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Using a surface forces apparatus we have studied two thermotropic nematic liquid crystalss5CB and
ME10.5d subjected to hybridshomeotropic/planard anchoring conditions. A film of nematic material is con-
strained between two curved smooth surfaces separated by less than 2500 Å. The intersurface force is non-
monotonic with the separation, being repulsive for thicknesses larger than.100 Å and strongly adhesive at a
shorter scale. While the repulsion can be qualitatively explained by an elastic model of director deformation,
including anchoring deviation at the boundaries, the attraction cannot be explained either by elasticity or by
dispersive forces. The expected confinement-induced anchoring transition has not been observed for a thick-
ness as small as 200 Å.
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I. INTRODUCTION

Understanding the interfacial properties of nematic liquid
crystals is a challenge for researchers working on soft matter
and it is also relevant to control and improve the perfor-
mances of the optical devices based on these materials. Most
of the methods to characterize surface properties are based
on the application of an electric or magnetic field, distorting
the bulk nematic director towards a conformation incompat-
ible with the equilibrium configuration imposed by the sur-
faces. This results in somefield-inducedtextural transitions
si.e., the Fréedericksz transitionf1gd occurring at a field in-
tensity high enough to overcome the orientation imposed by
the surfacessthe “anchoring”d. The strength of the nematic/
surface interaction is thus deduced by comparison. Follow-
ing a similar approach, one can investigate the surface prop-
erties of a nematic fromconfinement-inducedtextural
transitions, produced without applying any field. A classic
example is the wedge-cell method used for measuring an-
choring energies in twisted-planar or hybrid planar/
homeotropic nematicsf2g. The walls of the cell are treated to
induce competing anchoring conditions, resulting in a dis-
torted configuration. Moving along the wedge, one can study
the thickness dependence of the director configuration. In
particular, a confinement-inducedanchoring transitionis ex-
pected at a sufficiently short thickness, leading to a uniform
director configuration aligned along the easy axis of the
stronger anchoringf3g. The anchoring transition has been
indeed observed in hybrid wedge cellsf2g for weak anchor-
ing energiessW.10−5 J/m2d. Indirect evidence of this phe-
nomenon has also been reported for other “field-off” tech-
niques sthin-film balance f4g, light scattering f5g,
ellipsometryf6,7g d. The critical thickness for the transition
depends on the anchoring strength and varies from a fewmm
for weak anchoring energiesf2,5g to about 100 Å for stron-
ger anchoringf6,7g.

The surface force apparatussSFAd allows the study of the
confinement effects in liquid crystals in a more controlled
way and at a much smaller length scale than other tech-
niques. The SFA measurements on liquid crystals have fo-
cused so far on symmetrical homeotropic or planar cells, to
study layering structurationf8–11g or friction properties
f12,13g at a short scales.100 Åd. The medium- and long-
range responses have been studied for twisted nematics
f8,10,11g, but the results are still poorly understood. We re-
port here SFA measurements on hybrid planar/homeotropic
nematics, for which a strongly distorted configuration and an
anchoring transition are expected. We will first introduce the
SFA technique and describe a unique method to determine
the director configuration across the confinement from
multiple-beam interferometric datasSec. IId. Then, we will
present a model for the elastic forces and the confinement-
induced anchoring transitionsSec. IIId, to be compared to the
experimental data of Sec. IV. The comparisonsSec. Vd
shows that the elastic theory fails in explaining the observed
behavior at a length scale of a few hundred Å. An order
reconstruction into a biaxial texture is proposed instead.

II. METHODS AND MATERIALS

A. Surface force apparatus

The optical characterization of the nematic samples and
the force measurements were performed with a surface
forces apparatusf14g smark IV type f15g d. A droplet of a
nematic material is put by capillarity between two sheets of
muscovite mica, glued onto cylindrical glass lenses of radius
R.2 cm. The volume of the droplet is about 100ml, the
diameter of its circular sectionA in the middle plane between
cylinders is about 1 cm, and the thickness at the droplet-air
interface isH.1 mm. The muscovite mica has a stratified
crystalline structure, that can be easily cleaved by hand to
obtain large flexible sheetss.1 cm2d of uniform thickness
s2–5 mmd, exposing to the liquid crystal a clean and mo-
lecularly smooth surfacesroughness 1 Åd. The curved mica*Electronic address: zappone@fis.unical.it
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sheets face each other in a crossed-cylinder geometry at a
distanceD apart. The surfaces are mounted in a stainless-
steel sealed chamber and kept at a fixed temperature with a
precision of about 0.05 °C. The upper surface can be moved
vertically with an accuracy of a few Å by means of a piezo-
electric tube translator. The lower surface is attached to a
double cantilever spring of known stiffnesssk
=102–103 N/md, whose deflection is proportional to the
force F acting between the surfaces. The force sensitivity is
10−7–10−6 N. SeparationsD such thatdF/dD.k are me-
chanically unstable and give rise to “jumps” between stable
regionsf15g.

