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Forces in nematic liquid crystals constrained to the nanometer scale
under hybrid anchoring conditions
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Using a surface forces apparatus we have studied two thermotropic nematic liquid c($§Blsand
MEZ10.5 subjected to hybridhomeotropic/planaranchoring conditions. A film of nematic material is con-
strained between two curved smooth surfaces separated by less than 2500 A. The intersurface force is non-
monotonic with the separation, being repulsive for thicknesses largerth@0 A 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 A.
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I. INTRODUCTION The surface force apparat(SFA) allows the study of the

onfinement effects in liquid crystals in a more controlled
crystals is a challenge for researchers working on soft matte?®y and at a much smaller length scale than other tech-
and it is also relevant to control and improve the perfor-

niques. The SFA measurements on liquid crystals have fo-
mances of the optical devices based on these materials. Mo%‘l‘sde ISO far on symmetr!caIShciTeotrofplc_or planar cells, 1o
of the methods to characterize surface properties are basei/dy layering structuratio8—11] or friction properties
on the application of an electric or magnetic field, distorting

Understanding the interfacial properties of nematic quuidC

2,13 at a short scalé=100 A). The medium- and long-

the bulk nematic director towards a conformation incompat/@nde responses have been studied for twisted nematics
ible with the equilibrium configuration imposed by the sur- [8:10,13, but the results are still poorly understood. We re-
faces. This results in sorfeeld-inducedtextural transitions POrt here SFA measurements on hybrid planar/homeotropic
(i.e., the Fréedericksz transitiga]) occurring at a field in- N€matics, for which a strongly distorted configuration and an
tensity high enough to overcome the orientation imposed b nchoring transition are e)_(pected. We will first introduce the
the surfacesthe “anchoring). The strength of the nematic/ SFA t&chnique and describe a unique method to determine
surface interaction is thus deduced by comparison. Followth€ director configuration across the confinement from

ing a similar approach, one can investigate the surface prophUltiple-beam interferometric daisec. 1). Then, we will

erties of a nematic fromconfinement-inducedextural  Present a model for the elastic forces and the confinement-
transitions, produced without applying any field. A cIassic'nduced anchoring transitiaisec. Ill), to be compared to the

example is the wedge-cell method used for measuring ar£XPerimental data of Sec. IV. The comparisBec. V)
choring energies in twisted-planar or hybrid pIanar/ShOWS that the elastic theory fails in explaining the observed

homeotropic nematid®]. The walls of the cell are treated to Pehavior at a length scale of a few hundred A. An order
induce competing anchoring conditions, resulting in a disFeconstruction into a biaxial texture is proposed instead.

torted configuration. Moving along the wedge, one can study

the _thickness de_pendencp of the dirgctor configgration. In Il. METHODS AND MATERIALS
particular, a confinement-induceahchoring transitions ex-
pected at a sufficiently short thickness, leading to a uniform A. Surface force apparatus

director configuration aligned along the easy axis of the The optical characterization of the nematic samples and
stronger anchoring3]. The anchoring transition has been he force measurements were performed with a surface

