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Through the combination of three different, complementary techniques(optical microscopy, x-ray diffraction
and atomic force microscopy), we reveal the deformations inside thin smectic films frustrated between two
interfaces imposing antagonistic anchorings. We study the model system, 4-n-octyl-48-cyanobiphenyl(8CB)
between MoS2 and air, which is characterized by the competition between homeotropic anchoring at air and
planar unidirectional anchoring on the substrate, with thicknesses varying around 0.3mm. Optical microscopy
and x-ray diffraction demonstrate the continuous topology of smectic layers between the interfaces, which are
stacked into periodic flattened hemicylinders. These latter are one-dimensional(1D) focal conic domains which
form an optical grating in the smectic film, of a period ranging from 1 to 2.5mm. The interpretation of our
results through an energetic model, associated with the atomic force microscopy(AFM) measurements, shows
the presence below a critical thickness of a new type of curvature wall between neighboring hemicylinders.
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I. INTRODUCTION

During the two last decades many liquid crystals have
been intensively studied to develop, in particular, displays
and sensing devices. Progress in these applications depends
strongly on a good comprehension of the behavior of liquid
crystals in different specific confined geometries, character-
ized by a strong influence of the two interfaces limiting the
liquid crystal film. Such an influence is particularly impor-
tant when the two interfaces induce different anchorings, the
associated frustration relaxing through the creation of de-
fects. The increasing technological interest associated with
thin objects requires a precise understanding of the nature of
these defects. From a more general point of view, the study
of liquid crystalline defects in thin films concerns the evolu-
tion of soft matter structures in confined geometries, a sub-
ject still largely unexplored unlike the case of hard matter
structures.

In this framework, we study the liquid crystal 4-n-octyl-
48-cyanobiphenyl(8CB) from then-cyanobiphenyles series,

on a MoS2 single crystalline substrate. The aim of this paper
is to describe the deformation of a thin smectic-A film frus-
trated by two antagonistic anchorings, planar and nondegen-
erate on the substrate, homeotropic at the liquid crystal/air
interface.

In energetic arguments, Williams and Kleman describe the
evolution of the deformations of smectic layers when the
curvature angle imposed on the smectic layers increases[1].
In cases of small curvature angles, simple curvature walls are
created. When this curvature angle is increased, simple cur-
vature walls first transform into curvature walls mixed with
edge dislocations, then into curvature walls with giant edge
dislocations. When the curvature angle becomes larger than
20–30°, the defects finally turn into focal conic domains. In
the case of small curvatures, curvature walls have been only
evidenced in lyotropic systems[2], whereas they are ob-
served in smectic-C in case of chevron structures[3,4]. In
the case of opposite disorientations, for curvatures close to
180°, curvature walls have been observed through optical
microscopy measurements[5] and analyzed as local nematic
areas, nematic grain boundaries(NGB). Williams and Kle-
man, studying the evolution of defects, the curvature angle
being induced by the shearing of glass plates limiting the
smectic film, have observed giant dislocations followed by*Electronic address: lacaze@gps.jussieu.fr
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focal conic domains as the curvature increases. Chevron
structures observed in smecticA occur through the formation
of focal conics[6]. In the case of antagonistic anchorings at
both interfaces leading to curvature angles close to 90°, with
degenerate planar anchoring on the substrate, hexagonal net-
works of focal conics have been described[7,8]. In the case
of lyotropic films between a glass substrate and a sponge
phase, the network has been described as a mixing of curva-
ture walls and focal conic domains[2,9]. The 8CB/MoS2
system differs by a nondegenerate anchoring on the sub-
strate. In a similar geometry with treated glass surfaces in-
stead of MoS2, x-ray diffraction measurements have been
interpreted in terms of the presence of a disordered layer,
joining two homogeneous volumes of smectic layers with
perpendicular orientations[10,11], instead of focal conics. In
addition, most of the previous studies have been performed
on films several tens of microns thick. The system’s elasticity
limit, estimated between 0.1 and several microns then brings
a new constraint to the system[2,12] for thin films. In this
context we study the deformations of smectic layers for
thicknesses smaller than 0.5mm, in a geometry defined by
strong antagonistic anchorings, homeotropic and planar uni-
directionnal, leading to a 90° curvature, with a free interface
(liquid crystal/air) in front of a solid one(liquid crystal/
substrate).

As in the case of treated glass as a substrate, we take
advantage of the layering structure of the smectic film to
perform x-ray diffraction measurements. Indeed, the use of a
single crystalline substrate, which orders the anchored smec-
tic layers, allows a direct exploration by diffraction of the
deformations of the smectic layers. Combining this tech-
nique with atomic force microscopy(AFM) and optical mi-
croscopy, we determine the structure of the frustrated 8CB
film, and demonstrate the formation of optical gratings.

The outline of this paper is as follows: in Sec. II we
describe the system and the experimental setup. The system’s
geometry and the anchorings of smectic layers are presented
in Sec. III. The film’s structure and rotation of smectic layers
are demonstrated by the combination of x-ray diffraction
(Sec. IV) and optical microscopy(Sec. V). We discuss in
Sec. VI the different energetical contributions. Section VII is
devoted to the study by AFM.

