normal through an equilibrium anglec (26± for
CS1015). The projection of̂n onto the plane of the film
defines the unit vector field, thec director ĉsx, yd. The
chirality of Sm Cp results in a spontaneous rotation ofĉ
as a function ofz, the direction normal to the plane o
the film. Given the helix pitch of the SmCp phase for
CS1015 of3 mm, and our maximum film thickness of a
few hundred nm, we neglect this effect and we consid
ĉsx, yd uniform through the film thickness [11].

The samples were examined both under a polarizi
transmission microscope (PTM) to study the texture of t
c director, and under a white light reflection microscop
to observe their thickness. The images were recorded
a CCD camera and image processing hardware to amp
small differences of intensity. With crossed polarizers, th
3816
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film image in the PTM is marked by dark brushes when t
vector ĉsx, yd is parallel to either polarizer, and by brigh
brushes when̂c is at an intermediate orientation. Thu
a cross-shaped four-arm extinction pattern (Fig. 2a) rep
sents one full rotation of̂c around a point defect, with a
45± rotation ofĉ between dark and bright areas. Becau
we slightly uncrossed the polarizers (a few degrees) to
crease light intensity, the dark/bright sequence in Figs.
and 2c corresponds to a 90± rotation ofĉ.

Upon forming the polar film, in a few square mm w
see hundreds of edge dislocation loops defining doma
of different thickness throughout the area of the film
These domains, roughly circular, are practically sta
Moreover, the domains are not isolated from each oth
but are packed together, so they resemble a foam, ra
than free circular regions [12]. We have observed ma
new textures in the resulting polar films, some involvin
transitions to other smectic phases. In all the ca
discussed here, our observation of rapid fluctuations
the c director convinced us that samples were in the S
Cp phase.

Within a domain we can compare thec-director texture
to that observed in the circular islands (thicker region
seen in nonpolar free-standing films. The circular top
ogy of an island or a domain, together with a strong a
choring of thec director at a fixed angle relative to th
boundary, combine to produce a topological constra
resulting in the existence of a point disclination in th
domain, around which thec director rotates once. The
detailed texture within the domain, including the locatio
of the disclination, is dictated by the free energy for t
c director. This includes anchoring energies at the ou
boundary and around the point defect, and the curva
elastic energy for gradients of thec director within the
domain. Following the detailed symmetry analysis p
sented by Langer and Sethna [5], the elastic free energF
for thec director in a chiral polar thin film, averaged ove
the film thickness, has the form
F 
Z

area
dA fKss= ? ĉd2 1 Ksbs= ? ĉd s= 3 ĉd 1 Kbs= 3 ĉd2g 1

I
boundary

dl flssĉ ? m̂d 1 lbsĉ 3 m̂dg ,
in which Ks and Kb are the familiar splay (= ? ĉ ,
- " %) and bend (= 3 ĉ , % °! &) curvature elastic
constants,ls and lb give the strength of the lowest
cal and
FIG. 2. Textures and sketches of director patterns, observed between (a) crossed and [(b), (c)] slightly uncrossed (verti
horizontal) polarizers. Each image is about50 mm wide. (a) Simple spiral. (b) Reversing spiral. (c) Boojum.
order terms dictating thec-director anchoring at the
domain boundary, and̂m is the outward normal to the
boundary. For 2D vectors, the3 operation produces a



VOLUME 82, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 10 MAY 1999

a

).

rs

s
r

e
s,

s
he
r

t

lar

p

n
t

e

ic

ed
e
,

o

scalar. The cross term in splay and bend, which is uniq
to films that are both chiral and polar, has special stabili
requirements:Ksb can be positive or negative, but to
make the free energy density positive definite for arbitra
values of splay and bend, we require thatK2

sb , 4KsKb .
The Ks andKb terms could have been written to include
spontaneous splay and bend in the ground state [13],
those added terms can be integrated by parts to comb
with thels andlb terms.

This free energy expression represents an avera
of the molecular interactions through the thickness
the film, including the surfaces and the interior of th
film. The relative magnitudes of the coefficients o
different terms depend on the nature of the molecul
and their interactions, and on the molecular tilt ang
c. Since the texture depends on a competition amo
various terms in the free energy, many textures a
possible. Since we are focusing on polar effects, th
magnitudes of the two polar coefficientsKsb and ls are
important. They arise only from the surface layers o
the film, which are naturally polar. In a free-standin
film in air, because of the top-bottom symmetry, th
exactly opposite polarities of the two surfaces cance
making the polar coefficients identically zero, while in
our samples on the liquid surface, this symmetry
broken. However, the net polarity arises only from th
surface layers, so the magnitude of the polar coefficien
compared to the coefficients arising from interactions
the interior of the film, is inversely proportional to the
film thickness, making that a useful variable for tunin
polarity.

Focusing first on a nonpolar free-standing film, thelb

term, which arises from chirality, favors one direction o
tangential orientation of thec director at the boundary of a
circular island. IfKb , Ks [14], then a simple minimum
energy texture is one of pure bend, with azimuth
orientation of ĉ within the circle and the point defect
at its center. This highly symmetric texture, often see
in islands on free-standing films [15,16], is characterize
by a cross-shaped four-brush extinction pattern, similar
that seen near the point defect in Fig. 2a but with straig
brushes, when viewed between crossed polarizers.

