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In a recent papefPhys. Rev. B52, 681 (1995] we showed that in the absence of an external field, the
twisted structure of substrates with weak anchoring can induce a deviation of the director at the surfaces from
the easy axis and that the anchoring energy can be evaluated by measuring this deviation. To test the predic-
tion, the anchoring energy for nematic 4-pentjdeyanobiphenyl and polyimide Langmuir-BlodgéttB)
substrates with thicknesses in a range less than 10 nm has been measured. The anchoring energy is found to
increase and saturate with the number of LB layers. This result, unlike that expected for the isotropic van der
Waals interaction, reveals the anomalous anisotropic interfacial tension between a liquid-crystal slab and
polyimide LB films with nanometer thickness. The generalized nonretarded van der Waals energy for the
chain-chain interaction is proposed to explain the experimental r¢Si063-651X96)06511-7

PACS numbs(s): 61.30.Cz, 61.30.Eb, 64.70.Md, 68.45.Gd

The director of nematic liquid crystal€NLCs) can be mica sheet is of the order of 14 A. The experimental results
oriented on solid boundaries. This orientation is phenomenaoreported also show a decrease in the anchoring energy with
logically described by the Rapini-Papoul@P) [1] anchor-  the thickness of the substrates; however, this is not the case
ing energy per unit area, which describes the anisotropic infor all experiments. A strange result is also found by using
teraction between the nematic director and the substrate the method of optical second-harmonic generaft@nfor all
the substrates studied the mesogenic molecules of octylcy-
anobiphenyl(8CB) in the first monolayer make an angle of
about 70° with the substrate normal and then planar align-
ment in the bulk is obtained. The mechanism of director
wheren is the NLC director at the surfacé,is the “easy”  orientation responsible for the variation with the thickness of
direction as denoted by de Genr@$, andA is the anchor- a very thin substrate is thus not cle#]. Therefore, the
ing strength or anchoring energy coefficient, which reflectsanchoring behavior for aligned nematic films on a substrate
the ability of the director to deviate from the easy direction.is of considerable interest.

Although there are reports of the measurement of anchoring In this paper we report experimental results for the depen-
energied 3], there is a large discrepancy in the values be-dence of the unified anchoring energy between
tween authors even when they have used the same methdépentyl-4-cyanobiphenyl (5CB) and polyimide (Pl) LB

for the same substratégalues differing by more than one or films on the thickness. These results show a different phe-
two orders of magnitude are often reported in literaxjie. nomenon, namely, that the anchoring energy increases and
In recent years two approaches have been proposed to invesaturates with increasing film thickness. This effect, which is
tigate this disagreement. One is based on the preliminarynlike the common isotropic van der Waals attractive inter-
choice of a “Gibbs dividing surface” between the nematic action, reveals the speciality of the anisotropic surface ten-
liquid crystal and the substrates, which depends on the meaion in a nanometer scaling. The generalized nonretarded van
surement methods us€8l]. The other is to generalize the RP der Waals model for the chain-chain molecular interaction
model by introducing the effect of the surface order param{10] is proposed as a possible mechanism to explain the
eter[6]. Both macroscopic approaches result in a thicknesanomalous effect.

dependence of the anchoring energy at the interfaces. How- In a NLC display device rubbed polymer films are widely
ever, these two models do not make the mechanism of thesed to obtain uniform director alignment. There are two
anchoring clear from a microscopic viewpoint. kinds of anchoring mechanism proposed to explain this