II. DESCRIPTION OF EXPERIMENTS

The system is composed of a single crystalline substrate
molybdenum disulfide MoS2 and the thermotropic liquid
crystal 4-n-octyl-48-cyanobiphenyl 8CB. MoS2 natural
single crystals are coming from Queensland and are supplied
by Ward’s, N.Y. MoS2 is a lamellar compound easily
cleaved, revealing a clean surface parallel to the basal planes.
This surface is composed of ordered sulfur atoms with a
hexagonal symmetrysaMoS2

=3.16 Åd, and a mosaicity lower
than 0.02° as checked by x-ray diffraction. The liquid crystal
8CB is a product of BDH(Germany) used without any fur-
ther purification. It is thermotropic and has a smectic phase
in bulk between 21°C and 33.5°C. A 0.1 mol/1 concentra-
tion solution of 8CB dissolved in chloroform is deposited by
spin coating at a speed varying between 1000 and 6000 rpm

on a freshly cleaved surface of MoS2. The sample is then
annealed at 80°C for 30 min. The film thickness, checked by
optical microscopy, is controlled by the spin speed: for ex-
ample, 0.3mm corresponds to a spin speed of 2000 rpm.

X-ray diffraction experiments are performed on D2AM
(ESRF, Grenoble, France) and H10(LURE, Orsay, France)
beam lines. Due to the small amount of matter associated
with the small thicknesses, the use of synchrotron sources
and their high beam brilliance is necessary. The energy is
fixed at 8 keV, the beam spot is defined by a pair of slits, so
that the beam width is about 500mm. Its intensity is moni-
tored by a diode. The scattered intensity is scanned by a
solid-state detector(NaI). We take advantage of the periodic
character of the smectic-A phase and detect the wave vector
modulusqs corresponding to the 8CB smectic bulk period.
The orientation of the smectic layers is then determined by
following the orientation of thisqWs vector with respect to the
interfaces.

Optical microscopy experiments are performed with a po-
larizing microscope Leica DMR fitted with a color camera
connected to a PC for acquisition. Optical microscopy im-
ages are obtained in the reflection mode, due to the MoS2’s
opacity.

Atomic force microscopy experiments are performed on a
Nanoscope III microscope(Veeco) with commercial silicon
tips. Their radius is estimated by the manufacturer to be
100 nm. This technique allows the study of the liquid crystal/
air interface. Due to the soft character of 8CB, we work in
the Tapping mode at scan frequencies from 0.5 to 1 Hz. Im-
age size varies from 1 to 100mm. Careful examination of
our approach-retract curves shows the existence of a narrow
working range associated with setpoint variations of 4 nm,
close to the highest possible setpoint value. This working
range allows the visualization of the 8CB/air interface with-
out damage to the surface, contrary to the lower setpoint
values, suggesting that we work in non-contact regime. This
interpretation is supported by recent AFM studies on liquid
crystalline materials, in particular 8CB[13], demonstrating
how it is possible to measure forces as weak as 10−10 N with
the AFM tip inside the liquid crystal film in nematic and
smectic phases. Such results show that an AFM tip can easily
penetrate a smectic film in the case of contact during each
oscillating cycle of the Tapping mode.

III. ANCHORING

Before studying the bulk topology of smectic layers, we
have to determine the anchoring nature close to the inter-
faces. First of all, the liquid crystal/air interface imposes a
well known homeotropic anchoring[7,14] (the average 8CB
molecular direction is perpendicular to the interface and the
smectic layers are then parallel to it). It has been previously
demonstrated that, after annealing, the MoS2/ liquid crystal
interface under the smectic bulk is formed by adsorbed mol-
ecules stacked in straight ribbons, organized in a two-
dimensional(2D) crystal, commensurate with respect to the
MoS2 network [15–20]. In this bidimensional network, 8CB
molecules lie flat on the substrate surface. If such a planar
molecular configuration is preserved close to the MoS2 sur-
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face, a planar anchoring is induced and therefore one expects
the formation of perpendicularly anchored smectic layers on
the substrate surface.

We have recently determined the anchoring properties of
8CB on MoS2 by combining scanning tunneling microscopy,
optical microscopy, and x-ray diffraction experiments[21].
X-ray diffraction used in grazing incidence is a particularly
appropriate implement to study a planar anchoring, since it
allows the specific exploration of smectic layers perpendicu-
lar to the substrate. The sample is set in a grazing incidence
configuration where the beam spot reaches the lower inter-
face through the 8CB bulk at an incidence of about 0.3°,
comparable to the MoS2 critical angle but higher than the
one in the 8CB bulk. The detector position is moved in the
substrate plane to probe the smectic wave vector modulus
qS=0.2 Å−1 [22]. Due to the grazing incidence geometry, the
transfer wave vector is nearly parallel to the substrate’s sur-
face and smectic layers almost perpendicular to the substrate
surface are specifically detected. Keeping the incidence angle
and the detector position constant, the sample is rotated over
180°.

Such a scan provides an intensity profile versus the azi-
muthal angle. Figure 1 shows the evidence of five distinct
Bragg peaks with different intensities and full width at half
maximum(FWHM) of the order of 0.5°. This result, which
indicates the presence of smectic layers perpendicularly an-
chored on the substrate, confirms the planar nature of the
anchoring on the MoS2 surface. Moreover, the intensity van-
ishes between the peaks which indicates that only few an-
choring directions are present on the substrate. Five types of
domains characterized by a unidirectionnal anchoring are
formed on this sample. The Bragg peak intensities are not all
identical. These intensity differences indicate that the do-
mains are not homogeneously distributed in the area illumi-
nated by the incident beam and seen by the detector. Differ-
ences in the relative proportions of the allowed anchoring

directions are due to the fact that the domains size, from
several tens to several hundreds of microns, is of the order of
the beam size, 500mm in the case of the experiment associ-
ated with Fig. 1. Actually, by combining the results obtained
on several different samples, we have detected six different
anchoring directions, along which perpendicular smectic lay-
ers can be anchored, at ±17.5° and ±17.5° ±60° away from
the [100] MoS2 direction. These values, related to the nature
of the underlying bidimensional network, are discussed else-
where[21].