!ndeed opserved in E_t1ybr|d Wedg_e ceﬂl&]_for weak anchor- forces apparatufl4] (mark IV type[15] ). A droplet of a
ing energiegW=10"° J/n¥). Indirect evidence of this phe-  hematic material is put by capillarity between two sheets of
nomenon has also been reported for other “field-off” techyyscovite mica, glued onto cylindrical glass lenses of radius
niques (thin-film balance [4], light scattering [5],  R~2 cm. The volume of the droplet is about 100 the
ellipsometry[6,7] ). The critical thickness for the transition giameter of its circular sectiof in the middle plane between
depends on the anchoring strength and varies from af@w  cylinders is about 1 cm, and the thickness at the droplet-air
for weak anchoring energi¢g,5] to about 100 A for stron- jnterface isH=1 mm. The muscovite mica has a stratified
ger anchorind6,7]. crystalline structure, that can be easily cleaved by hand to
obtain large flexible sheets=1 cn?) of uniform thickness
(2-5 um), exposing to the liquid crystal a clean and mo-
*Electronic address: zappone@fis.unical.it lecularly smooth surfacéoughness 1 A The curved mica
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blets(Fig. 1), since cleaved mica sheets are almost uniaxially
birefringent under normal illuminatioh13,17]. Hence, the
light waves polarized along the fast axis see a shorter
optical path and resonate at shorter wavelengththan the
waves polarized along the slow axjs that resonate at’.
The doublet splitting?\°=A°-\Y can be used to determine
the angley between they axes of the two mica sheets, since
S\O() = o\°(0) cos ¢ [18].
() Mica/Mica Contact After introducing the liquid droplet, the interference
fringes are shifted towards larger wavelengths than at mica/
mica contact(Fig. 2). For isotropic liquids, the average
wavelengthXh)=(\,+\z)/2 increases monotonically &is
increased, while the doublet splittirdy remains almost con-
stant within the spectrometer resolution as long s
<4000 A[see Fig. ?o) for #=90°]. For a birefringent liquid
crystal, the average wavelength) still increases a® is
increased, but the doublet splittinf). is not constant. This
(b) Nematic gap effect cannot be correctly described by the usual equations
for isotropic liquids[16,19, since they do not take into ac-
FIG. 1. Spectrograms showing a series of interference fringes ofount any nematic birefringence. Moreover, they do not con-
different chromatic order. (a) Mica/mica contact in ai(D=0). sider the director orientation with respect to the mica optical
The contact region is flattened due to a strong adhesion. The fringedX€s[Fig. 2@)] and, for hybrid nematics, the director distor-
are split in doublets due to mica birefringenée. Nematic film of ~ tion across the confinement. The optical response of nemat-
thicknessD > 0 between the mica surfaces. The average wavelengtifS IS better analyzed in term of matrices, as proposed by
(\) of the doublets is redshifted from the contact vahfe The  Rabinowitz[20]. The light waves in the nematic and in the
doublet splittings\ depends on the birefringence of the mica and of Mica sheets are represented asvEctorsA, formed by the

the nematic and on the relative orientation of their optical axes. 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
scribed by X 2 matrices. The effect of a complete inter-
rometric loop is represented by a matkik a waveA at a
rticular point inside the nematic produces a wM/& at

e same point after a double reflection on the Ag-coated
mica surfaces. The initial wavA interferes constructively

) . . Qith MA and with the higher-order reflections when these
double cantilever spring of ~known stiffness(k reproduceA to a 2r phase shift. The resonating waves are

=10P—1C° N/m), whose deflection is proportional to the ys eigenvectors of the loop matrddA=QA, correspond-
force F acting between the surfaces. The force sensitivity ISng to eigenvalue€)>0.

1077-10° N. SeparationD such thatdF/dD>k are me- In Fig. 2, we have plotted the doublet splittidy against

chanically unstable and give rise to ‘jumps” between stablgne ayerage wavelength) for a uniform nematic slab be-

regions[13]. tween two mica sheets with crossed optical axes. We notice
that S\ strongly depends on both the zenitlialt-of-plane
B. Multiple-beam interferometry and azimuthalin-plane angles of the director alignmenfA
The mica/mica separatioB is measured by a multiple- can be monotonically increasing with) [i.e., with D, Figs.
beam interferometry techniqugl6]. The mica sheets are 2(b) and Zc)] or have a minimum or a zerd~ig. 2d)]. To
coated by a partially reflecting silver layer of thicknessidentify the director configuration, we have compared the
500-520 A, evaporated on the side to be glued on the cylexperimental splitting curvé to the response of an equiva-
inders. When illuminated perpendicularly by a white-light lent uniform sample, simulated by thex2 matrix method.
beam, the Ag/mica/liquid multilayer acts like a curved in- The mean director orientation across the film thickness is
terferometer, selectively transmitting the waves satisfying supposed to be close to the equivalent uniform alignment
particular resonance condition. The transmitted light isgiving the best agreement with the experimental data. To
passed through the slit of a grating spectrometer, where measure the separatid we use the analytic formulas de-
forms curved interference fringes reproducing the curved getived for isotropic liquidg 16], with a choice of the refractive
ometry of the confinement with a lateral resolution of aboutindex giving the sam®(\) dependence obtained by matrix
10 um (Fig. 1). The spectrometer is calibrated on the lines ofcalculations. We estimate the final resolution btto a few
Hg and Kr lamps and the wavelength resolution is better thai for D <1000 A.

