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Optical gratings formed in thin smectic films frustrated on a single crystalline substrate
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Through the combination of three different, complementary technigpmial microscopy, x-ray diffraction
and atomic force microscopywe reveal the deformations inside thin smectic films frustrated between two
interfaces imposing antagonistic anchorings. We study the model systeract#i-4’-cyanobipheny(8CB)
between Mo$ and air, which is characterized by the competition between homeotropic anchoring at air and
planar unidirectional anchoring on the substrate, with thicknesses varying aroupnchOQptical 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-dimendibp&bcal conic domains which
form an optical grating in the smectic film, of a period ranging from 1 to/2%. The interpretation of our
results through an energetic model, associated with the atomic force micraqgdeldy measurements, shows
the presence below a critical thickness of a new type of curvature wall between neighboring hemicylinders.

DOI: 10.1103/PhysRevE.70.011709 PACS nunmder61.30.Jf, 61.30.Pq, 61.16i, 68.37.Ps

[. INTRODUCTION on a MoS single crystalline substrate. The aim of this paper
is to describe the deformation of a thin smeaiidim frus-

During the two last decades many liquid crystals havetrated by two antagonistic anchorings, planar and nondegen-
been intensively studied to develop, in particular, displaysrate on the substrate, homeotropic at the liquid crystal/air
and sensing devices. Progress in these applications deperidgerface.
strongly on a good comprehension of the behavior of liquid In energetic arguments, Williams and Kleman describe the
crystals in different specific confined geometries, characterevolution of the deformations of smectic layers when the
ized by a strong influence of the two interfaces limiting thecurvature angle imposed on the smectic layers increfdges
liquid crystal film. Such an influence is particularly impor- In cases of small curvature angles, simple curvature walls are
tant when the two interfaces induce different anchorings, th€reated. When this curvature angle is increased, simple cur-
associated frustration relaxing through the creation of devature walls first transform into curvature walls mixed with

fects. The increasing technological interest associated wit _dglje di§locat\i/t\)lﬂs, thﬁn into curvaturel WE‘"S with gliant edﬁ]e
thin objects requires a precise understanding of the nature GSlocations. When the curvature angle becomes larger than

these defects. From a more general point of view, the stud Oe_c3§sé tgfes?]’?;ﬁcélsjrtllg?l!lllyetsur(r:]ullr]\/tgtlj?ecil\/;ﬁ:Iﬁa?l%%%ﬁﬁ(;&
of liquid crystalline defects in thin films concerns the evolu- ' y

tion of soft matter structures in confined geometries, a sub?VIdenced in lyotropic systemg?], whereas they are ob-

act still | | lored unlike th f hard it served in smecti€ in case of chevron structurg8,4]. In
Ject stll largely unexplored uniike the case of hard matlely,» case of opposite disorientations, for curvatures close to

structures. - 180°, curvature walls have been observed through optical
In this framework, we study the liquid .crystal n4€)cty|_— microscopy measuremerits] and analyzed as local nematic
4'-cyanobipheny|8CB) from then-cyanobiphenyles series, areas, nematic grain boundarig$¢GB). Williams and Kle-
man, studying the evolution of defects, the curvature angle
being induced by the shearing of glass plates limiting the
*Electronic address: lacaze@gps.jussieu.fr smectic film, have observed giant dislocations followed by
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focal conic domains as the curvature increases. Chevroon a freshly cleaved surface of M@SThe sample is then
structures observed in smecAaccur through the formation annealed at 80°C for 30 min. The film thickness, checked by
of focal conics[6]. In the case of antagonistic anchorings atoptical microscopy, is controlled by the spin speed: for ex-
both interfaces leading to curvature angles close to 90°, witlample, 0.3um corresponds to a spin speed of 2000 rpm.
degenerate planar anchoring on the substrate, hexagonal net-X-ray diffraction experiments are performed on D2AM
works of focal conics have been descrid&dB]. In the case (ESRF, Grenoble, Frang@and H10(LURE, Orsay, France
of lyotropic films between a glass substrate and a spongkeam lines. Due to the small amount of matter associated
phase, the network has been described as a mixing of curvavith the small thicknesses, the use of synchrotron sources
ture walls and focal conic domair2,9]. The 8CB/MoS$  and their high beam brilliance is necessary. The energy is
system differs by a nondegenerate anchoring on the sulfixed at 8 keV, the beam spot is defined by a pair of slits, so
strate. In a similar geometry with treated glass surfaces inthat the beam width is about 5Qdm. Its intensity is moni-
stead of Mo$, x-ray diffraction measurements have beentored by a diode. The scattered intensity is scanned by a
interpreted in terms of the presence of a disordered layegolid-state detectaiNal). We take advantage of the periodic
joining two homogeneous volumes of smectic layers withcharacter of the smectis-phase and detect the wave vector
perpendicular orientatiorf40,11], instead of focal conics. In  modulusgs corresponding to the 8CB smectic bulk period.
addition, most of the previous studies have been performedhe orientation of the smectic layers is then determined by
on films several tens of microns thick. The system’s elasticityfollowing the orientation of thisjs vector with respect to the
limit, estimated between 0.1 and several microns then bringmterfaces.
a new constraint to the systef4,12] for thin films. In this Optical microscopy experiments are performed with a po-
context we study the deformations of smectic layers forarizing microscope Leica DMR fitted with a color camera
thicknesses smaller than Oun, in a geometry defined by connected to a PC for acquisition. Optical microscopy im-
strong antagonistic anchorings, homeotropic and planar unages are obtained in the reflection mode, due to the J40S
directionnal, leading to a 90° curvature, with a free interfaceopacity.
(liquid crystal/aiy in front of a solid one(liquid crystal/ Atomic force microscopy experiments are performed on a
substratg Nanoscope Ill microscopé/eecg with commercial silicon