In each domain associated with a unique given anchoring
direction, antagonistic anchorings occur, homeotropic at one
interface and planar, nondegenerate, at the other interface.

IV. EXPERIMENTAL STUDY OF FILM STRUCTURE BY
X-RAY DIFFRACTION

A. Experimental configuration

We now address the film structure between both interfaces
in contact with the MoS2 surface and air. It has been mea-
sured by x-ray diffraction on samples of thickness 0.4 and
0.45mm, leading to similar results. In order to explain the
topological connection between the perpendicular layers and
the parallel ones, we select one anchoring direction of per-
pendicular layers by choosing and keeping constant the cor-
responding azimuthal angle value. In such a configuration,
we explore only the domains associated with this anchoring
direction and therefore all the layers oriented in that direction
diffract.

The scattered intensity is measured by rotating theqWS vec-
tor continuously, from a parallel orientation with respect to
the MoS2 surface to a perpendicular one, keeping the abso-
lute value of theqW vector constant during the scansqS

=0.2 Å−1d. Such a motion is obtained by varying the beam
incidence angle between 0° and 1.4° and varying as well the
position of the detector. The diffraction plane changes from a
grazing incidence configuration where perpendicular layers
are investigated, to aqZ symmetrical one with equal incident
and exit angles(fixed by theqS value, uI =uE=1.4°) where
parallel layers are investigated. We denotea the angle of the
qW vector with respect to the sample plane. TheqWS vector
being parallel to the director of the smectic layers, such a
motion allows the study of the different orientations of the
layers.

B. Raw and corrected profiles

Intensity versusa is plotted in Fig. 2 for a 8CB film of
thickness 0.45mm. At a=0° the vertically anchored layers
are measured, whereas ata=90° the parallel ones are inves-
tigated. The curve marked by the gray line is a scan locked
on the selected anchoring direction of smectic layers, ob-
tained at 25°C in the smectic phase. It is compared to the
same scan obtained at 35°C in the nematic phase and to a
scan obtained at 25°C but locked on an azimuthal direction
disoriented at 5° away from the selected anchoring direction.

The upper curve(gray line) shows that the intensity is
almost constant betweena=15° anda=80°: this is the main
result. The slight decrease of intensity in this interval reflects

FIG. 1. Grazing incidence diffraction profile obtained by an azi-
muthal scan on a sample of thickness 0.4mm, for q=0.2 Å−1. The
different Bragg peaks correspond to the different anchoring direc-
tions of perpendicular smectic layers. The pronounced dips at
−165.5°, −111°, and −45.5° correspond to the furnace Tungsten
pillars passing either in the direct beam or in front of the detector.
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the evolution of the beam footprint, i.e., the evolution of the
area illuminated by the incident beam and seen by the detec-
tor. This area is smaller than the sample size and decreases
regularly with increasinga. A wide intensity increase at
small angles corresponds to the beam penetration into the
smectic bulk associated with the Yoneda peak[23], when the
incidence angle goes beyond the 8CB/air critical angle
s0.17°d. The 8CB critical angle value corresponds to an ori-
entation of theqW vector equal toa=7° with respect to the
sample plane. Below this critical angle, the incident beam is
totally reflected and the intensity is negligible.1 The strong
increase of intensity close toa=90° is mainly due to the
MoS2 reflectivity, since the geometry becomes specular and
symmetric for the wave vector.

The background noise is measured in the nematic phase at
the temperature T=35°C. The corresponding curve is plotted
with a dotted black line in Fig. 2. In order to avoid the MoS2
reflectivity, the background noise can be subtracted from the
raw data.

The misoriented scan(black line in Fig. 2) shows that the
intensity becomes equivalent to the background noise inten-
sity when the scan is performed in a direction disoriented
from the anchoring direction. This result demonstrates that,
for a given domain, the layers director strictly remains in the
rotation plane of theqW vector, as defined by the anchoring
direction on the substrate.

As described above, corrections must be performed to the
measured intensity profiles. Background is subtracted. The
evolution of the beam footprint is taken into account through
a geometrical correction term. A transmission correction
takes into account the transmission factor associated with the
Yoneda peak. We set to zero all intensity below the 8CB
critical angle[23,24].

The result is presented in Fig. 3. A continuous intensity
profile, almost constant froma=10° to a=80°, is obtained.
The broad asymmetry, corresponding to the penetration of
the incident beam in the smectic bulk and to the footprint
evolution, has disappeared. We verified that similar intensity
profiles are obtained for other anchoring directions.

Radial and tangential extensions of the intensity distribu-
tion have been measured. Figure 4 shows a radial scan ob-
tained ata=40°. The scan is centered atqS=0.2 Å−1, as well
as the radial scans associated with any value ofa. This dem-
onstrates that the smectic period is well preserved, whatever
the layer deformations. Such scans are limited by the angular
resolution but indicate a coherence length larger than 100 Å.
Figure 5 shows a tangential scan performed at the anglea
=15°, through a variation of the azimuthal angle defined by
the anchoring direction. The in-plane mosaicity is 0.39°.
Typically, this value is one order of magnitude higher than
the MoS2 surface mosaicitys0.02°d, due to the soft nature of
the smectic phase. This value is of the same order as the
mosaicity of smectic layers of a different smectic compound
oriented by a magnetic field of 1 T[25]. This demonstrates
that smectic layers are well oriented by the anchoring on the
underlying single crystal, in particular when compared to
gratings on glass or silicon which induce a mosaicity higher
by one to two orders of magnitude[10].