sheets face each other in a crossed-cylinder geometry at
distanceD apart. The surfaces are mounted in a stainlessfe
steel sealed chamber and kept at a fixed temperature with
precision of about 0.05 °C. The upper surface can be move,
vertically with an accuracy of a few A by means of a piezo-
electric tube translator. The lower surface is attached to

1A o I
Before introducing the liquid droplet between the mica C. Liquid-crystal orientation
surfaces, we measure the transmitted wavelengthsat We have studied two different nematics: the 5CGB-n-

mica/mica contact in aifD=0). The fringes appear as dou- pentyl-4-cyanobiphenyl, purchased from Mercknd the
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FIG. 2. (a) The mica sheets and the nematic direct@round the contact pointo) Doublet splitting|SA| vs average wavelengti) for
a uniform sample in the range of separations 0—4000 A. The azimuthal angle is figeeDtowhile the zenithal angl€ is increased from
a planar(6#=0) to an almost homeotropitd=90°) alignment. The latter configuration is nonbirefringent and equivalent to an isotropic
liquid. The mica optical axey are crossed byy=60°. Two different chromatic ordeig=45 andg=46 are shown. Triangle$>) indicate
values at mica/mica contact) The zenithal angle is fixed to a uniform planar configuration, while the azimuthal orientation is \@jied.
Planar alignment along a direction outside the angl@he nematic refractive indexes ang=1.54,n,=1.71.

ME10.5/ZLI-0245 (4'-n-pentylphenyl-4-methoxybenzoate, ambient dust or volatile molecules. The micas were thus
synthesized in our laboratoryThe anchoring of the 5CB on handled in a laminar flow cabinet at low humidity. To pre-
a freshly cleaved muscovite mica surface is planar, laying irvent adsorption-induced anchoring degradation and transi-
a mirror planes at an anglex=+30° from they optical axis  tions[21-23, the surface was dried with a flux of,Mor at
(Fig. 5, inset[21-23. The sign ofa depends on the particu- leag 1 h inside the sealed SFA chamber before putting the
lar crystalline layer selected by the cleavage and cannot beematic droplet. A beaker containing about 1 g of desiccant
determineda priori. To obtain the homeotropic anchoring, a P,Os was kept inside the SFA chamber during the experi-
monolayer of cationic surfactant CTARcetyl-trimethyl- ment, to keep the humidity as low as possible.
ammonium-bromidgis adsorbed on the mica by dipping the

surface for at least 30 min in a water solution at twice the

critical micellar concentration8,24]. The anchoring of I1l. MODEL

MEZ10.5 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 Several years ago Barbeet al. [3] proposed a model to
length of the lateral chains. In order to check the planar andescribe the confinement-induced anchoring transition, based
homeotropic anchoring, preliminary observations have beeon the Frank-Oseen elastic description of the nematic order.
done between crossed polarizers on two parallel thick micén a hybrid nematic slab constrained between two flat paral-
plates, treated symmetrically to obtain a uniform planar or del walls inducing homeotropic and planar anchoring, the
homeotropic alignment. Then, interferometric measurementbulk splay/bend distortion can be reduced by a deviation of
were performed on similar symmetrical SFA cells. The micathe surface director from the easy axes, due to finite anchor-
sheets are highly hydrophilic and get easily contaminated biyng energies of the Rapini-Papoular ty[#5]. The balance

A. Anchoring transition between flat parallel walls
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moves the disclination far from the contact pdiktg. 4(c)].
R Eo For example, a tilt as small as=3° produces a large dis-
’ placemenk=R sin =1 mm.

As we move far from the contact point, the hybrid anchor-
ing conditions become more uniform §=0 [Fig. 4(a)] or
transform into twist ifé# 0 [Figs. 4b) and 4d)], as a con-
sequence of the surface curvature. In order to estimate the
elastic force acting between the cylinders, we consider the
simplest situatioré=0. In the expression of the elastic free
energy, we can neglect the horizontal derivatives along the
axesx andy of the cylinders, since these are much more

10 gradual than those along the vertical directiorCalling D
D(A) +h and 6, respectively, the surface separation and the distor-
tion angle at a pointx,y) [Fig. 4(c)], the splay-bend elastic
energy in the one-constant approximation can be written as

E (UN/m)

2

3

10

FIG. 3. Theoretical free energl per unit area between flat
parallel walls as a function of the separatiorfor different values
of the extrapolation lengtksolid lines: (a) L,=110 A, L,=10 A;