B. Multiple-beam interferometry

The mica/mica separationD is measured by a multiple-
beam interferometry techniquef16g. The mica sheets are
coated by a partially reflecting silver layer of thickness
500–520 Å, evaporated on the side to be glued on the cyl-
inders. When illuminated perpendicularly by a white-light
beam, the Ag/mica/ liquid multilayer acts like a curved in-
terferometer, selectively transmitting the waves satisfying a
particular resonance condition. The transmitted light is
passed through the slit of a grating spectrometer, where it
forms curved interference fringes reproducing the curved ge-
ometry of the confinement with a lateral resolution of about
10 mm sFig. 1d. The spectrometer is calibrated on the lines of
Hg and Kr lamps and the wavelength resolution is better than
1 Å.

Before introducing the liquid droplet between the mica
surfaces, we measure the transmitted wavelengthsl0 at
mica/mica contact in airsD=0d. The fringes appear as dou-

bletssFig. 1d, since cleaved mica sheets are almost uniaxially
birefringent under normal illuminationf13,17g. Hence, the
light waves polarized along the fast axisb see a shorter
optical path and resonate at shorter wavelengthslb

0 than the
waves polarized along the slow axisg, that resonate atlg

0.
The doublet splittingdl0=lg

0−lb
0 can be used to determine

the anglec between theg axes of the two mica sheets, since
dl0scd=dl0s0d cosc f18g.

After introducing the liquid droplet, the interference
fringes are shifted towards larger wavelengths than at mica/
mica contactsFig. 2d. For isotropic liquids, the average
wavelengthkll=slg+lbd /2 increases monotonically asD is
increased, while the doublet splittingdl remains almost con-
stant within the spectrometer resolution as long asD
,4000 Å fsee Fig. 2sbd for u=90°g. For a birefringent liquid
crystal, the average wavelengthkll still increases asD is
increased, but the doublet splittingdl is not constant. This
effect cannot be correctly described by the usual equations
for isotropic liquidsf16,19g, since they do not take into ac-
count any nematic birefringence. Moreover, they do not con-
sider the director orientation with respect to the mica optical
axesfFig. 2sadg and, for hybrid nematics, the director distor-
tion across the confinement. The optical response of nemat-
ics is better analyzed in term of matrices, as proposed by
Rabinowitzf20g. The light waves in the nematic and in the
mica sheets are represented as 2d vectorsA, formed by the
field components along the direction of ordinary and extraor-
dinary polarization. The propagation in the nematic and the
reflection at the nematic/mica and mica/silver interfaces are
described by 232 matrices. The effect of a complete inter-
ferometric loop is represented by a matrixM: a waveA at a
particular point inside the nematic produces a waveMA at
the same point after a double reflection on the Ag-coated
mica surfaces. The initial waveA interferes constructively
with MA and with the higher-order reflections when these
reproduceA to a 2p phase shift. The resonating waves are
thus eigenvectors of the loop matrix,MA =VA, correspond-
ing to eigenvaluesV.0.

In Fig. 2, we have plotted the doublet splittingdl against
the average wavelengthkll for a uniform nematic slab be-
tween two mica sheets with crossed optical axes. We notice
that dl strongly depends on both the zenithalsout-of-planed
and azimuthalsin-planed angles of the director alignment:dl
can be monotonically increasing withkll fi.e., with D, Figs.
2sbd and 2scdg or have a minimum or a zerofFig. 2sddg. To
identify the director configuration, we have compared the
experimental splitting curvedl to the response of an equiva-
lent uniform sample, simulated by the 232 matrix method.
The mean director orientation across the film thickness is
supposed to be close to the equivalent uniform alignment
giving the best agreement with the experimental data. To
measure the separationD, we use the analytic formulas de-
rived for isotropic liquidsf16g, with a choice of the refractive
index giving the sameDsld dependence obtained by matrix
calculations. We estimate the final resolution forD to a few
Å for D,1000 Å.