C. Interpretation

The film structure has to be consistent with the two main
characteristics of the x-ray diffraction data:(i) a constant
diffracted intensity, i.e., a homogeneous distribution of dif-
fracting smectic layers when the director rotates from 10° to
80°, (ii ) the strict confinement of the smectic layer director in
the plane perpendicular to that of the sample and imposed by
the selected planar anchoring direction.

The confinement of the layer director is incompatible with
a discontinuous structure composed of a disordered middle

1Actually, an evanescent wave, propagating parallel to the upper
interface, always exists in the 8CB bulk.

FIG. 2. Raw intensity profile versusa, obtained on a sample of
thickness 0.45mm. Gray line: at 25°C in smectic phase, locked on
the selected anchoring direction, error bars corresponding to statis-
tical error; dotted black line: at 35°C in the nematic phase, locked
on the same anchoring direction; black line: at 25°C, locked on a
direction disoriented at 5° away from the selected anchoring
direction.

FIG. 3. Intensity profile versusa, obtained after corrections
(background noise, footprint evolution, transmission corrections,
and intensity set to zero below the 8CB/air critical angle) performed
on the scan of Fig. 2. The inset corresponds to a zoom on the
intensity values arounda=90°.
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layer separating two smectic volumes with orthogonal orien-
tations, as proposed in a similar frustrated system[10,11].
Such a discontinuous structure should lead to a constant in-
tensity profile not only in the case of ana scan(except at the
angles 0° and 90°), but also along any azimuthal direction.
This argument is in contradiction with the scan at 25°C,
locked on a direction disoriented by 5°(Fig. 2), as well as
with the tangential scan at the anglea=15° (Fig. 5).

Moreover, the constant intensity range betweena=10°
and a=80° does not agree with the presence of curvature
walls in the bulk, sharing layer sets of different orientations.
In such a discontinuous structure, the strong discontinuity in
the layers should provide a null intensity at the angles be-

tween the layer set orientations, as in case of chevrons struc-
tures [6]. Such a discontinuous structure cannot produce a
constant intensity profile betweena=10° anda=80°.

Actually, only a continuous structure, in which smectic
layers turn continuously between the two interfaces, can sat-
isfy both characteristics. Such a continuous rotation of layers
can be understood in a cylindrical geometry(Fig. 6) which
corresponds to the observed confinement of the smectic di-
rector as well. A concentric stacking of smectic layers in a
half cylinder lying flat on the substrate provides a constant
number of diffracting layers when the director rotates from
0° to 90°. The corresponding cylinder axis is perpendicular
to the rotation plane of the smectic layers and is parallel to
the substrate. It can be considered as a 1D focal conic, trans-
formed into a line parallel to the substrate and to the anchor-

FIG. 4. Radial scan performed
on a sample of thickness 0.45mm
at a=40°. The fit data indicate a
maximum at the 8CB wave-vector
modulus 0.2 Å−1. The width is
equal to 0.08 Å−1. It is defined by
the experimental angular resolu-
tion and demonstrates a coherence
length larger than 100 Å.

FIG. 5. Tangential scan executed on a sample of thickness
0.4 mm at a=15°. It shows that rotating smectic layers are well
oriented with an in-plane mosaicity of 0.39°.

FIG. 6. Continuous structure compatible with intensity profiles
measured by x-ray diffraction. Smectic layers are concentrically
stacked into hemicylindrical structures lying flat on the substrate,
and turn continuously from a perpendicular anchoring on the sub-
strate to a parallel one at the liquid crystal/air interface. The defect
is a line, located along the arrow.
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ing direction of smectic layers on the substrate. Such a result
confirms that, for high disorientation angles, focal conic do-
mains should prevail regarding curvature walls[1], even for
thicknesses as small as 0.45mm. Similar cylindrical defor-
mations had been previously suggested in case of thick
smectic-C films frustrated by the same anchorings, in order
to interpret optical microscopy measurements[26].

Finally, in a domain of constant thickness the liquid crys-
tal film should form a periodic network of such hemicylin-
ders. Since the period should be twice the radius of the cyl-
inders and since the thickness is equal to the radius of the
cylinders, the period should be twice the thickness of the
smectic film. Therefore we have performed optical micros-
copy experiments in order to check such a model obtained
through x-ray diffraction measurements.

V. STUDIES BY OPTICAL MICROSCOPY

Figure 7 is an optical microscopy image between crossed
polarizers in the reflection mode of a sample of mean thick-
ness 0.20mm. One observes two distinct domains of differ-
ent orientations separated by a grain boundary. Typical do-
mains dimensions are in the range 10–100mm. Each
domain is filled with a succession of dark parallel lines.
These dark lines can be associated with the linear defect
cores of hemicylinders, indicated through an arrow on Fig. 6
(1D focal conics), where smectic directors suffer a strong
discontinuity of orientation.