(b) Lp=1000 A, L,=900 A; (c) L,=1000 A, L,=10 A. The dots K 0(x,y)?
mark the critical thickness for the anchoring transiti@,=|L, E= —f —————dxdy. (1
—Lp|, below which the energy is constant. The dashed line corre- 2JaD+h(xy)

sponds to the strong anchoring situatiep=L,=0), where the en-

) The integral is extended to the circular akeaf the nem-
ergy Eg scales aP ™.

atic droplet in thexy plane, excluding the disclination line. In
o ) . the presence of a tilt of a few degrees, the enétgghanges
between the bulk elastic distortidone-constank approxi-  only by a small amount, while the defect moves far from
mation and the surface deviation is determined by the extontact in a region where the surface separation is large.
trapolation lengthd ,=K/W, andL,=K/W,, whereW, and ~ Hence the defect interacts weakly with the surfaces and the
W, are the zenithal anchoring strengths for the planar and thgytegral (1) is the only energy contribution relevant to the
homeotropic surface, respectively. For a separalomuch  cajculation of the elastic force. Singe=A/7R2=0.05, in
larger thanL, and Ly, the free energy per unit area 5  Eq. (1) we can expand andh in powers ofx/R andy/R
=(K/2)[(7/2)?/D] as for infinitely strong anchoringsee  around the contact poirtk,y)=(0,0),

Fig. 3. When in additionD> X\, the birefringence of the

hybrid texture is about half the full value measured for a

planar sampl¢2]. The surface deviation starts when the bulk _K (2 - |x|/IR)?

elastic energy becomes comparable to the strength of the 2] D+ o 2)/2Rdxdy. (2)
. . . A y

weaker anchoring. If we suppose the homeotropic anchoring

to be weaker than the planar one, this occurdDat=L. Introducing the normalized variablgsand §=2D/R, the

When D reaches the critical valuB.=|L,~L|, the sample integration gives
undergoes a confinement-inducadchoring transitionto a

uniform alignment along the easy axis of the strongest an- )
choring [3]. For D<D,, no additional force is required to _ m 2 p\, 16 n\/z
vary the thickness of the uniform slab. Hence, the energy E=RK 2 & 775 log{ 1 + S * W\eéarcta S
E(D) reaches a plateau, corresponding to the energy required ]

to align the weaker anchoring along the stronger easy axis + Zp_ 1_6\,,; 3)
(Fig. 3. Approaching the transition, the birefringence falls to T w
zero for a uniform homeotropic alignment, or grows to the

: . s
full value for a planar alignment. Since in our SFA force measuremenis< 107, Eq. (3)

can be approximated as

B. Effects of curvature in the crossed-cylinder geometry

Figure 4 shows the' an_choring geometry between twop RK(E>2[— 7log 5+ 1_6\,F5+ mlogp+ Zp_ 1—63v'; .
crossed cylinders of radil® inducing, respectively, a planar T T w
and a homeotropic anchoring, with infinite anchoring (4)
strengths. The ideal hybrid anchoring conditions, with a

splay-bend director rotation of 90° across the thickness, is The vertical force between the surfaces is givenFy
found only at the contact point. However, since the sense of—dJE/JD—(JE/IA)(dA/JD). Assuming the volume of the
rotation is not determined here, this point should correspondroplet to be constant with and the air-nematic interface to
to a defect. In fact, a disclination line is expected to pass abe cylindrical, in the approximatiop<1 we have[26]: p
the contact point, along a direction determined by the aégle = pg— 6= py. Hence, the variation op with & is negligible
between the planar easy axisand the cylinder axi§Figs. = compared to the contact valpg anddp/dD does not depend
4(a) and 4b)]. We notice that a small tilt on one surface on D. The force is thus simply given by
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FIG. 4. Anchoring geometry and disclination lin@,b The direction of the disclination at the contact point depends on the angle
between the planar easy axisand the lower cylinder axig. When =0 the director configuration on the plameis purely splay bend,
otherwise a twist distortion must be considerég]. Effect of a tilt of a few degrees on the homeotropic anchoringto not pass at the
contact point.(d) Top view of (b), showing the curvature-induced twist between the planar easyocawisthe lower cylinder(in-plane
component along) and the homeotropic easy axis of the upper cylingemponent along).