C. Liquid-crystal orientation

We have studied two different nematics: the 5CBs4’-n-
pentyl-4-cyanobiphenyl, purchased from Merckd and the

FIG. 1. Spectrograms showing a series of interference fringes of
different chromatic orderq. sad Mica/mica contact in airsD=0d.
The contact region is flattened due to a strong adhesion. The fringes
are split in doublets due to mica birefringence.sbd Nematic film of
thicknessD.0 between the mica surfaces. The average wavelength
kll of the doublets is redshifted from the contact valuel0. The
doublet splittingdl depends on the birefringence of the mica and of
the nematic and on the relative orientation of their optical axes.
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ME10.5/ZLI-0245 s4’-n-pentylphenyl-4-methoxybenzoate,
synthesized in our laboratoryd. The anchoring of the 5CB on
a freshly cleaved muscovite mica surface is planar, laying in
a mirror planes at an anglea= ±30° from theg optical axis
sFig. 5, insetd f21–23g. The sign ofa depends on the particu-
lar crystalline layer selected by the cleavage and cannot be
determineda priori. To obtain the homeotropic anchoring, a
monolayer of cationic surfactant CTABscetyl-trimethyl-
ammonium-bromided is adsorbed on the mica by dipping the
surface for at least 30 min in a water solution at twice the
critical micellar concentrationf8,24g. The anchoring of
ME10.5 on bare mica is also planar and the best homeotropic
anchoring is obtained with the surfactant cetyl-tripropyl-
ammonium-bromide, differing from CTAB only for the
length of the lateral chains. In order to check the planar and
homeotropic anchoring, preliminary observations have been
done between crossed polarizers on two parallel thick mica
plates, treated symmetrically to obtain a uniform planar or a
homeotropic alignment. Then, interferometric measurements
were performed on similar symmetrical SFA cells. The mica
sheets are highly hydrophilic and get easily contaminated by

ambient dust or volatile molecules. The micas were thus
handled in a laminar flow cabinet at low humidity. To pre-
vent adsorption-induced anchoring degradation and transi-
tions f21–23g, the surface was dried with a flux of N2 for at
least 1 h inside the sealed SFA chamber before putting the
nematic droplet. A beaker containing about 1 g of desiccant
P2O5 was kept inside the SFA chamber during the experi-
ment, to keep the humidity as low as possible.

III. MODEL

A. Anchoring transition between flat parallel walls

Several years ago Barberoet al. f3g proposed a model to
describe the confinement-induced anchoring transition, based
on the Frank-Oseen elastic description of the nematic order.
In a hybrid nematic slab constrained between two flat paral-
lel walls inducing homeotropic and planar anchoring, the
bulk splay/bend distortion can be reduced by a deviation of
the surface director from the easy axes, due to finite anchor-
ing energies of the Rapini-Papoular typef25g. The balance

FIG. 2. sad The mica sheets and the nematic directorn around the contact point.sbd Doublet splittingudlu vs average wavelengthkll for
a uniform sample in the range of separations 0–4000 Å. The azimuthal angle is fixed tof=0, while the zenithal angleu is increased from
a planarsu=0d to an almost homeotropicsu=90°d alignment. The latter configuration is nonbirefringent and equivalent to an isotropic
liquid. The mica optical axesg are crossed byc=60°. Two different chromatic ordersq=45 andq=46 are shown. Trianglessxd indicate
values at mica/mica contact.scd The zenithal angle is fixed to a uniform planar configuration, while the azimuthal orientation is varied.sdd
Planar alignment along a direction outside the anglec. The nematic refractive indexes areno=1.54,ne=1.71.
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between the bulk elastic distortionsone-constantK approxi-
mationd and the surface deviation is determined by the ex-
trapolation lengthsLp=K /Wp andLh=K /Wh, whereWp and
Wh are the zenithal anchoring strengths for the planar and the
homeotropic surface, respectively. For a separationD much
larger thanLp and Lh the free energy per unit area isE0
=sK /2dfsp /2d2/Dg as for infinitely strong anchoringssee
Fig. 3d. When in additionD@l, the birefringence of the
hybrid texture is about half the full value measured for a
planar samplef2g. The surface deviation starts when the bulk
elastic energy becomes comparable to the strength of the
weaker anchoring. If we suppose the homeotropic anchoring
to be weaker than the planar one, this occurs atD8.Lh.
When D reaches the critical valueDc= uLh−Lpu, the sample
undergoes a confinement-inducedanchoring transitionto a
uniform alignment along the easy axis of the strongest an-
choring f3g. For D,Dc, no additional force is required to
vary the thickness of the uniform slab. Hence, the energy
EsDd reaches a plateau, corresponding to the energy required
to align the weaker anchoring along the stronger easy axis
sFig. 3d. Approaching the transition, the birefringence falls to
zero for a uniform homeotropic alignment, or grows to the
full value for a planar alignment.