As in the case of treated glass as a substrate, we takes. Their radius is estimated by the manufacturer to be
advantage of the layering structure of the smectic film t0100 nm. This technique allows the study of the liquid crystal/
perform x-ray diffraction measurements. Indeed, the use of air interface. Due to the soft character of 8CB, we work in
single crystalline substrate, which orders the anchored smethe Tapping mode at scan frequencies from 0.5 to 1 Hz. Im-
tic layers, allows a direct exploration by diffraction of the age size varies from 1 to 10@m. Careful examination of
deformations of the smectic layers. Combining this tech-our approach-retract curves shows the existence of a narrow
nique with atomic force microscopyAFM) and optical mi-  working range associated with setpoint variations of 4 nm,
croscopy, we determine the structure of the frustrated 8CRlose to the highest possible setpoint value. This working
film, and demonstrate the formation of optical gratings. range allows the visualization of the 8CB/air interface with-

The outline of this paper is as follows: in Sec. Il we out damage to the surface, contrary to the lower setpoint
describe the system and the experimental setup. The systenvalues, suggesting that we work in non-contact regime. This
geometry and the anchorings of smectic layers are presentéaterpretation is supported by recent AFM studies on liquid
in Sec. lll. The film’s structure and rotation of smectic layerscrystalline materials, in particular 8CR.3], demonstrating
are demonstrated by the combination of x-ray diffractionhow it is possible to measure forces as weak as®1 with
(Sec. IV) and optical microscopySec. ). We discuss in the AFM tip inside the liquid crystal film in nematic and
Sec. VI the different energetical contributions. Section VII issmectic phases. Such results show that an AFM tip can easily
devoted to the study by AFM. penetrate a smectic film in the case of contact during each

oscillating cycle of the Tapping mode.

Il. DESCRIPTION OF EXPERIMENTS

The system is composed of a single crystalline substrate Il ANCHORING

molybdenum disulfide MoSand the thermotropic liquid Before studying the bulk topology of smectic layers, we
crystal 4n-octyl-4’-cyanobiphenyl 8CB. Mogs natural  have to determine the anchoring nature close to the inter-
single crystals are coming from Queensland and are suppliefdces. First of all, the liquid crystal/air interface imposes a
by Ward's, N.Y. Mo$ is a lamellar compound easily well known homeotropic anchoring,14 (the average 8CB
cleaved, revealing a clean surface parallel to the basal planeswlecular direction is perpendicular to the interface and the
This surface is composed of ordered sulfur atoms with a&mectic layers are then parallel t9. ilt has been previously
hexagonal symmetr{ayos,=3.16 A), and a mosaicity lower demonstrated that, after annealing, the Mdi§uid crystal
than 0.02° as checked by x-ray diffraction. The liquid crystalinterface under the smectic bulk is formed by adsorbed mol-
8CB is a product of BDHGermany used without any fur- ecules stacked in straight ribbons, organized in a two-
ther purification. It is thermotropic and has a smectic phaséimensional(2D) crystal, commensurate with respect to the
in bulk between 21°C and 33.5°C. A 0.1 mol/1 concentra-MoS, network[15-2Q. In this bidimensional network, 8CB
tion solution of 8CB dissolved in chloroform is deposited by molecules lie flat on the substrate surface. If such a planar
spin coating at a speed varying between 1000 and 6000 rpmolecular configuration is preserved close to the Me®-
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80 ‘ : . : - ; ' 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, 50Qm 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] MoS, 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.
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FIG. 1. Grazing incidence diffraction profile obtained by an azi- A. Experimental configuration
H — -1
muthal scan on a sample of thickness o, for g=0.2 A™. The We now address the film structure between both interfaces

different Bragg peaks correspond to the different anchoring dlrecin contact with the Mo$ surface and air. It has been mea-

tions of perpendicular smectic layers. The pronounced dips & ) . : .
~165.5°, ~111°, and —45.5° correspond to the furnace Tungste§ured by x-ray diffraction on samples of thickness 0.4 and