The disorientations between the different domain direc-
tions can be measured. From Fig. 7, one obtains 25°. More
generally, one systematically obtains ±60°, 35°, 35° ±60°,
25° and 25° ±60°, the same values which separate the dif-
ferent Bragg peaks of Fig. 1. The Bragg peaks of Fig. 1 are
the signature of the anchoring directions of the smectic lay-
ers on the substrate. We have previously demonstrated that
each of these anchoring directions is at ±17.5° and
±17.5° ±60° away from the[100] MoS2 direction, leading to

the formation of domains in the smectic films, associated
with one of these six possible anchoring directions[21]. The
disorientation between the anchoring directions of two dif-
ferent domains are consequently ±60°, 35° =2317°,
35° ±60°, 25° =60°−35° and 25° ±60°. The fact that do-
mains are visible by optical microscopy and that the disori-
entations between the dark lines correspond to the disorien-
tations between the different possible anchoring directions
on the substrate is consistent with a model of smectic layers
staked in hemicylinders flat on the substrate. In such a model
the linear cores of the hemicylinders are parallel to the part
of the smectic layers perpendicularly anchored(planar an-
choring) on the substrate(see Fig. 6). In a given domain, all
the linear cores should then be parallel and the disorienta-
tions of the linear cores of two different domains should be
the same than the disorientations of the anchoring directions.
The angle 25° =60−2317.5° corresponds to two different
anchorings of smectic layers, one at 17.5° away from one
crystallographic direction of the substrate, the other one at
−17.5° away from another crystallographic direction of the
substrate, disoriented by 60° due to the hexagonal symetry of
MoS2. Optical microscopy therefore confirms an organiza-
tion of well oriented smectic hemicylinders lying flat on the
substrate and stacked in domains with different orientations.
Such networks correspond to the hexagonal networks of fo-
cal conics evidenced in thicker films on water[7], isotropic
phase[8], and sponge phase[9] as substrate. Here the net-
work is 1D, due to the nondegenerated anchoring on the
substrate.

We can obtain from the optical microscopy observations
an experimental curve relating the period between dark lines
versus the thickness of the film. Such a measurement is not
attainable by x-ray diffraction because of the large value of
the period, on the order of 1mm. We studied samples of
different thicknesses, all other experimental parameters be-
ing identical. Thicknesses are determined by Newton’s tints.
Each tint corresponds to an optic delay which can be related
to a precise thickness value through a simple relation that
includes the 8CB mean refractive index. We have selected
homogeneous regions from films of different mean thick-
nesses. The results are presented in Fig. 8. They were ob-
tained from 55 measurements on domains of thickness vary-
ing from 0.09 to 0.45mm. As expected, a linear increase of
the period is obtained with respect to the film thickness. The
data can be adjusted by a linear curve of slope of 4.44. Such
a value disagrees with the half-cylindrical model, which
leads to a slope of 2. However, this result can be understood
through an hypothesis of flattenned hemicylinders with flat
parts joining two quarters of hemicylinders(Fig. 9). In such
a model the flat part is composed of horizontal layers, paral-
lel to the substrate’s surface, joining two smectic volumes of
rotating layers. Through such an hypothesis, the black line
contrast in the optical microscopy images between crossed
polarizers correspond to the presence of horizontal layers
which form ribbons associated with molecules perpendicular
to the polarizers’ direction. These ribbons are parallel to the
1D focal conics associated with the flattened hemicylinders,
located in the curvature centers of the quarters of hemicylin-
ders, and are still parallel to the anchoring direction of the
smectic layers on the substrate(see Fig. 9).

FIG. 7. Optical microscopy image between crossed polarizers of
size 165mm3123 mm obtained on a sample of thickness 0.20mm.
The central lines, which appear darker in the middle of the image,
correspond to a thicker region.
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This hypothesis agrees with the x-ray diffraction results.
The Fig. 3 inset shows a stronger intensity ata=90° despite
the subtraction of the substrate reflectivity. Ata=90°, smec-
tic layers parallel to the substrate are diffracting. Note that
these layers are degenerated with respect to the azimuthal
angle: parallel smectic layers belonging to all domains dif-
fract together and contribute to the measured intensity. In the
case of pure hemicylinders forming six types of domains
equivalently dispatched on the substrate, the maximum in-
tensity should be equivalent to six times the intensity from
rotating layers. In Fig. 3, the intensity ata=90° is 50 times
higher than betweena=10° anda=80°. This high intensity
at a=90° is therefore associated with the existence of a large
number of parallel layers. Thus, x-ray diffraction agrees with
a structure of flattenned hemicylinders with flat layers be-
tween the rotating ones. The optical microscopy allows the
shape of the periodic structures inside which smectic layers
are rotating concentrically to be specified.

VI. DISCUSSION

In order to understand the origin of the flattening, we have
built a model describing a single domain with a given orien-
tation and width L. The geometry of the model corresponds
to that in Fig. 9 and is presented in Fig. 10.

The domain of width L involvesL / s2ro+Lod flattenned
hemicylinders wherero is the radius of a hemicylinder and

Lo the width of the flat part. For a given domain, the total
energy per unit length is the sum of four terms:

E = ES1 + Eel + ES2 + ED,

E = LFgair
pro + Lo

2ro + Lo
+

pK

s2ro + Lod
lnS ro

a
D

+ SDgMoS2
Lo

2ro + Lo
+ gMoS2

D +
U

2ro + Lo
G .