So far, knowledge of the thickness dependence of an aralignment. The first is that rubbing induces the orientation of
choring energy is limited, although a number of experimentathe polymer chains in the direction of rubbing and the inter-
studies have provided some information. By depositingaction between the polymer and the liquid crystal forces the
Langmuir-Blodgett(LB) films on a mica surface, Blinov director to lie parallel to the polymer chains. The second is
et al. [7] found that the orientation of the director is main- that the grooves created by rubbing cause the director to
tained until the thickness of the LB films reaches a criticalorient in the direction of the grooves to reduce the Oseen-
value of a few hundred angstroms. This critical value defrank deformation energj2]. In view of these different
pends on both the nematogenic material and the polarity afechanisms proposed, the rubbed polymer is not an ideal
the LB film. On crystalline substratesrdme and Pieranski substrate to investigate the effect of the film thickness on the
[8] have shown that the thickness of NLCs interacting with aanchoring energy. Instead we use a LB technique to produce
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noted by the unit vectord* andé™, respectively. Assuming
Q 0 that the easy directions at the top and bottom substrate sur-
N\U\(\:C;N_QO faces are in a plane orthogonalXg, the following rigorous
relationship between the anchoring strengdh and the
0 o n pretwisted-anglep was derived see Eq.(38) in Ref.[12]]

Al
b—2¢= P sing cosp, @

FIG. 1. Chemical structure of the polyimide used in our experi-

ment. whered, is the twist anglek,, is the twist elastic constant of

. the NLC, and¢ is the deviation angle ofi at the surfaces
a uniform PI surface on a transparent glass elect(bye;). ;rom € in zero field. In our experiment the condition of

Tlhlis ¥_vr?s zir]chigve? by using tfh(; proclzess descriped. n IEegz'zt=90° for pure 5CB was used. The thicknéssf the NLC
[11]. The chemical structure of the polymer constituting theg 1, \yas 22 1um for each sample witd=2.0, 3.6, and 6.0

PI-LB film is shown in Fig. 1. In the deposition process the \n heing the thickness of the PI-LB substrates. For other

_shear strain causes the p_olyr_ne_r chains in each_ layer to allggldmmes withd=0.4 and 8.4 nm|=24.6 and 22.Qum, re-

in the same direction, WhICh is just the easy axis. The th'Ck'Spectiver. The values dfwere measured and confirmed by

ness of the PI-LB multilayers is also well controlled by the hoth the optical interference and capacity methods with a

number of times the glass support is pulled through the surmeasurement error of 1%. Under these conditions E(p)

face of the LB trough, i.e., the number of the layers. Thegives a rigorous relationship betwegrandA, and soA can

thickness of a monolayer is found to be 0.4 fid]. In our  be completely determined by measurigg

experiment, five PI-LB films were used whose thickness The experimental setup used to measgiie shown sche-

wered=1X0.4, 50.4, 9<0.4, 15<0.4, and 2K0.4 nm. In  matically in Fig. 3; Po and An are the polarizer and the

other words, our experiment was carried out under the comanalyzer, respectively, PD and PC are the photodetector and

dition of well-controlled ultrathin film with a thickness less personal computer, respectively and BS is a Babinet-Soleil

than 10 nm. compensator. The output of a He-Ne lagBpectra Physics
The most challenging task in measuring the anchoring>0., model-117A, output stability within-0.1% was lin-

strengthA is how to introduce a deviation of the director ~ €arly polarized by means of a polarizé?olaroid HN-38.

from the easy directior by a pure surface effect in the 1N€ laser beam was passed through the thermostated LC cell

absence of an external magnetic or electric field and theﬁ/i'th its axis at angle of 45° with respect to the polarization

how to estimateA from the deviation observed in the experi- diréction of the beam. The resulting elliptically polarized
ight passes through a Babinet-SoldiBS) compensator

ment. Recently, on the basis of a general RP expression f% , . . .
the anchoring energy E¢l), we have reported a theoretical | 'guma Kolq Co., Auto Babinet Soleil Stage 898.33 op-
tical retardation is adjusted by means of an electrical stepped

studylof tr_lﬁ dlrecktor difor_matt;on 02; a tévgsts\c/i chiral .gemat'cmotor(its precision in the optical retardation far=633 nm
sample with weak anchoring boundarid2]|. We consider a is 1.66x10 ° um/step to compensate for the optical phase

nematic slab sandwiched between the two planes located giiterence due to the birefringence of the LC slab, which
X.3=O_andl, as illustrated schematically in Fig. 2. The €asY depends ong,, ¢, |, and the refractive indices of the NLC.
directions at the top and bottom substrate surfaces are dgy this precise compensation the light transmitted through
the analyzer having a crossed relationship with the polarized
X3 direction of a polarizer has a minimum beam intensity. Typi-
cal values oR measured at a constant temperature of 298 K
are shown in Fig. 4 for the samples with the thickness of the
PI-LB beingd=0.4, 2.0, 3.6, 6.0, and 8.4 nm and with the