pillars passing either in the direct beam or in front of the detector.BASMm' leading to_ similar results. In order_to explain the
topological connection between the perpendicular layers and
face, a planar anchoring is induced and therefore one expedide parallel ones, we select one anchoring direction of per-
the formation of perpendicularly anchored smectic layers opendicular layers by choosing and keeping constant the cor-
the substrate surface. responding azimuthal angle value. In such a configuration,
We have recently determined the anchoring properties ofve explore only the domains associated with this anchoring
8CB on Mo§ by combining scanning tunneling microscopy, direction and therefore all the layers oriented in that direction
optical microscopy, and x-ray diffraction experimefigd]. diffract.
X-ray diffraction used in grazing incidence is a particularly  The scattered intensity is measured by rotatingdeec-
appropriate implement to study a planar anchoring, since itor continuously, from a parallel orientation with respect to
allows the specific exploration of smectic layers perpendicuthe MoS surface to a perpendicular one, keeping the abso-
lar to the substrate. The sample is set in a grazing incidendate value of theq vector constant during the scaig
configuration where the beam spot reaches the lower intee=0.2 A1), Such a motion is obtained by varying the beam
face through the 8CB bulk at an incidence of about 0.3°jncidence angle between 0° and 1.4° and varying as well the
comparable to the MoScritical angle but higher than the position of the detector. The diffraction plane changes from a
one in the 8CB bulk. The detector position is moved in thegrazing incidence configuration where perpendicular layers
substrate plane to probe the smectic wave vector modulugre investigated, to @, symmetrical one with equal incident
gs=0.2 A"t [22]. Due to the grazing incidence geometry, theand exit anglegfixed by thegs value, 6= 6z=1.4° where
transfer wave vector is nearly parallel to the substrate’s surparallel layers are investigated. We denatthe angle of the
face and smectic layers almost perpendicular to the substrage vector with respect to the sample plane. Tdevector
surface are specifically detected. Keeping the incidence anglgeing parallel to the director of the smectic layers, such a
i‘gg the detector position constant, the sample is rotated ovediotion allows the study of the different orientations of the
°. layers.
Such a scan provides an intensity profile versus the azi- Y
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 Intensity versusx is plotted in Fig. 2 for a 8CB film of
indicates the presence of smectic layers perpendicularly arthickness 0.45%um. At «=0° the vertically anchored layers
chored on the substrate, confirms the planar nature of thare measured, whereast 90° the parallel ones are inves-
anchoring on the MoSsurface. Moreover, the intensity van- tigated. The curve marked by the gray line is a scan locked
ishes between the peaks which indicates that only few amen the selected anchoring direction of smectic layers, ob-
choring directions are present on the substrate. Five types ¢éined at 25°C in the smectic phase. It is compared to the
domains characterized by a unidirectionnal anchoring arsame scan obtained at 35°C in the nematic phase and to a
formed on this sample. The Bragg peak intensities are not aican obtained at 25°C but locked on an azimuthal direction
identical. These intensity differences indicate that the dodisoriented at 5° away from the selected anchoring direction.
mains are not homogeneously distributed in the area illumi- The upper curvggray line shows that the intensity is
nated by the incident beam and seen by the detector. Diffe@lmost constant betweer=15° anda=80°: this is the main
ences in the relative proportions of the allowed anchoringesult. The slight decrease of intensity in this interval reflects

B. Raw and corrected profiles
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FIG. 2. Raw intensity profile versus, obtained on a sample of FIG. 3. Intensity profile versusy, obtained after corrections

thickness 0.4%um. Gray line: at 25°C in smectic phase, locked on (background noise, footprint evolution, transmission corrections,
the selected anchoring direction, error bars corresponding to statigmd intensity set to zero below the 8CB/air critical anglerformed

tical error; dotted black line: at 35°C in the nematic phase, lockethn the scan of Fig. 2. The inset corresponds to a zoom on the
on the same anchoring direction; black line: at 25°C, locked on antensity values around:=90°.

direction disoriented at 5° away from the selected anchoring

direction. The result is presented in Fig. 3. A continuous intensity

the evolution of the beam footprint, i.e., the evolution of theprofile, almost constant frorr=10° to «=80°, is obtained.
area illuminated by the incident beam and seen by the detedhe broad asymmetry, corresponding to the penetration of
tor. This area is smaller than the sample size and decreasti®e incident beam in the smectic bulk and to the footprint
regularly with increasinga. A wide intensity increase at evolution, has disappeared. We verified that similar intensity
small angles corresponds to the beam penetration into therofiles are obtained for other anchoring directions.

smectic bulk associated with the Yoneda pg2#, when the Radial and tangential extensions of the intensity distribu-
incidence angle goes beyond the 8CB/air critical angleion have been measured. Figure 4 shows a radial scan ob-
(0.179. The 8CB critical angle value corresponds to an ori-tajned ate=40°. The scan is centered@=0.2 A, as well
entation of theq vector equal toa=7° with respect to the as the radial scans associated with any value.dfhis dem-
sample plane. Below this critical angle, the incident beam isnstrates that the smectic period is well preserved, whatever
totally reflected and the intensity is negligibldhe strong  the layer deformations. Such scans are limited by the angular
increase of intensity close ta=90° is mainly due to the resolution but indicate a coherence length larger than 100 A.
MoS, reflectivity, since the geometry becomes specular an‘ﬁ:igure 5 shows a tangential scan performed at the aagle

symmetric for the wave vector. =15°, through a variation of the azimuthal angle defined b
The background noise is measured in the nematic phaseg+ ’ J g y