7\ 2K K metry considerations used in RE26], it can be shown that
F=27 55T 4W\Tréy (5 the same result can be obtained directly from @3} impos-

ing homeotropic anchoring conditions.

Since in a typical SFA experiments<1, the curvature-
where we have neglected the terms depending only,on induced terms in Eq5) can be neglected with respect to the
which are negligible or vary too slowly with. The force(5)  anchoring-induced terms. In particular, the curvature-induced
can be compared to other calculations, performed for twistedwist distortion, expected wheg+ 0, would contribute a
planar[8] and symmetrical homeotropj@6] anchoring con-  negligible term to the total elastic energy. Hence, both the net
ditions. In the former work8], the anchoring conditions are elastic forceF between crossed cylinders and the surface
supposed to be uniform throughout the sample. This correenergyE, between parallel walls scale with @/when the
sponds to putting=/2 in Eq.(1) and leads to the first term anchoring is infinitely strong. In facE andE, are related by
in Eq. (5). This term is thus the effect of thenchoring-  the Derjaguin relatiorF/R=27E,. The Derjaguin relation
induced director deformation in the contact region. In the holds also for finite anchoring strengths as londdas much
later work[26], on the contrary, the contact region is uniform larger than both extrapolation lengtfsee Fig. 3. We stress
and the force is due toeurvature-inducedlirector deforma-  that the Derjaguin relation is not valid for symmetrical ho-
tion in the peripheral regions. This force dependskan's, meotropic anchoring conditiorj26], since it would lead to a
as the second term of E¢b). Starting from the same sym- zero force.
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FIG. 5. Doublet splitting|o\| vs the average wavelengtir) for a 5CB in twisted-planafe) and hybrid(¢) anchoring conditions
(temperature: 27.20 °CThe angleyy/=56+5° between thes optical axes is determined at mica/mica contact in(&y. The splitting at
CTAB/mica contact is higher than for mica/mica contact, because the gwtes reduced oiy= 12° when replacing the upper mica. Inset:
schematic representation of the director configuration as viewed along the surface normal at the contact pgjrandhg axes belong,
respectively, to the uppdéCTAB-treated and lower(bare mica. The gray areas represent the director distribution across the confinement.
Solid line: simulation for a uniform tilted director laying in the plamgof the untreated mica. A cross on the solid line indicates a particular
surface separation.

When the anchoring strengths are finite dhds compa- force profiles and the optical response. Before putting the
rable to one of the extrapolation lengths, the repulsion isiematic droplet between the surfaces, the reference values of
weaker than for infinite strengths, since the elastic energy pehe transmitted wavelengthd at mica/mica contact and the
unit area between parallel walls is weaker and less rapidlpngle ¢ between they optical axes were determined by
changing withD (see Fig. 3. Decreasind below the criti-  FECO interferometry. Then, one of the surfaces was re-
cal thicknessD, of the anchoring transition, an increasing moved from the SFA and dipped in the surfactant solution to
portion of the sample around the contact point becomes unisbtain a homeotropic anchoring. When this surface was as-
form and no longer contributes to the force. This situation issembled again in the SFA, we usually changed the contact
similar to the case of symmetrical homeotropic samplegpoint and introduced an errdiy) of a few degrees, that can
mentioned abov§26]. The repulsion comes from the outer be estimated from FECO data at surfactant/mica contact.
regions, where the director is still distorted under competingSince the sign of the anglke= +30° between the planar easy
anchoring conditions. However, the anchoring is modified byaxis o and they axis of the untreatedplana) mica is a
the curvature and differs from the homeotropic/planar anpriori unknown, then the anglébetweens and the cylinder
choring conditions in the central region. The net interactionaxis is also undetermined. The signetan be determined
is thus not expected to scale as the energy per unit area of tip®steriori from the FECO data in the presence of the nem-
central region. Hence, we will not use the Derjaguin approxi-atic, while the value of remains undetermined.
mation when finite anchoring strengths or anchoring transi-
tion could be present, i.e., for separations comparable to the
extrapolation lengths. A. 5CB: Doublet splitting

The finite_ value of the anchorin_g strengths also influe_nce In Fig. 5, the same drop of 5CB was studied under sym-
the defect line at the contact point. As long as there is gnerical planar and hybrid planar/homeotropic anchoring
distortion in the central region, we expected a defect ling;gngitions. In the planar case, the easy axewe such that
similar to that described for infinite strengths. After the an-ine mean director orientation minimizing the twist elastic
choring tra_nsit?on, the central region becomes uniform a”‘bnergy is along the external bisectoryfFig. 5, insel. This
no defect line is present. gives the doublet degeneragero splitting observed in Fig.