B. Effects of curvature in the crossed-cylinder geometry

Figure 4 shows the anchoring geometry between two
crossed cylinders of radiusR inducing, respectively, a planar
and a homeotropic anchoring, with infinite anchoring
strengths. The ideal hybrid anchoring conditions, with a
splay-bend director rotation of 90° across the thickness, is
found only at the contact point. However, since the sense of
rotation is not determined here, this point should correspond
to a defect. In fact, a disclination line is expected to pass at
the contact point, along a direction determined by the anglej
between the planar easy axiss and the cylinder axisfFigs.
4sad and 4sbdg. We notice that a small tilt on one surface

moves the disclination far from the contact pointfFig. 4scdg.
For example, a tilt as small ast.3° produces a large dis-
placementx=R sin t.1 mm.

As we move far from the contact point, the hybrid anchor-
ing conditions become more uniform ifj=0 fFig. 4sadg or
transform into twist ifjÞ0 fFigs. 4sbd and 4sddg, as a con-
sequence of the surface curvature. In order to estimate the
elastic force acting between the cylinders, we consider the
simplest situationj=0. In the expression of the elastic free
energy, we can neglect the horizontal derivatives along the
axesx and y of the cylinders, since these are much more
gradual than those along the vertical directionz. Calling D
+h andu, respectively, the surface separation and the distor-
tion angle at a pointsx,yd fFig. 4scdg, the splay-bend elastic
energy in the one-constant approximation can be written as

E =
K

2
E

A

usx,yd2

D + hsx,yd
dxdy. s1d

The integral is extended to the circular areaA of the nem-
atic droplet in thexy plane, excluding the disclination line. In
the presence of a tilt of a few degrees, the energys1d changes
only by a small amount, while the defect moves far from
contact in a region where the surface separation is large.
Hence the defect interacts weakly with the surfaces and the
integral s1d is the only energy contribution relevant to the
calculation of the elastic force. Sincer=A/pR2.0.05, in
Eq. s1d we can expandu and h in powers ofx/R and y/R
around the contact pointsx,yd=s0,0d,

E =
K

2
E

A

sp/2 − uxu/Rd2

D + sx2 + y2d/2R
dxdy. s2d

Introducing the normalized variablesr andd=2D /R, the
integration gives

E = RKSp

2
D2FSp −

2

p
dDlogS1 +

r

d
D +

16

p
Îd arctanÎr

d

+
2

p
r −

16

p
ÎrG . s3d

Since in our SFA force measurementsd,10−5, Eq. s3d
can be approximated as

E . RKSp

2
D2F− p log d +

16

p
Îd + p log r +

2

p
r −

16

p
ÎrG .

s4d

The vertical force between the surfaces is given byF
=−]E/]D−s]E/]Ads]A/]Dd. Assuming the volume of the
droplet to be constant withD and the air-nematic interface to
be cylindrical, in the approximationr!1 we havef26g: r
.r0−d.r0. Hence, the variation ofr with d is negligible
compared to the contact valuer0 and]r /]D does not depend
on D. The force is thus simply given by

FIG. 3. Theoretical free energyE per unit area between flat
parallel walls as a function of the separationD for different values
of the extrapolation lengthssolid linesd: sad Lh=110 Å, Lp=10 Å;
sbd Lh=1000 Å, Lp=900 Å; scd Lh=1000 Å, Lp=10 Å. The dots
mark the critical thickness for the anchoring transition,Dc= uLh

−Lpu, below which the energy is constant. The dashed line corre-
sponds to the strong anchoring situationsLh=Lp=0d, where the en-
ergy E0 scales asD−1.
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F . 2pSp

2
D2K

d
− 4p

K
Îd

, s5d

where we have neglected the terms depending only onr,
which are negligible or vary too slowly withd. The forces5d
can be compared to other calculations, performed for twisted
planarf8g and symmetrical homeotropicf26g anchoring con-
ditions. In the former workf8g, the anchoring conditions are
supposed to be uniform throughout the sample. This corre-
sponds to puttingu=p /2 in Eq.s1d and leads to the first term
in Eq. s5d. This term is thus the effect of theanchoring-
induceddirector deformation in the contact region. In the
later workf26g, on the contrary, the contact region is uniform
and the force is due to acurvature-induceddirector deforma-
tion in the peripheral regions. This force depends onK /Îd,
as the second term of Eq.s5d. Starting from the same sym-

metry considerations used in Ref.f26g, it can be shown that
the same result can be obtained directly from Eq.s2d, impos-
ing homeotropic anchoring conditions.