. X e anchoring direction. The in-plane mosaicity is 0.39°.
the temperature T=35°C. The corresponding curve is plotted, . - : ; :
with a d%ttedublack line in Fig. 2. In or?jer té) gvol;dvth:a I\/Jzop S ypically, this value is one order of magnitude higher than

reflectivity, the background noise can be subtracted from th%}hhe MoS s.urface mosaic |ty0.02°)', due fo the soft nature of
raw data. e smectic phase. This value is of the same order as the

The misoriented scagblack line in Fig. 3 shows that the mosaicity of smectic layers of a different smectic compound

intensity becomes equivalent to the background noise inte priented by a magnetic field O.f 1 [@3]. This demon.strates
hat smectic layers are well oriented by the anchoring on the

sity when the scan is performed in a direction disoriente ) . . .
tunderlymg single crystal, in particular when compared to

from the anchoring direction. This result demonstrates tha i | " hich ind icity hiah
for a given domain, the layers director strictly remains in thegra INgs on giass or silicon which Induce a mosaicity higher
by one to two orders of magnitud&O0].

rotation plane of thej vector, as defined by the anchoring
direction on the substrate.
As described above, corrections must be performed to the C. Interpretation
measured intensity profiles. Background is subtracted. The The film structure has to be consistent with the two main
evolution of the beam footprint is taken into account throughgharacteristics of the x-ray diffraction daté) a constant
a geometrical correction term. A transmission correctionyiffracted intensity, i.e., a homogeneous distribution of dif-
takes into account the transmission factor associated with theacting smectic layers when the director rotates from 10° to
Yoneda peak. We set to zero all intensity below the 8CBgqe (i) the strict confinement of the smectic layer director in
critical angle[23,24. the plane perpendicular to that of the sample and imposed by
the selected planar anchoring direction.

Actually, an evanescent wave, propagating parallel to the upper The confinement of the layer director is incompatible with

interface, always exists in the 8CB bulk. a discontinuous structure composed of a disordered middle
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layer separating two smectic volumes with orthogonal orientween the layer set orientations, as in case of chevrons struc-
tations, as proposed in a similar frustrated sysf@®11]. tures[6]. Such a discontinuous structure cannot produce a
Such a discontinuous structure should lead to a constant irtonstant intensity profile betweer=10° anda=80°.
tensity profile not only in the case of anscan(except at the Actually, only a continuous structure, in which smectic
angles 0° and 90y but also along any azimuthal direction. layers turn continuously between the two interfaces, can sat-
This argument is in contradiction with the scan at 25°C,isfy both characteristics. Such a continuous rotation of layers
locked on a direction disoriented by %Fig. 2), as well as can be understood in a cylindrical geomethig. 6) which
with the tangential scan at the angle15° (Fig. 5). corresponds to the observed confinement of the smectic di-
Moreover, the constant intensity range betweenl0°  rector as well. A concentric stacking of smectic layers in a
and «=80° does not agree with the presence of curvaturdalf cylinder lying flat on the substrate provides a constant
walls in the bulk, sharing layer sets of different orientations.number of diffracting layers when the director rotates from
In such a discontinuous structure, the strong discontinuity i®° to 90°. The corresponding cylinder axis is perpendicular
the layers should provide a null intensity at the angles beto 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-

30 T

25t

Intensity [counts/s]

5 10 15 20 25 30 FIG. 6. Continuous structure compatible with intensity profiles
B0 [degree] measured by x-ray diffraction. Smectic layers are concentrically
stacked into hemicylindrical structures lying flat on the substrate,
FIG. 5. Tangential scan executed on a sample of thicknesand turn continuously from a perpendicular anchoring on the sub-
0.4 um at a=15°. It shows that rotating smectic layers are well strate to a parallel one at the liquid crystal/air interface. The defect
oriented with an in-plane mosaicity of 0.39°. is a line, located along the arrow.
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the formation of domains in the smectic films, associated
with one of these six possible anchoring directi¢®$]. The
disorientation between the anchoring directions of two dif-
ferent domains are consequently *=60°, 35°%<P7°,
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 ancho(gthnar an-
choring on the substratésee 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°=60-17.5° corresponds to two different

FIG. 7. Optical microscopy image between crossed polarizers oftnchorings of'sm.ectic. layers, one at 17.5° away from one
size 165um x 123 um obtained on a sample of thickness 02e.  Crystallographic direction of the substrate, the other one at
The central lines, which appear darker in the middle of the image;17.5° away from another crystallographic direction of the
correspond to a thicker region. substrate, disoriented by 60° due to the hexagonal symetry of

MoS,. Optical microscopy therefore confirms an organiza-

ing direction of smectic layers on the substrate. Such a resufto” of well oriented smectlc he'mlcyl.mde'rs lying ﬂ"?‘t on Fhe
confirms that, for high disorientation angles, focal conic do_substrate and stacked in domains with different orientations.