IV. EXPERIMENTAL RESULTS 5, to bg compqr_ed to the pl'o'gs of F_ig(d}’_ Undgr hybrid
anchoring conditions, the splitting variation withis slower

A series of experiments has been performed on differenthan in the planar case and the zero is replaced by a mini-
5CB and ME10.5 samples, showing similar features in thenum (Fig. 5. The sample is optically equivalent to a uni-
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FIG. 6. Typical force profiles in hybrid 5CB sampldg) The repulsion decreases with time as the surfaces are brought into contact
repeatedly at the same contact point. The runs are numbered in chronological(lordére repulsion can be fitted with E¢5) and K
=6x 102N for D>700 A (dotted lind. For smaller separation the force increase more slowl{Dds decreased(c) The repulsion
degrades with time even if the contact point is chan@edtact point a, b, etc.(d) Example of layering oscillations in the final homeotropic
configuration. The period is25 A, corresponding to 5CB molecules normal to the lay@r0]. Only the descending part of the oscillations
is shown.

form tilted sample, with the director laying in the mirror (20—30 A). Due to the limited extension of the piezoelectric
planeo of the untreated mica, at 30° from theoptical axis.  tube, it was not possible to pull the two surfaces apart from
The birefringencesn” of the equivalent sample is about the contact and measure the adhesion. At very short separa-
half the full valuesn=0.175 for 5CB at the temperature and tions, we do not observe any layering structuration of the
wavelengths\ considered[27]. This shows that a hybrid type described in Ref§8,10,11 for symmetrical planar or
type of alignment is indeed obtained under competing hohomeotropic anchoring conditions.
meotropic and/or planar anchoring conditions. However, the The hybrid 5CB samples are subjected to a degradation
birefringence does not seem to fall to zero or grow to the fullwith time. The alignment tends to become uniform homeo-
value down to separations as small as 200 A. Hence, there teopic, showing zero birefringence and a SmA-type layering
no anchoring transition for a separati@>200 A. For a  structurationFig. 6d)] [8,10] at very short range. The evo-
smaller thickness, the determination of the director orientatution appears in the force profiles as a progressive diminu-
tion by FECO interferometry becomes unreliable. tion of the repulsion intensity, while the position and length
We systematically observe a disclination line that runsof the jump to contact do not vary with time. On the contrary,
aside the contact point at a distance of several tenthgaf  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
B. 5CB: Force profiles by the cationic surfactant, desorbed from CTAB-coated mica
Figure 6 shows the typical nonmonotonic force profile ofinto the highly polar 5CB. The transfer is probably enhanced
hybrid 5CB samples. As the separation is decreased down foy the repeated contacts between the treated and untreated
100-150 A, the force is repulsive and smoothly increasingsurfaces.
The repulsion does not follow a simple power law: it can be
fitted by Eq. (5) with the usual value[28] of K=6
X 10'2N only for D>700 A, while it increases more
slowly at shorter separationgFig. 6b)]. For D The splitting curves and force profiles obtained for hybrid
<100-150 A, the force rapidly decreases towards negativélE10.5 samples are similar to those obtained for hybrid
value as separation is decreased. This leads to a jump &CB. The optical response is equivalent to that of a tilted
contact and to a strong adhesion at very short separationmiform director laying in ther plane of the untreated mica

C. ME10.5
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FIG. 7. (a,b Doublet splitting|S\| vs the average waveleng{h) for a hybrid ME10.5 sample at different contact points. The angle
=63+5° is determined at mica/mica contact in @¥). The dotted line is the optical response of a uniform tilted sample, with the director
laying in the mirror planer of the untreated mica surfacd,c) Force profiles corresponding ta) and(b). 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.