Since in a typical SFA experimentÎd!1, the curvature-
induced terms in Eq.s5d can be neglected with respect to the
anchoring-induced terms. In particular, the curvature-induced
twist distortion, expected whenjÞ0, would contribute a
negligible term to the total elastic energy. Hence, both the net
elastic forceF between crossed cylinders and the surface
energyE0 between parallel walls scale with 1/D when the
anchoring is infinitely strong. In fact,F andE0 are related by
the Derjaguin relationF /R=2pE0. The Derjaguin relation
holds also for finite anchoring strengths as long asD is much
larger than both extrapolation lengthsssee Fig. 3d. We stress
that the Derjaguin relation is not valid for symmetrical ho-
meotropic anchoring conditionsf26g, since it would lead to a
zero force.

FIG. 4. Anchoring geometry and disclination line.sa,bd The direction of the disclinationl at the contact point depends on the anglej
between the planar easy axiss and the lower cylinder axisx. Whenj=0 the director configuration on the planep is purely splay bend,
otherwise a twist distortion must be considered.scd Effect of a tilt of a few degrees on the homeotropic anchoring:l do not pass at the
contact point.sdd Top view of sbd, showing the curvature-induced twist between the planar easy axiss of the lower cylindersin-plane
component alongyd and the homeotropic easy axis of the upper cylinderscomponent alongxd.
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When the anchoring strengths are finite andD is compa-
rable to one of the extrapolation lengths, the repulsion is
weaker than for infinite strengths, since the elastic energy per
unit area between parallel walls is weaker and less rapidly
changing withD ssee Fig. 3d. DecreasingD below the criti-
cal thicknessDc of the anchoring transition, an increasing
portion of the sample around the contact point becomes uni-
form and no longer contributes to the force. This situation is
similar to the case of symmetrical homeotropic samples
mentioned abovef26g. The repulsion comes from the outer
regions, where the director is still distorted under competing
anchoring conditions. However, the anchoring is modified by
the curvature and differs from the homeotropic/planar an-
choring conditions in the central region. The net interaction
is thus not expected to scale as the energy per unit area of the
central region. Hence, we will not use the Derjaguin approxi-
mation when finite anchoring strengths or anchoring transi-
tion could be present, i.e., for separations comparable to the
extrapolation lengths.

The finite value of the anchoring strengths also influence
the defect line at the contact point. As long as there is a
distortion in the central region, we expected a defect line
similar to that described for infinite strengths. After the an-
choring transition, the central region becomes uniform and
no defect line is present.

IV. EXPERIMENTAL RESULTS

A series of experiments has been performed on different
5CB and ME10.5 samples, showing similar features in the

force profiles and the optical response. Before putting the
nematic droplet between the surfaces, the reference values of
the transmitted wavelengthsl0 at mica/mica contact and the
angle c between theg optical axes were determined by
FECO interferometry. Then, one of the surfaces was re-
moved from the SFA and dipped in the surfactant solution to
obtain a homeotropic anchoring. When this surface was as-
sembled again in the SFA, we usually changed the contact
point and introduced an errordc of a few degrees, that can
be estimated from FECO data at surfactant/mica contact.
Since the sign of the anglea= ±30° between the planar easy
axis s and theg axis of the untreatedsplanard mica is a
priori unknown, then the anglej betweens and the cylinder
axis is also undetermined. The sign ofa can be determineda
posteriori from the FECO data in the presence of the nem-
atic, while the value ofj remains undetermined.