ES1 stands for the energy of the 8CB/air interface, where
gair is the 8CB/air surface tension in a homeotropic align-
ment (gair =30310−3 J/m2 [27–29]). The energy cost is as-
sociated with the curvature of the rotating layers which im-
poses a curvature of the upper surface.Eel stands for the
elastic curvature energy of rotating layers.K is the 8CB cur-
vature modulus in the smectic phase and is equal to
7310−12 J/m [30]. a is the usual cut-off associated with the
presence of defects in the area of high curvature(see Fig.
10). ES2 stands for the the energy of the 8CB/substrate inter-
face wheregMoS2

is the 8CB/substrate surface tension in a
planar anchoring.DgMoS2

represents the variation of the
8CB/MoS2 surface tension between an homeotropic and a
planar anchoring, i.e., the anisotropy of the 8CB/MoS2 sur-
face tension. The cost of such an energy is associated with
the flat layers in contact with the substrate.ED stands for the
energy of the two linear cores associated with the cutoffa. U
is of the order ofK [12,31,32].

We are able to expressLo in terms ofro, with S the vol-
ume per unit length(see Fig. 10),

Losrod =
pro

2 − 4Sro/L

2sS/L − rod
.

E can be rewritten as a function of the variablero

Esrod = ES1srod + Eelsrod + ES2srod + EDsrod,

Esrod = LFgairS p

4 − p
+

2S/Lsp − 2d
sp − 4dro

D
+

2pKsS/L − rod
sp − 4dro

2 lnS ro

a
D + DgMoS2

S − p

4 − p

+
4S/L

s4 − pdro
D + gMoS2

+ 2US S/L − ro

sp − 4dro
2DG .

Evaluating the two first terms, one finds that the surface
energyES1 dominates: for the measured thickness range,ES1
is higher by three orders of magnitude thanEel which is of

FIG. 8. Evolution of the linear network period observed by op-
tical microscopy versus film’s thickness, as measured by Newton’s
tints. Parameters from a linear fit to the measured points are pre-
sented in the inset; they correspond to a slope equal to 4.44.

FIG. 9. Scheme of periodic flattenned hemicylinders.

FIG. 10. Geometry of the energetic model composed of flat-
tenned hemicylinders.

OPTICAL GRATINGS FORMED IN THIN SMECTIC… PHYSICAL REVIEW E 70, 011709(2004)

011709-7



the same order asED. The surface energy in contact with air
therefore costs much more than elastic energy. This result
illustrates the property of thin films to be led by an energetic
competition where surface energies are dominant. The pres-
ence of flat areas, composed of stacked parallel layers, al-
lows for a minimization of the 8CB/air surface energy. Com-
petition takes place between the termES1 and the termES2,
the latter depending strongly on extension of the parallel
layers. The unknown values areDg and a. Associating the
experimentalLo and ro deduced from the evolution of net-
work period versus thickness(Fig. 8) and the minimization
of the free energy versusro, we are able to estimate these
parameters. One obtains

a . roe
fsro−3S/Ld/2S/Lg+2U/s2pKd , 0.1 mm

and

DgMoS2
=

p − 2

2
gair +

2pK

s4S/Ldro
fro − S/Lg + f2S/L − rog

3S f2pK lnsro/ad + 2Ug
s4S/Ldro

D , 17.133 10−3 J/m2.

Thea value corresponds to the length associated with the
high cost of elastic energy and is generally estimated around
1 mm [2]. 0.1 mm is not so far from the 8CB film thickness,
around 0.3mm, which underlines the fact that, in thin films,
defects cannot be neglected. TheDgMoS2

appears extremely
high compared to most of the anchoring energies of nematic
phases, between 10−7 J/m2 and 10−4 J/m2 [33,34], as well as
compared to most of the already measured anisotropies of
interfacial tensions, 5310−6 J/m2 for the nematic 5CB/air
interface [35], 2.5310−5 J/m2 for the nematic 8CB/water
interface [7], 10−5 J/m2 for a nematic/smectic-B interface
[36], and 10−5 J/m2 for a lyotropic smectic/sponge interface
[37,38]. However, it is of the same order as the anchoring
energy of a smectic/lecithin covered indium-tin-oxyde(ITO),
leading homeotropic anchoring, also indirectly obtained
through the observation of defects[31]. Figure 11 shows the
comparison between experimental and theoretical curves of
the period versus the thickness,P= fsrod. The experimental
curve is obtained from optical microscopy data, withro cor-
responding to the thickness as measured through Newton
tints observations. The theoretical curve is obtained by the
minimization of the free energy for different values of the
volume per unit lengthS, using the previously determined
values ofa andDg. We obtain a positive slope, in agreement
with the optical microscopy results. However, the slope is 5
times higher than the experimental one. The model fails to
recover the correct evolution of the structures with increasing
thickness which can be associated with the non-precisely-
known expression of the linear defects energy or to a missing
ingredient in the model. To go further in the experimental
description of the layers and understand the origin of such a
failure, we performed AFM measurements.

VII. STUDY BY ATOMIC FORCE MICROSCOPY IN THE
TAPPING MODE

Atomic force microscopy(AFM) allows the observation
of the upper interface in contact with air and has been al-
ready performed on networks of focal conics of cholesteric
oligomers [39]. Because a smectic film is soft at ambient
temperature, we used the Tapping mode in a noncontact re-
gime. The tip oscillates at a fixed frequency above the free
interface without contact.