[Figs. 7a) and {b)]. The birefringencen =0.06 is close to  um away from the contact point. The defect does not seem
but slightly smaller than half the full valuén=0.13[29], to affect the director configuration near the contact point that
suggesting a hybrid alignment. We do not observe any defeds determined by the local anchoring conditions. It is likely
line passing at the contact point, as for the hybrid 5CB.  that the disclination is removed from the contact point by a
The force profile§Fig. 7(c)] qualitatively show the same small tilt on the homeotrqpic surface, where the surfactant
features as the 5CB: a long-range repulsion increasing morf@onolayer could be insufficient to completely screen the pla-

slowly asD is decreased and a short-range attraction, leadin§@r anchoring induced by the underlying m[&@®]. _
to a jump to contact db =100 A and to a strong adhesion at While the interferometric data ensure that an intermediate

contact, without any layering structuration at very short®yP€ Of alignment is effectively created in SCB and ME10.5

range. The measurements shown in Fig. 7 have been pellj_nder hybrid anchoring conditions, there is no direct evi-
. : i

formed with a stiffer cantilever and a wider piezoelectric 9€nce of a confinement-induced anchoring transition in these
samples for separations as small as 200 A. Hence, according

e exersion ha lor SCB saes alloting e 0 2ty he mocel by Barberet al.3) an upper bound or e
varied in the range from -8 to =2 mN/m. Cr;fa ickness should be fixed &c=|Ly=L Lt
X . we deduce the absolute value of the extrapolation
Slnce_z thg MEZ10.5 is less polar than 5CB, the surfactanfem]ths from FECO optical data only? Whep andL,, are
desorption is expected to be weaker and slower. In fact, Wg,ch shorter thad, then a splay-bend distortion is the pre-
never observe a global evolution towards homeotropic anarreq configuration, where a strong anchoring opposes the
choring conditions as for 5CB hybrid samples. Neverthelessstrong elastic torque imposed by the bulk. On the contrary,
we still observe a diminution of the repulsion in time, as wewhen Ly,Ln>D, the sample is almost uniformly tilted, with
repeatedly bring the surfactant-coated and the bare mica susoth anchoring directions strongly deviated from their easy
faces into contact at the same point. Moreover, the intensitgxes. The director average orientation across the confinement
of the repulsion changes when the contact point is changegs similar in the two cases and the optical behavior should
suggesting a nonhomogeneous surface treatment, while tlgso be comparable. Hence, we cannot determine the anchor-
doublet splitting curve and the short-range attraction do noing strengths from FECO interferometry only and we must
vary significantly. look at the repulsive part of the force profiles.
The observed repulsion extends up to several hundreds of
V. DISCUSSION A and scales as D) at large separations. Since we have a
The hybrid samples studied in our experiments showediroplet, with changing nematic/air and nematic/mica interfa-
systematically a disclination line, passing several tenths ofial areas a® is changed, we must consider capillary forces
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and surface tension. Howevd,is much smaller compared possible structural forces deriving from order gradients and
to any other length specifying the geometry of the dropletfluctuations(pseudo-Casimir forceéscross the confinement.
Hence, the interfacial areas are almost constant With These forces, however, are relevant only when the hybrid
rather than scaling as D/ As an example, consider a droplet sample has already undergone the anchoring transition to a
between two spheres of raditsseparated by a distané®  yniform configuration. When the sample is still hybrid at a
Suppose the air/droplet interface to be a cylinder of heighkeparation of the order of 100 A, as in our case, the gradient
Ho=1 mm forD=0. AsD is increased to a few hundred nm, ang fluctuation forces cannot compete with the elastic force.
the height is almost constant, scalingts-Hq+D/2=Hj, The attraction observed in our experiment could be ex-
as well as the areg, of the spherical caps wet by the droplet y3ineq as a confinement-induced structural transition from
and the air/droplet lateral surfa& scaling, respectively, as e ysyal splay-bend uniaxial configuration into a biaxial tex-

S.=7RH andS/47R?= \(H/R)3/4-(H/R)*/16. i K «director-exch " confiauratifiB_a
The observed repulsion is to be attributed to an elasti ure, known as “director-exchange” configuratift—40.

. ) S . U6n this configuration, a thin biaxial layer divides the sample
dwgctcir d|stort|or? |_nduced by the chomp(/aélng hgmeotroplcin two, almost uniform, uniaxial regions, aligned along the
and planar anchoring. Moreover, the Ol /dependence at ' ' L S . .