A. 5CB: Doublet splitting

In Fig. 5, the same drop of 5CB was studied under sym-
metrical planar and hybrid planar/homeotropic anchoring
conditions. In the planar case, the easy axess are such that
the mean director orientation minimizing the twist elastic
energy is along the external bisector ofc sFig. 5, insetd. This
gives the doublet degeneracyszero splittingd observed in Fig.
5, to be compared to the plots of Fig. 2sdd. Under hybrid
anchoring conditions, the splitting variation withD is slower
than in the planar case and the zero is replaced by a mini-
mum sFig. 5d. The sample is optically equivalent to a uni-

FIG. 5. Doublet splittingudlu vs the average wavelengthkll for a 5CB in twisted-planars+d and hybrid s•d anchoring conditions
stemperature: 27.20 °Cd. The anglec=56±5° between theg optical axes is determined at mica/mica contact in airsxd. The splitting at
CTAB/mica contact is higher than for mica/mica contact, because the anglec was reduced ofdc.12° when replacing the upper mica. Inset:
schematic representation of the director configuration as viewed along the surface normal at the contact point. Theg1 andg2 axes belong,
respectively, to the uppersCTAB-treatedd and lowersbared mica. The gray areas represent the director distribution across the confinement.
Solid line: simulation for a uniform tilted director laying in the planes2 of the untreated mica. A cross on the solid line indicates a particular
surface separation.
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form tilted sample, with the director laying in the mirror
planes of the untreated mica, at 30° from theg optical axis.

The birefringencedn* of the equivalent sample is about
half the full valuedn=0.175 for 5CB at the temperature and
wavelengthsl consideredf27g. This shows that a hybrid
type of alignment is indeed obtained under competing ho-
meotropic and/or planar anchoring conditions. However, the
birefringence does not seem to fall to zero or grow to the full
value down to separations as small as 200 Å. Hence, there is
no anchoring transition for a separationD.200 Å. For a
smaller thickness, the determination of the director orienta-
tion by FECO interferometry becomes unreliable.

We systematically observe a disclination line that runs
aside the contact point at a distance of several tenths ofmm.

B. 5CB: Force profiles

Figure 6 shows the typical nonmonotonic force profile of
hybrid 5CB samples. As the separation is decreased down to
100–150 Å, the force is repulsive and smoothly increasing.
The repulsion does not follow a simple power law: it can be
fitted by Eq. s5d with the usual valuef28g of K=6
310−12 N only for D.700 Å, while it increases more
slowly at shorter separationsfFig. 6sbdg. For D
,100–150 Å, the force rapidly decreases towards negative
value as separation is decreased. This leads to a jump to
contact and to a strong adhesion at very short separations

s20–30 Åd. Due to the limited extension of the piezoelectric
tube, it was not possible to pull the two surfaces apart from
the contact and measure the adhesion. At very short separa-
tions, we do not observe any layering structuration of the
type described in Refs.f8,10,11g for symmetrical planar or
homeotropic anchoring conditions.

The hybrid 5CB samples are subjected to a degradation
with time. The alignment tends to become uniform homeo-
tropic, showing zero birefringence and a SmA-type layering
structurationfFig. 6sddg f8,10g at very short range. The evo-
lution appears in the force profiles as a progressive diminu-
tion of the repulsion intensity, while the position and length
of the jump to contact do not vary with time. On the contrary,
symmetrical planar samples do not show any changes in the
anchoring conditions. We ascribe the behavior of the hybrid
samples to a progressive contamination of the untreated mica
by the cationic surfactant, desorbed from CTAB-coated mica
into the highly polar 5CB. The transfer is probably enhanced
by the repeated contacts between the treated and untreated
surfaces.

C. ME10.5

The splitting curves and force profiles obtained for hybrid
ME10.5 samples are similar to those obtained for hybrid
5CB. The optical response is equivalent to that of a tilted
uniform director laying in thes plane of the untreated mica

FIG. 6. Typical force profiles in hybrid 5CB samples.sad The repulsion decreases with time as the surfaces are brought into contact
repeatedly at the same contact point. The runs are numbered in chronological order.sbd The repulsion can be fitted with Eq.s5d and K
=6310−12 N for D.700 Å sdotted lined. For smaller separation the force increase more slowly asD is decreased.scd The repulsion
degrades with time even if the contact point is changedscontact point a, b, etc.d. sdd Example of layering oscillations in the final homeotropic
configuration. The period is.25 Å, corresponding to 5CB molecules normal to the layersf8,10g. Only the descending part of the oscillations
is shown.
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fFigs. 7sad and 7sbdg. The birefringencedn* =0.06 is close to
but slightly smaller than half the full valuedn=0.13 f29g,
suggesting a hybrid alignment. We do not observe any defect
line passing at the contact point, as for the hybrid 5CB.