mains should prevail regarding curvature walls, even for Such networks correspond to the hexagonal networks of fo-

thicknesses as small as 0.48. Similar cylindrical defor- €@l conics evidenced in thicker films on wafef, isotropic

mations had been previously suggested in case of thic[?hase_[s]’ and sponge phagé)] as substrate. Here_ the net-
P y stdg work is 1D, due to the nondegenerated anchoring on the

smectic€ films frustrated by the same anchorings, in order b
to interpret optical microscopy measuremeji§]. su V\s/trate. btain f h ical mi b .
Finally, in a domain of constant thickness the liquid crys- e can obtain from the optical microscopy observations
an experimental curve relating the period between dark lines

tal film should form a periodic network of such hemicylin- . , .
ders. Since the period should be twice the radius of the cylY&SUS the thickness of the film. Such a measurement is not
ttainable by x-ray diffraction because of the large value of

inders and since the thickness is equal to the radius of th . .
cylinders, the period should be twice the thickness of the e perlod,' on the order of Am. We'studled samples of
smectic film. Therefore we have performed optical micros—_d'ﬁe_rent _thlckne_sses, all other experl_mental paramet1ers_ be-
copy experiments in order to check such a model obtaine g |de_nt|cal. Thicknesses are d_etermmed k_)y Newton'’s tints.
through x-ray diffraction measurements. ach tint porresponds to an optic delay wr_nch 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-
Figure 7 is an optical microscopy image between crossethined from 55 measurements on domains of thickness vary-
polarizers in the reflection mode of a sample of mean thicking from 0.09 to 0.45um. As expected, a linear increase of
ness 0.2Qum. One observes two distinct domains of differ- the period is obtained with respect to the film thickness. The
ent orientations separated by a grain boundary. Typical dodata can be adjusted by a linear curve of slope of 4.44. Such
mains dimensions are in the range 10-100. Each a value disagrees with the half-cylindrical model, which
domain is filled with a succession of dark parallel lines.leads to a slope of 2. However, this result can be understood
These dark lines can be associated with the linear defe¢hrough an hypothesis of flattenned hemicylinders with flat
cores of hemicylinders, indicated through an arrow on Fig. arts joining two quarters of hemicylindegBig. 9). In such
(1D focal conics, where smectic directors suffer a strong a model the flat part is composed of horizontal layers, paral-
discontinuity of orientation. lel to the substrate’s surface, joining two smectic volumes of
The disorientations between the different domain directotating layers. Through such an hypothesis, the black line
tions can be measured. From Fig. 7, one obtains 25°. Moreontrast in the optical microscopy images between crossed
generally, one systematically obtains +60°, 35°, 35°+60°polarizers correspond to the presence of horizontal layers
25° and 25°+60°, the same values which separate the difvhich form ribbons associated with molecules perpendicular
ferent Bragg peaks of Fig. 1. The Bragg peaks of Fig. 1 ar¢o the polarizers’ direction. These ribbons are parallel to the
the signature of the anchoring directions of the smectic lay41D focal conics associated with the flattened hemicylinders,
ers on the substrate. We have previously demonstrated thktcated in the curvature centers of the quarters of hemicylin-
each of these anchoring directions is at +17.5° andlers, and are still parallel to the anchoring direction of the
+17.5° £60° away from th€L0Q] MoS, direction, leading to  smectic layers on the substrgtee Fig. 9.

V. STUDIES BY OPTICAL MICROSCOPY
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sented in the inset; they correspond to a slope equal to 4.44. 2ot Lo 2o+ Lo

E= LlYair

Eg stands for the energy of the 8CB/air interface, where

This hypothesis agrees with the x-ray diffraction results.y,; is the 8CB/air surface tension in a homeotropic align-
The Fig. 3 inset shows a stronger intensityat90° despite  ment(y,, =30x 1073 J/n? [27-29). The energy cost is as-
the subtraction of the substrate reflectivity. &4t 90°, smec- sociated with the curvature of the rotating layers which im-
tic layers parallel to the substrate are diffracting. Note thaposes a curvature of the upper surfakg,. stands for the
these layers are degenerated with respect to the azimuthellastic curvature energy of rotating layeksis the 8CB cur-
angle: parallel smectic layers belonging to all domains dif-vature modulus in the smectic phase and is equal to
fract together and contribute to the measured intensity. In th@x 1072 J/m[30]. a is the usual cut-off associated with the
case of pure hemicylinders forming six types of domainspresence of defects in the area of high curvaiisee Fig.
equivalently dispatched on the substrate, the maximum in10). Eg, stands for the the energy of the 8CB/substrate inter-
tensity should be equivalent to six times the intensity fromface wherey,\,,c,g2 is the 8CB/substrate surface tension in a
rotating layers. In Fig. 3, the intensity at=90° is 50 times  planar anchoringAyy,s, represents the variation of the
higher than between=10° anda=80°. This high intensity 8CB/MoS, surface tension between an homeotropic and a
ata=90° is therefore associated with the existence of a larg@lanar anchoring, i.e., the anisotropy of the 8CB/Ms8t-
number of parallel layers. Thus, x-ray diffraction agrees withface tension. The cost of such an energy is associated with
a structure of flattenned hemicylinders with flat layers be+he flat layers in contact with the substrafg, stands for the
tween the rotating ones. The optical microscopy allows thesnergy of the two linear cores associated with the cutots
shape of the periodic structures inside which smectic layerg of the order ofK [12,31,32.

are rotating concentrically to be specified. We are able to expreds, in terms ofr,, with S the vol-
V1. DISCUSSION ume per unit lengtlisee Fig. 10
2
- . re—4Sr,/L
In order to understand the origin of the flattening, we have Lo(ro) = %
- ro

built a model describing a single domain with a given orien-
tation and width L. The geometry of the model corresponds can be rewritten as a function of the variabje
to that in Fig. 9 and is presented in Fig. 10.