. : —. easy axis of the nearest wall. The transition into the biaxial
large separation suggests that fixed boundary cqndltlon xtﬁre has been predicted between two flat parallel walls
must be considered in this range. As the separation is furth Fhen the imposed stress and both anchoring strenaths ar,e
decreased down to about 700 A, the repulsion mcrease‘r% P 9 9

more slowly withD, suggesting a finite value of the anchor- gh, as in our .casg. R(re]cert])t_ly, .thle dyn.a.min] ofgrder rec(:jqné
ing energiessee Fig. 3 The planar anchoring strength on struction associated with a biaxial transition has been studie

muscovite mica is known to be particularly strofig0] theoretically and experimentally for thin nematic cells of

(W,=0.1 mJ/n?), while reported values for the homeotro- fixed thickness subjected to a strong electric fipdd,42.
picp anchoring are usually weakef31,33 (W,=0.01 Biaxial textures cannot be described by the Frank-Oseen

mJ/n?). Hence, the weakening of the repulsion could be theeIaStIC theory. Only a complete tensor-order Landau-De

effect of a homeotropic extrapolation length, of about Gennes model can correctly describe the nematic order at a
700 A or less. Since F;he criticgl thicknessgis bound scale comparable to the nematic correlation length, typically
SL-L <200.A the planar extrapolation lenath is ivg?b .10-nm away from the nematic-isotropic phase transifin
Sohee . P b gnisg Y> Such a tensor-order approach for the curved confinement ge-
Lh=Lp=L,—200 A. The value of the homeotropic anchor- trv of the SFA is b d the ai f thi N

ing (W, =0.1 mJ/n?) turns out to be higher than the typical oo > ©' € SFA IS beyond the aim of this paper. Never

! | h="" ted in the literatufél 37, Th th theless, we notice that the director-exchange structure in hy-
values repor;e 0"3 ; el %(ahuf I' 2. t.ere are no ? ”_er brid samples should have a birefringence similar to the usual
measurements alv, Tor a biphenyl nematic on a crystatiine splay-bend configuration. Hence, a confinement-induced or-
mica surface covered by a monolayer of surfactant. The e

; h 1 d | bstrat er reconstruction between the two structures could have
€rgy strengins are usually measured on glass substrates, 991\é'gligible effects on the interferometric response, explaining
ered by specific aligning layers, applying to the nemati

| ; | electri ic field. Wi Cthe constant birefringence observed in our experiments.
sampie an exlter?a“fe (Ia(;: rlf(;"or”magne;c 1€ld. vve C?n COMyoreover, recent force calculations carried out in the frame-
pare our resufts to “field-ofl™ ellipsometry experiments, per- .y of the Landau-De Gennes theddB] show that the

formed on microscopic nematic droplets spreadlng ona SIIIbrder reconstruction should be associated with a nonmono-
con substrate under hybrid homeotropic and/or plana

anchoring condition$6,7). The spreading reduces the drop- fonl_c or discontinuous force profile, as observed in our ex-
. " periments.
let thickness down to a critical value, where a structural tran-
sition is observed, similar to the anchoring transition. Far
from the nematic-isotropic transition, the measured critical V1. CONCLUSIONS
thickness is about 100 A and both planar and homeotropic
anchoring strengths are found to be higher than 0.1 AJ/m  Force measurement in liquid crystals is a way of measur-
as in our case. ing the confinement properties of these materials at the na-
The most surprising result in our experiment is the presnometer scale without applying external fields. These first
ence of a strong attraction at separati@s:100 A, prob- SFA measurements on hybrid nematic films show that the
ably related to the high strength of the anchoring. In fact, theelastic description of the nematic order is not sufficient to
attraction is not elastic, since director deformations alway$xplain the observed behavior at a length scale smaller than
produce repulsion. We have also calculated the van det few hundred A. At long rangéD > 100 A), the force is
Waals force for a nematic and/or surfactant slab between flatetermined by the elastic response of the nematic material
parallel mica surfacef83], choosing the mean value for the and by the value of the anchoring energies. At short range
refractive index and the dielectric constant of the anisotropidD <100 A) we observe unexpected features, probably re-
liguid crystal. The force turns out to be attractive, but itslated to an order reconstruction into a biaxial texture. More
range is too shorta few nm and its intensity too weak to theoretical and experimental work is needed to clarify this
explain the observed attraction Bt=100 A. Following the point. In particular, experiments are in progress to improve
results of recent works on the stability of thin hybrid nematicthe stability of the homeotropic anchoring on muscovite
films on silicon substratel84,35, we have also considered mica using chemisorbed surfactants.
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