The force profilesfFig. 7scdg qualitatively show the same
features as the 5CB: a long-range repulsion increasing more
slowly asD is decreased and a short-range attraction, leading
to a jump to contact atD.100 Å and to a strong adhesion at
contact, without any layering structuration at very short
range. The measurements shown in Fig. 7 have been per-
formed with a stiffer cantilever and a wider piezoelectric
tube extension than for 5CB samples, allowing the two sur-
faces to be pulled apart from adhesion. The adhesive force
varied in the range from −8 to −2 mN/m.

Since the ME10.5 is less polar than 5CB, the surfactant
desorption is expected to be weaker and slower. In fact, we
never observe a global evolution towards homeotropic an-
choring conditions as for 5CB hybrid samples. Nevertheless,
we still observe a diminution of the repulsion in time, as we
repeatedly bring the surfactant-coated and the bare mica sur-
faces into contact at the same point. Moreover, the intensity
of the repulsion changes when the contact point is changed,
suggesting a nonhomogeneous surface treatment, while the
doublet splitting curve and the short-range attraction do not
vary significantly.

V. DISCUSSION

The hybrid samples studied in our experiments showed
systematically a disclination line, passing several tenths of

mm away from the contact point. The defect does not seem
to affect the director configuration near the contact point that
is determined by the local anchoring conditions. It is likely
that the disclination is removed from the contact point by a
small tilt on the homeotropic surface, where the surfactant
monolayer could be insufficient to completely screen the pla-
nar anchoring induced by the underlying micaf30g.

While the interferometric data ensure that an intermediate
type of alignment is effectively created in 5CB and ME10.5
under hybrid anchoring conditions, there is no direct evi-
dence of a confinement-induced anchoring transition in these
samples for separations as small as 200 Å. Hence, according
to the model by Barberoet al. f3g, an upper bound for the
critical thickness should be fixed atDc= uLp−Lhu,200 Å.
Can we deduce the absolute value of the extrapolation
lengths from FECO optical data only? WhenLp and Lh are
much shorter thanD, then a splay-bend distortion is the pre-
ferred configuration, where a strong anchoring opposes the
strong elastic torque imposed by the bulk. On the contrary,
whenLp,Lh@D, the sample is almost uniformly tilted, with
both anchoring directions strongly deviated from their easy
axes. The director average orientation across the confinement
is similar in the two cases and the optical behavior should
also be comparable. Hence, we cannot determine the anchor-
ing strengths from FECO interferometry only and we must
look at the repulsive part of the force profiles.

The observed repulsion extends up to several hundreds of
Å and scales as 1/D at large separations. Since we have a
droplet, with changing nematic/air and nematic/mica interfa-
cial areas asD is changed, we must consider capillary forces

FIG. 7. sa,bd Doublet splittingudlu vs the average wavelengthkll for a hybrid ME10.5 sample at different contact points. The angle
c=63±5° is determined at mica/mica contact in airsxd. The dotted line is the optical response of a uniform tilted sample, with the director
laying in the mirror planes of the untreated mica surface.sb,cd Force profiles corresponding tosad andsbd. The force runs are numbered in
chronological order. Notice that the repulsion increases when the contact point is changed. The arrows mark the jumps out from contact.
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and surface tension. However,D is much smaller compared
to any other length specifying the geometry of the droplet.
Hence, the interfacial areas are almost constant withD,
rather than scaling as 1/D. As an example, consider a droplet
between two spheres of radiusR separated by a distanceD.
Suppose the air/droplet interface to be a cylinder of height
H0.1 mm forD=0. AsD is increased to a few hundred nm,
the height is almost constant, scaling asH.H0+D /2.H0,
as well as the areaSc of the spherical caps wet by the droplet
and the air/droplet lateral surfaceSl, scaling, respectively, as
Sc.pRH andSl /4pR2.ÎsH /Rd3/4−sH /Rd4/16.