The domain of width L involved /(2r,+L,) flattenned E(ro) = Esi(ro) + Eei(ro) + Ealro) + En(ro),

hemicylinders where, is the radius of a hemicylinder and
7 29L(m- 2))

E(ro) = L|:7’air(4 g + (- 4)r0

2mK(SIL - 1,) <r0> (—77
T o) 4 A —
(m-ar2 \a) Mo\ 3T

+ 4SI—L> + + 2U<ﬁ>
@-mro) "M% T\ (m- a2 ||
Evaluating the two first terms, one finds that the surface

energyEg dominates: for the measured thickness raiige,
FIG. 9. Scheme of periodic flattenned hemicylinders. is higher by three orders of magnitude thag which is of
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the same order &sp. The surface energy in contact with air 35
therefore costs much more than elastic energy. This result Y = MO + M1*X
illustrates the property of thin films to be led by an energetic 30 Mo| -3.9655 o .
competition where surface energies are dominant. The pres- Mi1] 22.934 n
ence of flat areas, composed of stacked parallel layers, al- @ 250 Rl 087966 + ]
lows for a minimization of the 8CB/air surface energy. Com- 9
petition takes place between the tefigy and the ternEg, E ot _|‘_l‘;__|_ + i
the latter depending strongly on extension of the parallel i Y = MO + M1*X
layers. The unknown values afey and a. Associating the 2 + +$: Vol 0.51357
experimentalL, andr, deduced from the evolution of net- e o +, & + MA '4 4448
work period versus thicknesg&ig. 8) and the minimization 13: f%i# + al o 8'9562
of the free energy versus, we are able to estimate these T4t :
parameters. One obtains

0,5 Lwwu . A I

01 015 02 025 03 035 04 045
a> rOe[(ro-BS’L)IZS’L]+2U/(2wK) ~0.1um Thickness (microns)

FIG. 11. Comparison between the experimental cupwe(r,)

resulting from optical microscopy experimentsrosses and the

and curve obtained by minimizing the model free enerdsangles.
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

w2 27K optical microscopy experimengsrossesand to a slope equal to 23
A3’Mos2 - Yair t (4S/L)ro[r° - SL]+[28L -] in case of the theoretical cunf&iangles.
27K In(ry/a) + 2U
X([ ™ (ro/a) ]> ~17.13% 1072 J/ne. VIl. STUDY BY ATOMIC FORCE MICROSCOPY IN THE
(49/L)r, TAPPING MODE

The a value corresponds to the length associated with the Atomic force microscopyAFM) allows the observation
high cost of elastic energy and is generally estimated aroungf the upper interface in contact with air and has been al-
1 pm[2]. 0.1 um is not so far from the 8CB film thickness, ready performed on networks of focal conics of cholesteric
around 0.3um, which underlines the fact that, in thin films, oligomers[39]. Because a smectic film is soft at ambient
defects cannot be neglected. They,s, appears extremely temperature, we used the Tapping mode in a noncontact re-
high compared to most of the anchoring energies of nematigime. The tip oscillates at a fixed frequency above the free
phases, between 170J/n? and 10% J/n? [33,34, as well as  interface without contact.
compared to most of the already measured anisotropies of
interfacial tensions, % 107 J/n? for the nematic 5CB/air _
interface [35], 2.5X 107% J/n? for the nematic 8CB/water A. Experimental results
interface[7], 10°° J/n? for a nematic/smecti& interface Figure 12 shows an imaggize 50um) obtained on a
[36], and 10° J/n? for a lyotropic smectic/sponge interface sample of thickness 0,8m. Each domain presents a peri-
[37,38. However, it is of the same order as the anchoringodic network of linear parallel structures whose period is
energy of a smectic/lecithin covered indium-tin-oxy¢gO), about 1.8um. Values of disorientations between domains are
leading homeotropic anchoring, also indirectly obtainedin agreement with optical microscopy and x-ray diffraction
through the observation of defed®l]. Figure 11 shows the results. One observes 60° on Fig. 12, but more generally one
comparison between experimental and theoretical curves ofieasures systematically +60°, 25°, 25°+60°, 35°, or
the period versus the thickned€®=f(r,). The experimental 35°+60°. Moreover, the linear parallel structures in the
curve is obtained from optical microscopy data, withcor- ~ AFM images correspond to periodic undulations of the upper
responding to the thickness as measured through Newtdnterface: white areas correspond to bumps and the black
tints observations. The theoretical curve is obtained by thenes to hollows. These periodic undulations are fully consis-
minimization of the free energy for different values of the tent with the presence of hemicylinders lying flat on the sub-
volume per unit lengtts, using the previously determined strate: the upper interface is parallel to the smectic layers and
values ofa andAy. We obtain a positive slope, in agreement must adopt the same curvature.
with the optical microscopy results. However, the slope is 5 From the AFM images we can infer the experimental evo-
times higher than the experimental one. The model fails tdution of the period versus the film’s thickness. We studied
recover the correct evolution of the structures with increasingamples with thicknesses varying from 0.08 to O,
thickness which can be associated with the non-preciselyFhicknesses have been measured by optical microscopy and
known expression of the linear defects energy or to a missinghecked under the AFM head with the binocular loop. Re-
ingredient in the model. To go further in the experimentalsults are presented in Fig. 13. Periods, as measured by AFM,
description of the layers and understand the origin of such agree perfectly with those measured by optical microscopy
failure, we performed AFM measurements. and the two distributions fit the same linear curve. This result
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FIG. 12. AFM image obtained on a sample of thickness/m& Length L[pml

Size: 50um.