A. Experimental results

Figure 12 shows an image(size 50mm) obtained on a
sample of thickness 0.3mm. Each domain presents a peri-
odic network of linear parallel structures whose period is
about 1.8mm. Values of disorientations between domains are
in agreement with optical microscopy and x-ray diffraction
results. One observes 60° on Fig. 12, but more generally one
measures systematically ±60°, 25°, 25° ±60°, 35°, or
35° ±60°. Moreover, the linear parallel structures in the
AFM images correspond to periodic undulations of the upper
interface: white areas correspond to bumps and the black
ones to hollows. These periodic undulations are fully consis-
tent with the presence of hemicylinders lying flat on the sub-
strate: the upper interface is parallel to the smectic layers and
must adopt the same curvature.

From the AFM images we can infer the experimental evo-
lution of the period versus the film’s thickness. We studied
samples with thicknesses varying from 0.08 to 0.44mm.
Thicknesses have been measured by optical microscopy and
checked under the AFM head with the binocular loop. Re-
sults are presented in Fig. 13. Periods, as measured by AFM,
agree perfectly with those measured by optical microscopy
and the two distributions fit the same linear curve. This result

FIG. 11. Comparison between the experimental curveP= fsrod
resulting from optical microscopy experiments(crosses) and the
curve obtained by minimizing the model free energy(triangles).
Parameters from a linear fit of the two distributions are presented in
the insets; they correspond to a slope equal to 4.44 in case of the
optical microscopy experiments(crosses) and to a slope equal to 23
in case of the theoretical curve(triangles).
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demonstrates that the same structures are observed by optical
microscopy and AFM and that AFM images are not distorded
in the horizontal plane: the frustrated film forms an optical
grating associated with the presence of undulations at the
upper surface and whose period vary from 0.8 to 2.5mm,
depending on the thickness.

The image in Fig. 14(a) is obtained by zooming to enlarge
the view of the undulations on a sample 0.13mm thick. Such
an image is in good agreement with the surface of a network
of flattened hemicylinders, with flat parts joining rotating
ones, as also outlined by the cut in Fig. 14(b). However,
measuring the depths between two quarters of cylinders, one
obtains 17 nm, 8 times smaller than the value expected,
equal to the thickness 0.13mm.

Measuring the flat extension in Fig. 14(b), one obtains a
value of about 350 nm. However, in the frame of flattened
hemicylinders, the extension of the flat partLo can be de-

duced from the curveP= fsrod, as obtained from optical mi-
croscopy measurements(Fig. 13): in case ofro=0.13mm,
Lo=0.8 mm, two times larger than the measured value.

B. Tip-surface convolution calculus

In order to explain such a disagreement, the role of the
tip-surface distance has to be taken into account. Indeed, in
the noncontact Tapping mode regime, the tip interacts on a
lateral distance equivalent to the tip-surface distance. The tip
can then be modeled by a sphere with an effective radiusrp,
taking into account the tip’s real curvature radiusrc and the
tip-surface distanced (rp=d+rc, see Fig. 15). In such a case,
the measured surface of flattened hemicylinders is convo-

FIG. 12. AFM image obtained on a sample of thickness 0.3mm.
Size: 50mm.

FIG. 13. Comparison between the linear network period mea-
sured by optical microscopy(crosses) and by AFM (filled squares)
versus thickness. Parameters from a linear fit to all data are pre-
sented in the inset; they correspond to a slope equal to 4.44.

FIG. 14. (a) AFM image obtained on a 0.13mm thick sample.
Image size: 12mm. (b) Vertical cut executed along the line marked
by the arrow.

FIG. 15. Scheme of the upper interface’s profile interacting with
an AFM tip through an interaction extension of the order of the sum
of the tip radius and the tip-surface distance.
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luted by the AFM tip. The radius of the curved surface is
increased by a value of the order of the effective tip radius.
From the AFM image of Fig. 14, one can estimaterp as equal
to s0.8−0.35d /2=0.22mm. With a real tip radius estimated
by the manufacturer to be 100 nm, one obtains a tip-surface
distance close to 100 nm, which appears reasonable.

However, in order to turn now to measured depths be-
tween the hemicylinders, we need to analyze only images
with similar tip-surface distances, a value difficult to control
in the Tapping mode. Despite the large number of measure-
ments, we then decided to consider only three images lead-
ing to the samerp values(rp=0.3 mm, as deduced from the
extension of the flat parts). Table I presents the evolution of
the depth between the hemicylinders for three different 8CB
film thicknesses. We obtained the apparent depth of the hol-
low located between the hemicylindrical structures, taking
into account a tip-surface distance of 200 nm or an effective
tip radius of 300 nm, through a calculation based on Odin’s
work [40]. The hollow depthz is given by the following
formula:

z= sro + rpdS1 −Î1 −
ro

2

sro + rpd2D .

Applying this formula to the three thicknesses measured
by AFM and indicated in Table I, one obtains depths values
clearly larger than the measured ones(see Table I, third line).
In order to interpret our results, one has to consider that
matter fills the space between the flattened hemicylinders,
leading to the presence of defects which accomodate the dis-
orientations between two consecutive flattened hemicylin-
ders.