In the case of a polar film, this simple texture is n
longer observed, and other textures of the same topolo
are seen, the boojum texture (Fig. 2c) with a point defe
located at the edge of the domain and straight brush
emerging radially from the defect, and several differe
spiral textures (Figs. 2a and 2b), including the “reversin
spiral” with a centered defect around which thec-director
field winds first one way and then the other, as a functio
of radius. In thinner films, the boojum texture is very
commonly seen, while spirals are dominant in thicke
samples; this may reflect differences in the strength
the polar perturbation. The reversing spiral is rare. T
understand certain aspects of these textures, we look
the broken polar symmetry. The two polar terms, wit
coefficientsKsb andls, break symmetry in different ways.
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First, by itself thels term would favor either inward or
outward orientation of̂c at a boundary. Combined with
the lb term it selects one oblique orientation anglefp of
the c director with respect tôm, rather than tangential or
normal orientation. This oblique boundary condition is
clearly seen in the domains of Figs. 2a and 2c, where
dark brush, corresponding to loci of horizontalĉ, meets
the domain boundary at the lower right, where it is
oriented obliquely, rather than horizontally or vertically
(see the accompanying sketches of the director patterns

Second, theKsb term, noted first by Langer and Sethna
[5], but never used previously to analyze textures, appea
only with both chiral and polar symmetry. This term
lowers the symmetry of a texture because it favor
combined splay and bend deformations. For a circula
domain with a centered point defect atr  0, instead
of pure splay (̂c radial, whenKs , Kb) or pure bend
(ĉ azimuthal, whenKb , Ks) being the lowest energy
distortion, a particular ratio of splay to bend minimizes th
energy. In the absence of boundary anchoring condition
this would lead to a simple spiral texture, with thec
director making a constant anglef  fsb (or fsb 1

p), with respect to the radial vector throughout the
domain.

Combining these two symmetry breaking effects, it i
clear why various spiral patterns are observed when t
point defect is centered in a circular domain of a pola
chiral film. At the outer boundary of the domainsr 
Rd, the c director is anchored at some anglefp  fb.
At the inner boundary defined around the point defec
sr  ed, the anchoring angle isfp  fd, which need
not be the same asfb. Simultaneously, away from
the boundaries,f would tend to approachfsb. The
energy minimizing texture requires thatf is a function
of radius r in the domain. To find this functional
dependence, one can make a transformation from po
sr , ud to Cartesiansj, ud coordinates, withj  lnsryed.
The circular domain is thereby mapped onto a stri
of Sm Cp contained between two parallel lines,j  0
and j  lnsRyed, at which the boundary conditions on
f are fd and fb, respectively. The curvature energy
which arose from the circular geometry of the domai
transforms into a term in the free energy for the strip tha
can be thought of as arising from an effective uniform
magnetic field parallel to thej, u plane, oriented at
angle fsb relative to thej axis. The director would
tend to lie parallel to this magnetic field in the absenc
of other forces. The strength of the effective field
coupling depends on relative magnitudes of the elast
constants. Often, this leads to solutions in whichf

varies monotonically fromfd to fb across the strip,
corresponding to ordinary spirals for the brushes observ
in our experiments (Fig. 2a). However, much as in th
well-studied Fredericks transition in nematic layers [17]
the solution can involvef first rotating in one direction
(from fd toward fsb) as a function ofj, reaching an
extremum, and then rotating in the other direction t
3817
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match the second boundary condition,fb. This produces
the reversing spiral (Fig. 2b).

The straight brushes emerging from the defect in th
boojum texture (Fig. 2c) are in contrast to the spira
patterns described above. Extending the results of Lang
and Sethna [5], one can find a stable energy minimizin
solution which produces the observed straight brushes a
constantfb at the outer domain boundary. In terms o
polar coordinatessr , ud centered on the point defect, and
f again an angle relative to the radial vector, a stab
solution isf  u 1 fb, independent ofr. This solution,
in a circular domain of radiusr0 centered at the point
sr0, 0d remarkably has the fixed anglefb betweenĉ and
m̂ at all points on the boundary of the domain (see th
sketch of the director pattern for Fig. 2c). This is jus
the structure we see, subject to perturbations from t
noncircular shape of the domains.

This boojum is similar to the topological defect texture
observed in isolated domains of other systems, lik
Langmuir monolayers on water [6–8,18], which are als
polar, and islands of the smecticI phase in an otherwise
smecticC free-standing film [5]. In those systems the
anchoring of thec director at the lateral boundary is weak
and the “virtual” topological defect has been “expelled
from the domain. That is, the brushes as seen in Fig.
would converge toward a point just outside the doma
boundary. This lowers the free energy by removing th
high elastic strain near the defect as well as its co
energy, and by replacing it with a lower energy tha
results from the violation of the boundary anchoring i
a small region. However, in our polar films, the boundar
anchoring of thec director is apparently stronger, and the
defect appears to be right at the edge of the domain. W
speculate that this strong anchoring results from the lar
change in layer thickness at the domain boundaries of o
polar films.

In conclusion, we have developed a novel techniqu
for studying polar smectic films, and have observed nov
textures in smecticCp films in a polar environment. The
flexibility of this technique, in varying the choice of
liquid-crystal and liquid-substrate materials, and thickne
of the smectic layer, should augment what we hav
learned about textures from observations of both fre
standing films and Langmuir monolayers. We hav
shown through a free energy analysis that importa
aspects of the changes in texture relative to ordinary fre
standing smecticCp films are a direct consequence of the
polar symmetry of the films.
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