FIG. 14. (a) AFM image obtained on a 0.13m thick sample.

demonstrates that the same structures are observed by opti¢@Rge size: 1um. (b) Vertical cut executed along the line marked
microscopy and AFM and that AFM images are not distordedP the arrow.
in the horizontal plane: the frustrated film forms an optical
grating associated with the presence of undulations at théuced from the curv@=1(r,), as obtained from optical mi-
upper surface and whose period vary from 0.8 to 2%,  croscopy measurementEig. 13: in case ofr,=0.13 um,
depending on the thickness. L,=0.8 um, two times larger than the measured value.
The image in Fig. 1é) is obtained by zooming to enlarge
the view of the undulations on a sample 0,4 thick. Such
an image is in good agreement with the surface of a network
of flattened hemicylinders, with flat parts joining rotating In order to explain such a disagreement, the role of the
ones, as also outlined by the cut in Fig.(4 However, tip-surface distance has to be taken into account. Indeed, in
measuring the depths between two quarters of cylinders, orf@e noncontact Tapping mode regime, the tip interacts on a
obtains 17 nm, 8 times smaller than the value expectedateral distance equivalent to the tip-surface distance. The tip
equal to the thickness 0.13m. can then be modeled by a sphere with an effective ragjus
Measuring the flat extension in Fig. (b4, one obtains a taking into account the tip’s real curvature radiysand the
value of about 350 nm. However, in the frame of flattenedtip-surface distancd (r,=d+r, see Fig. 1% In such a case,
hemicylinders, the extension of the flat pag can be de- the measured surface of flattened hemicylinders is convo-

B. Tip-surface convolution calculus

3 T T T T T T T
p
25¢L :#: ‘
@ 1 z
o + ,
5 7 1 L A8 1
E [ -+ 1 \
kel 151 +¢ -I'—_ ] ;\‘
e r o+ ﬁﬁﬁf Y = MO + M1*X
N -t %:‘ﬂ +[_Mmo] 051357 A
s ’+++ M1 4.4448 . e
F R 0.89562
[ o
0,5 ....1....|....1....|..,.1.,..1....1....1
0,05 o,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45 o
Thickness (microns) “ - > e x

L, Iy L
FIG. 13. Comparison between the linear network period mea- ’
sured by optical microscopicrossesand by AFM(filled squarep FIG. 15. Scheme of the upper interface’s profile interacting with
versus thickness. Parameters from a linear fit to all data are prean AFM tip through an interaction extension of the order of the sum
sented in the inset; they correspond to a slope equal to 4.44. of the tip radius and the tip-surface distance.

011709-9



MICHEL et al. PHYSICAL REVIEW E 70, 011709(2004)

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

Thickness inum 0.15 0.25 0.35
Measured depth imm 0.011 0.015 0.018
Calculated deptlz, in um, taking into account, 0.026 0.06 0.103

luted by the AFM tip. The radius of the curved surface isit should be possible to deduce tigig values from AFM
increased by a value of the order of the effective tip radiusmeasurements. However the corresponding calculations ap-
From the AFM image of Fig. 14, one can estimggas equal  pear highly dependent on thg value, which is only roughly
to (0.8-0.35/2=0.22um. With a real tip radius estimated estimated through the flat extension measurements. In any
by the manufacturer to be 100 nm, one obtains a tip-surfacé@se, the observation of such matter between the hemicylin-
distance close to 100 nm, which appears reasonable. de_rs appears res_pon5|ble for the_ d|s_crepancy between_theo-
However, in order to turn now to measured depths bereucgl and experimental curves in Fig. .11. The l_JnduIat|ons
tween the hemicylinders, we need to analyze only imaged'® finally the resul; of competing anchoring, rotating, defect,
with similar tip-surface distances, a value difficult to control @d 8CB/air energies. The presence of the defects between
in the Tapping mode. Despite the large number of measurdhe hemicylinders is plgarly due to the hlgh cost of_lnterfamal
ments, we then decided to consider only three images lea@nergy at the 8CBair interface, which is reduced in the con-
ing to the same, values(r,=0.3 um, as deduced from the figuration of Fig. _16 compared with the one of Fig. 10. How-
extension of the flat partsTable | presents the evolution of €Ver, the undulations do not completely disappear due to the
the depth between the hemicylinders for three different 8CB1gh energetic cost of curvature walls which are bidimen-
film thicknesses. We obtained the apparent depth of the hofional defects. _ o
low located between the hemicylindrical structures, taking These results show that the defects of thin smectic films
into account a tip-surface distance of 200 nm or an effectivé@n also correspond to a mixture between focal conic do-

tip radius of 300 nm, through a calculation based on Odin’dnains, corresponding to the flattened hemicylinders, and cur-
work [40]. The hollow depthz is given by the following Vature walls, located between the flattened hemicylinders,

formula: similarly to the hexagonal network described by Blanc and
Kleman[2,9] in the lamellar/sponge system. However, in the

r2 cylindrical case, curvature walls appear to be of higher en-

z=(ro+ rp)(l -y1- (ro+ rp)z)' ergy. Due to the cylindrical geometry, their length is larger.