The observed repulsion is to be attributed to an elastic
director distortion induced by the competing homeotropic
and planar anchoring. Moreover, the 1/D dependence at
large separation suggests that fixed boundary conditions
must be considered in this range. As the separation is further
decreased down to about 700 Å, the repulsion increases
more slowly withD, suggesting a finite value of the anchor-
ing energiesssee Fig. 3d. The planar anchoring strength on
muscovite mica is known to be particularly strongf30g
sWp.0.1 mJ/m2d, while reported values for the homeotro-
pic anchoring are usually weakerf31,32g sWh&0.01
mJ/m2d. Hence, the weakening of the repulsion could be the
effect of a homeotropic extrapolation lengthLh of about
700 Å or less. Since the critical thickness is bound toDc
=Lh−Lp,200 Å, the planar extrapolation length is given by:
LhùLpùLh−200 Å. The value of the homeotropic anchor-
ing sWh*0.1 mJ/m2d turns out to be higher than the typical
values reported in the literaturef31,32g. There are no other
measurements ofWh for a biphenyl nematic on a crystalline
mica surface covered by a monolayer of surfactant. The en-
ergy strengths are usually measured on glass substrates, cov-
ered by specific aligning layers, applying to the nematic
sample an external electric or magnetic field. We can com-
pare our results to “field-off” ellipsometry experiments, per-
formed on microscopic nematic droplets spreading on a sili-
con substrate under hybrid homeotropic and/or planar
anchoring conditionsf6,7g. The spreading reduces the drop-
let thickness down to a critical value, where a structural tran-
sition is observed, similar to the anchoring transition. Far
from the nematic-isotropic transition, the measured critical
thickness is about 100 Å and both planar and homeotropic
anchoring strengths are found to be higher than 0.1 mJ/m2,
as in our case.

The most surprising result in our experiment is the pres-
ence of a strong attraction at separationsD,100 Å, prob-
ably related to the high strength of the anchoring. In fact, the
attraction is not elastic, since director deformations always
produce repulsion. We have also calculated the van der
Waals force for a nematic and/or surfactant slab between flat
parallel mica surfacesf33g, choosing the mean value for the
refractive index and the dielectric constant of the anisotropic
liquid crystal. The force turns out to be attractive, but its
range is too shortsa few nmd and its intensity too weak to
explain the observed attraction atD.100 Å. Following the
results of recent works on the stability of thin hybrid nematic
films on silicon substratesf34,35g, we have also considered

possible structural forces deriving from order gradients and
fluctuationsspseudo-Casimir forcesd across the confinement.
These forces, however, are relevant only when the hybrid
sample has already undergone the anchoring transition to a
uniform configuration. When the sample is still hybrid at a
separation of the order of 100 Å, as in our case, the gradient
and fluctuation forces cannot compete with the elastic force.

The attraction observed in our experiment could be ex-
plained as a confinement-induced structural transition from
the usual splay-bend uniaxial configuration into a biaxial tex-
ture, known as “director-exchange” configurationf36–40g.
In this configuration, a thin biaxial layer divides the sample
in two, almost uniform, uniaxial regions, aligned along the
easy axis of the nearest wall. The transition into the biaxial
texture has been predicted between two flat parallel walls,
when the imposed stress and both anchoring strengths are
high, as in our case. Recently, the dynamics of order recon-
struction associated with a biaxial transition has been studied
theoretically and experimentally for thin nematic cells of
fixed thickness subjected to a strong electric fieldf41,42g.
Biaxial textures cannot be described by the Frank-Oseen
elastic theory. Only a complete tensor-order Landau–De
Gennes model can correctly describe the nematic order at a
scale comparable to the nematic correlation length, typically
10-nm away from the nematic-isotropic phase transitionf1g.
Such a tensor-order approach for the curved confinement ge-
ometry of the SFA is beyond the aim of this paper. Never-
theless, we notice that the director-exchange structure in hy-
brid samples should have a birefringence similar to the usual
splay-bend configuration. Hence, a confinement-induced or-
der reconstruction between the two structures could have
negligible effects on the interferometric response, explaining
the constant birefringence observed in our experiments.
Moreover, recent force calculations carried out in the frame-
work of the Landau–De Gennes theoryf43g show that the
order reconstruction should be associated with a nonmono-
tonic or discontinuous force profile, as observed in our ex-
periments.

VI. CONCLUSIONS

Force measurement in liquid crystals is a way of measur-
ing the confinement properties of these materials at the na-
nometer scale without applying external fields. These first
SFA measurements on hybrid nematic films show that the
elastic description of the nematic order is not sufficient to
explain the observed behavior at a length scale smaller than
a few hundred Å. At long rangesD.100 Åd, the force is
determined by the elastic response of the nematic material
and by the value of the anchoring energies. At short range
sD,100 Åd we observe unexpected features, probably re-
lated to an order reconstruction into a biaxial texture. More
theoretical and experimental work is needed to clarify this
point. In particular, experiments are in progress to improve
the stability of the homeotropic anchoring on muscovite
mica using chemisorbed surfactants.
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