X, = ¢ et thickness of the LC slab beirlg=24.6, 22.1, 22.1, 22.1, and
3 — -
¢O

22.0 um, respectively.

In order to obtain the relationship between the optical
retardation of the LC slab ang we calculate the optical
transmission for all the optical passes in our experimental

setup including the polarizer, LC cell, BS compensator, and
/ analyzer. The %4 matrix method described by Berreman
X;3=0 X, [13] is used, which has universal applicability. It can be used
to compute the beam intensity and phase difference of the
transmitted light for a light beam with normal incidence. By
this method the intensity of light passing through the optical
setup is calculated for each value éfas a function of the
/ optical retardation of the BS compensator, whose variation is
in the region of 0-0.633um, with a separation of
X1 4.52x10 % um. Calculations are performed fap in the
range 0.2°-22.4° in steps of 0.2°. From these calculations,

FIG. 2. Geometry of the twisted chiral nematic slab sandwichedhe optical retardation showing a minimum transmitted inten-
between the two plane%;=0 andl. The easy directions and the sity of light, that is, to compensate the phase difference of
director at the top and bottom substrate surfaces are denoted by thiee LC cell, is obtained for eac. In our calculation we use
unit vectorsé™ andé~, andn, respectively. the following parameters: the birefringence of the BS com-
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FIG. 3. Experimental setup used to measure the optical retarda- 0 PN I (R T TR N
tion of a LC cell. Po and An are the polarizer and the analyzer, 0 2 4 6 8 10
respectively. BS is a Babinet-Soleil compensator whose phase dif- FILM THICKNESS (nm)

ference is adjusted precisely by a computer controlled steper motor.

PD and PC are the photodetector and personal computer, respec- g|G. 4. Typical values oR measured at a constant temperature
tively. of 298 K for the samples with the thickness of the PI-LB being
d=0.4, 2.0, 3.6, 6.0, and 8.4 nm, and with the thickness of the LC

. 73 . _
pensatorAn is 9.04<10 °, the thickness of the crystal par plab beind =24.6, 22.1, 22.1, 22.1, and 22:0m, respectively.

allel plate of the BS compensator is 4.24 nm, the crysta
wedge angle of the BS compensator is 25/2€84 refractive . .

indices of 5CB for an ordinary and an extraordinary ray are®® €xpressed as cog=3[2P,(cosy) +1], where P, is the
n,=1.5296 anch,=1.7072 at 298 K foh=633 nm, respec- second Legendre polynomial andis the angle betweeR

substrate are=1.515 and 1.1 mm, respectively. Figure 5 .5, expres®,(cosy) in a Cartesian frame as
shows an example of the relationship calculated betwen

and ¢° for the sample witH =22.1 um. 2 (2—m)!
Now we can determine the value @ffor each LC cell by P,(COSy) = P,(CoS9) P,(cosy) +2 >, ST
comparing the measured value of the optical retardaflon m=1 (2+m)!