Focal conics are visible in optical microscopy images be-
tween the dark lines for thicknesses higher than 0.35mm,
leading to periodic networks perpendicular to the flattened
hemicylinders network but of similar period. Curvature walls
are usually divided in linear focal conics in the case of high
disorientations[1,31,41]. However, the focal conics abruptly
disappear for thicknesses smaller than 0.35mm. Following
Williams and Kleman[1], the focal conic domains between
the hemicylinders are replaced by curvature walls, as shown
schematically in Fig. 16, possibly mixed with dislocations
which remain invisible by optical microscopy[42]. Such a
result is related to the small thickness of the samples and to
the limited space available between the hemicylinders which
would impose too high curvature of the rotating smectic lay-
ers for thicknesses smaller than 0.35mm. The defects sche-
matized in Fig. 16 are curvature walls similar to the curva-
ture walls already observed by Dozov and Durand[5].
However, in this latter case, the layer disorientation remained
close to 180° whereas between MoS2 and air the disorienta-
tion varies between 180° and 2u0 (see Fig. 16). In principle,

it should be possible to deduce theu0 values from AFM
measurements. However the corresponding calculations ap-
pear highly dependent on therp value, which is only roughly
estimated through the flat extension measurements. In any
case, the observation of such matter between the hemicylin-
ders appears responsible for the discrepancy between theo-
retical and experimental curves in Fig. 11. The undulations
are finally the result of competing anchoring, rotating, defect,
and 8CB/air energies. The presence of the defects between
the hemicylinders is clearly due to the high cost of interfacial
energy at the 8CB/air interface, which is reduced in the con-
figuration of Fig. 16 compared with the one of Fig. 10. How-
ever, the undulations do not completely disappear due to the
high energetic cost of curvature walls which are bidimen-
sional defects.

These results show that the defects of thin smectic films
can also correspond to a mixture between focal conic do-
mains, corresponding to the flattened hemicylinders, and cur-
vature walls, located between the flattened hemicylinders,
similarly to the hexagonal network described by Blanc and
Kleman[2,9] in the lamellar/sponge system. However, in the
cylindrical case, curvature walls appear to be of higher en-
ergy. Due to the cylindrical geometry, their length is larger.
The disorientations between the layers along the wall corre-
spond to larger values. Through the AFM measurements,u0
is in the range 10° –40°, leading disorientations varying be-
tween 180° and 80° –20°, instead of the fixed 26° in the
lamellar/sponge system. The presence of such high energy
defects is clearly imposed by the small thickness of the sys-
tem. Following Blanc and Kleman[2], we can estimate the
critical thickness associated with a replacement of focal
conic domains by curvature walls between flattened hemicyl-
inders. The energy of a focal conic domain can be written as
EFC=epKR, R being the radius of the focal conic ande
being a constant of the order of 30, as inferred by Blanc and
Kleman from their experimental results on toric focal conic
domains, including the inner defect energy. The energy per
unit area of a curvature wall without dislocation iseW
=s2K /ldstan v−vdcosv, l being the smectic penetration

TABLE I. Evolutions of the depth between hemicylinders with the film thickness.

Thickness inmm 0.15 0.25 0.35

Measured depth inmm 0.011 0.015 0.018

Calculated depthz, in mm, taking into accountrp 0.026 0.06 0.103

FIG. 16. Scheme of flattened hemicylinders with curvature walls
between the hemicylinders. The corresponding curvature varies
from 180° on the substrate to 2u0 at the interface in contact with air.
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length (of the order of 3 nm in case of 8CB) andv the half
disorientation between smectic layers[2]. This leads to the
following total energy of a wall of length 2R between two
hemicylinders of thicknesse:

EW =
4K Re sinu0

l
E

u0

p/2

dvS 1

sin v
−

v cosv

sin2v
D

=
4K Re sinu0

l
Sp/2 −

u0

sin u0
D

with the elastic contribution of rotating smectic layers be-
tween the bidimensional curvature wall and the flattened
hemicylinders equal to

2KRS− p/2 ln sinsu0d −E
0

p/2−u0

v tan v dvD .

In the case of an angleu0=20°, the critical thickness,
below which curvature walls become more favorable, is then
ec=0.37mm, indeed close to 0.35mm, as obtained through
optical microscopy measurements. Such an agreement con-
firms the validity of the hypothesis of presence of curvature
walls between the flattened hemicylinders for small thick-
nesses.

The next step consists of introducing such defects energy
in the previous energetical model in order to take into ac-
count the presence of defects between the flattened hemicyl-
inders. However, this will also introduce two variablesu0
andr0 instead of onlyr0. In order to extract from the model
the unknownDgMoS2

andU values, precise values ofu0 func-
tion of the thickness are then necessary. New x-ray diffrac-
tion experiments need to be performed for small thicknesses,
in order to complete the model. The determination ofDgMoS2
would allow in particular a comparison between the anisotro-

pies of surface tension of different systems and an estimation
of the specificity of smectic phases compared to nematic
ones as well.

VIII. CONCLUSION

We determined the structure of smectic layers in a well
defined frustrated geometry associated with antagonistic an-
chorings. We studied the deformations of thin smectic films
by combining three different experimental techniques. X-ray
diffraction revealed the continuous rotation of smectic layers
between the interfaces. Optical microscopy results combined
with x-ray results revealed the flattenned hemicylindrical
structure in which smectic layers are concentrically stacked
in quarters of cylinders joined by parallel layers. AFM ob-
servations, performed in the Tapping mode in a noncontact
regime, revealed the presence of matter between the hemicy-
lindrical structures, associated with focal conic domains for
thicknesses higher than 0.35mm and curvature walls of high
disorientations for small thicknesses. Flat layers between ro-
tating ones as well as curvature walls allow for a reduction of
the high 8CB/air surface energy.

The thin deformed smectic films finally appear as orga-
nized in optical gratings formed by a mixture of 1D focal
conic domains and curvature walls. The period is monitored
by the complex competition between anchoring energies at
air and on the substrate, defect, and rotating energies. The
calculation of these different energies requires now a precise
determination of the curvature wall geometry.
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