The disorientations between the layers along the wall corre-
Applying this formula to the three thicknesses measuredpond to larger values. Through the AFM measuremefts,
by AFM and indicated in Table I, one obtains depths valuess in the range 10°-40°, |eading disorientations Varying be-
clearly larger than the measured oxgse Table I, third line  tween 180° and 80°—20°, instead of the fixed 26° in the
In order to interpret our results, one has to consider thafamellar/sponge system. The presence of such high energy
matter fills the space between the flattened hemicy"nderﬁjefects is clearly imposed by the small thickness of the sys-

leading to the presence of defects which accomodate the digem. Following Blanc and Klemaf], we can estimate the
orientations between two consecutive flattened hemicylingritical thickness associated with a replacement of focal
ders. conic domains by curvature walls between flattened hemicyl-
Focal conics are visible in optical microscopy images beinders. The energy of a focal conic domain can be written as
tween the dark lines for thicknesses higher than QW88 E_.=e7KR, R being the radius of the focal conic and
leading to periodic networks perpendicular to the flattenecheing a constant of the order of 30, as inferred by Blanc and
hemicylinders network but of similar period. Curvature walls Kleman from their experimental results on toric focal conic
are Usua”y divided in linear focal conics in the case of highdomainS, inc|uding the inner defect energy. The energy per
disorientations{l,31,4lj. However, the focal conics abruptly unit area of a curvature wall without dislocation esv

disappear for thicknesses smaller than Qu86. Following  =(2K/\)(tan w-w)cosw, N being the smectic penetration
Williams and Kleman1], the focal conic domains between

the hemicylinders are replaced by curvature walls, as showr
schematically in Fig. 16, possibly mixed with dislocations
which remain invisible by optical microscody2]. Such a
result is related to the small thickness of the samples and tc
the limited space available between the hemicylinders which
would impose too high curvature of the rotating smectic lay-
ers for thicknesses smaller than 0,3B1. The defects sche-

matized in Fig. 16 are curvature walls similar to the curva- 1\
ture walls already observed by Dozov and Durajd.

However, in this latter case, the layer disorientation remained FIG. 16. Scheme of flattened hemicylinders with curvature walls

close to 180° whereas between Mashd air the disorienta- between the hemicylinders. The corresponding curvature varies
tion varies between 180° and)i@(see Fig. 1& In principle,  from 180° on the substrate t@gat the interface in contact with air.

i
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length (of the order of 3 nm in case of 8GBind w the half  pies of surface tension of different systems and an estimation
disorientation between smectic layddy. This leads to the of the specificity of smectic phases compared to nematic
following total energy of a wall of lengthR between two ones as well.

hemicylinders of thickneses:

4K Re sin 90J”’2 g ( 1 c05w> VIIl. CONCLUSION
- w

Ew N — -

sinw  sifw We determined the structure of smectic layers in a well
4K Re sind B defir!ed frustrated geometry associ_ated with_antagon.isti_c an-
= (W/z -— ) chorings. We studied the deformations of thin smectic films
A sin 6o by combining three different experimental techniques. X-ray
with the elastic contribution of rotating smectic layers pe-diffraction revealed the continuous rotation of smectic layers
tween the bidimensional curvature wall and the flattened®€tween the interfaces. Optical microscopy results combined
hemicylinders equal to 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-
In the case of an anglé,=20°, the critical thickness, lindrical structures, associated with focal conic domains for
below which curvature walls become more favorable, is therthicknesses higher than 0.36n and curvature walls of high
e.=0.37 um, indeed close to 0.3am, as obtained through disorientations for small thicknesses. Flat layers between ro-
optical microscopy measurements. Such an agreement cotating ones as well as curvature walls allow for a reduction of
firms the validity of the hypothesis of presence of curvaturethe high 8CB/air surface energy.
walls between the flattened hemicylinders for small thick- The thin deformed smectic films finally appear as orga-
nesses. nized in optical gratings formed by a mixture of 1D focal
The next step consists of introducing such defects energgonic domains and curvature walls. The period is monitored
in the previous energetical model in order to take into acby the complex competition between anchoring energies at
count the presence of defects between the flattened hemicydir and on the substrate, defect, and rotating energies. The
inders. However, this will also introduce two variablés  calculation of these different energies requires now a precise
andrg instead of onlyry. In order to extract from the model determination of the curvature wall geometry.
the unknowm yy,,5 andU values, precise values @é§ 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 determinatiom\of;os, We gratefully acknowledge Prof. C. M. Knobler for a
would allow in particular a comparison between the anisotrocareful reading of the manuscript and for useful suggestions.

to

2~

wtanw dw).
0

2KR(— /2 In sin(6y) -
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