with the calculated relationship betweeérnandR from Figs.
4 and 5. Substituting the values of) measured,
k,,=3.81x10 2 N for 5CB at 298 K,¢,=90°, and the val- _ R
ues ofl for each sample into E@2), we obtain the anchoring Where (6,¢) are the polar and azimuthal angles ®fand
strength. Open circles of Fig. 6 show the anchoring strengtlig,, ,¢,,) are those oM, andPJ are the associated Leg-
A deduced from the measured valuesdoind Eq.(2) as a  endre polynomials. We choose tig direction of the Carte-
function of a PI-LB film thicknessl. In the same figure the sian frame as the direction of the nematic direcioAver-
solid line gives the theoretical curve based on a SlmplQig”']g Eq(S) with respect to the orientation of the LC
model, which is described below, and the dashed line is jusholecules, we obtain the simple relation

a guide to the eye for the experimental results. It is clear

X P3(cos9) P3(costy)cosn(¢—¢y), (5)

from Fig. 6 thatA increases and saturates with increasing (P,(cosy))=P,(cos#)(P,(coshy))=P,(cosd)S, (6)
in the ranged<<10 nm. This result is contrary to the results
found by other authors for different substraf@s3]. whereS is the second-rank orientational order parameter of

Since there is no appropriate theory for the anisotropiche NLC. The second term on the right-hand side of (4.
interaction of Eq.(1), we propose here a phenomenologicalvanishes because the molecular orientational distribution is
model to explain our experimental result. We begin by asindependent ofy, in the bulk NLC phase and we assume
suming that the interaction between the polymer substratthe same symmetry at the surface. From Edsand(6) we
and the liquid-crystal molecules is van del Waals like. Forgptain
two parallel chains with a length and a separation, the
nonretarded van der Waals interaction energy is written as (W)= —n\LpLy[2SP,(cosd) + 1]/3r>, @)
[10]

3) whered is the angle between and P. The direction ofP is
simply the easy directio®. Hence the form of the aniso-

where is a physical constant related to the molecular structropic interaction, given in Eq(1), now is apparent.

ture. For two nonparallel chains with different lengths, To calculate the total interaction energy, we have to inte-

andL,, of the Pl and LC molecules, respectively, the energygrate Eq.(7) over the LB layer as

form of Eq.(3) may be generalized as

a+d
p
w=— Lol (P-M)2/r5, 4) W= L p{w)dr=—nLpLy 1—2[28P2(COS9)+1]

y 1 1
a? (a+d)?

w=—gL/r®,

whereP andM are unit vectors giving the orientations of the
Pl and LC molecules, respectively. The term Bf.(M)? can

: ®
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FIG. 5. Calculated relationship between the optical retardation

R and the pretwisted angl for the sample witH =22.1 um.

wherep is the surface density of the polyimide moleculas,
is the half-width of the LC molecule, ardlhas been defined
as the thickness of the LB films. From Ed4) and(8) we
obtain the expression of the anchoring strength as

1 1
& (ardr

1

The result of the numerical calculation using E@). is indi-
cated by the solid line in Fig. 6. In our calculation we as-
sumeda=2 nm and (p/4)\LpLyS=1.6x10"°% I nt. Itis
clear from Fig. 6 that the anchoring strengthmeasured
increases with increasind, having a sharp slope within a
small range ofd, and saturates in the limit ad—o. The

FIG. 6. PI-LB film thickness dependence of the anchoring
strengthA. Open circles show the anchoring strendthdeduced
from the measured values gf and Eq.(2) as a function of PI-LB
film thicknessd. The dashed curve is just a guide to the eye for the
experimental results and the solid curve gives the theoretical curve
based on a simple model of E@).

dence ofA on S in the nematic phase, which is theoretically
a reasonable result. However, the detailed confirmation of
this will require more experimental and theoretical investiga-
tions.

To summarize, we have provided a simple method with
which to measure the unified anchoring strength. It was
shown experimentally for 5CB on substrates with nanometer
PI-LB films in a range less than 10 nm that a shear strained
PI-LB film forces the director to align in the direction of the
monolayer deposition. The experimental result in which the

calculated curve agrees qualitatively with the experimental,choring energy increases and saturates with the number of
result in whichA increases and saturates with increasing thg g layers on the substrate was explained qualitatively by the

LB film thickness. Equation(9) can also provide a partial generalized chain-chain van der Waals interaction theory.
explanation for the large discrepancy between different au-

thors[4] of the measured dependencefobn the thickness
of the surface alignment layer. All the parameters in .
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