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Azimuthal anchoring of liquid crystals on surfaces with high symmetry
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Substrates with a high in-plane symmeftiireefold or higherinduce multistable anchorings in nematic
liquid crystals: The preferred nematic axis in the bulk can take several equivalent orientations with different
in-plane directions. To elucidate the mechanisms leading to this degeneracy, we have investigated the relation
between the orientational order of cyanobiphenyl molecules at the surface of phlogopite micéeplaittng
a threefold symmetpyand the observed bulk orientations induced by these surfaces. In particular, in-plane bulk
reorientations were observed when the system was put in the presence of water vapor. These appear to be
driven by changes in the tilt distribution of the surface molecules. To account for our observations, we propose
an anchoring mechanism based on the coupling of the uniaxial bulk nematic order to the surface-induced
threefold order present in the first molecular layer. For this purpose the Landau—de Gennes theory of nematic
liquid crystals is extended to take such a coupling into account. The calculations show that the observed
in-plane bulk reorientations can be induced by changes in the surface value of the scalar nematic order
parameter[S1063-651X97)10910-2

PACS numbe(s): 61.30.Gd, 42.65.Ky, 64.70.Md

[. INTRODUCTION Gennes theory of the nematic phase, where the anchoring
directions deduced from experimentally measured surface

A nematic liquid crystal is characterized by long-rangeorientational distributions agree quantitatively with the ex-
orientational order: The usually elongated molecules are oferimental observations. The anchoring direction has the
average all aligned in a preferred direction, given by theSame in-plane orientation as the surface director and its tilt
so-called director. The particular orientation of this directorWith respect to the surface is determined by both the tilt of
is imposed by the surfaces limiting the liquid crystal(dr ~ the surface director and the surface order parameter. _
presenl external fields. This phenomenon of Orientation, or A Common Charactens“(.: of the substrates studied so far is
anchoring, of a liquid crystal by surfaces has been knowrhat their surface has a mirror symmetry. Such a low sym-
nearly as long as have liquid crystals themselves, and numefoetry allows the director in the surface layer to be either
ous substrates are being developed to achieve tailored aligflted or parallel to the surface. The in-plane component of
ment patterngsee, for instance 1—4]); however, the mecha- the surface director introduces an in-plane anisotropy in the
nisms by Wh|Ch a Surface can impose th|s Orientation in é)rientational Order, with I’especlt to which the bulk can orient.
liquid-crystalline phase are not very well understd&i The case of substrates with a threefold symmetry or

Some progress has been made in recent years in the ufigher[13] is different. On the one hand, they induce so-
derstanding of the anchoring on smooth surfaces such é@HEd multistable anChOfingS in which the bulk ||ql,l|d CryStal
rubbed polymer filmg6-9] and mica[10—13. In a liquid has the choice between several thermodynamically equiva-
crystal in contact with surfaces, one can distinguish differentent anchoring directionfb]. On the other hand, such a sym-
regions. Right at the surface of the substrate, there is a mon#2etry imposes the surface director to be perpendicular to the
layer of moleculedthe surface layer; see Fig) in direct surface. This means that in terms of nematic ordering, the
interaction with the substrate. This interaction determines théurface layer is isotropic in the plane of the surface. Accord-
orientational order of the surface layer, which therefore dif-ing to the anchoring mechanism proposed so far for low-
fers from the bulk order. As one moves away from the surSymmetry surfaces, the bulk anchoring direction resulting
face, the orientational order thus evolves from that imposed
by the surface to that of the bulk. This evolution takes place W&
in the interfacial region(Fig. 1) and results in a nematic e
phase with a definite orientation of the bulk director, called
the anchoring direction.

In the case of the substrates mentioned above, the anchor- = == i
ing direction is fully determined by the nematic component <§ interfacial
of the orientational order in the surface lay@&-10]; this , region
surface nematic order is characterized by defining a surface g
director as the average orientation of the surface molecules
and a surface order parameter indicating the degree of align- }
ment of these molecules along the surface director. The evo-
lution of the orientational order in the interfacial region is  FIG. 1. Schematic representation of a liquid crystal in contact
well described using standard second-order Landau-—deith a substrate.

bulk

<surface layer
substrate
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from such an isotropic surface layer should have no preferredtrate to zero when the droplet is completely spread. There-

in-plane orientation(degenerate anchoringr be perpen- fore, all the wetting conditions are explored by such a

dicular to the surfacghomeotropic anchoring However, spreading process and all the anchoring directions induced

most known examples of smooth substrates with high symby the substrate are found in the droplet.

metry induce anchoring directions parallel to the substrate From the observation under a polarizing microscope of

surface with definite in-plane orientatiof$4—19. In this  the texture of a nematic droplet spread on a substrate, one

paper we investigate the mechanism that induces these prean deduce the following informatidi.8,20.

ferred in-plane orientations on high-symmetry surfaces. (i) The number of anchoring directions induced by the
We have investigated the anchoring behavior of two cy-substrate is half the number of domains with different orien-

anobiphenyl liquid crystal$5OCB and 7CB on phlogopite tations existing in the spread droplet.

mica crystals, whose surface exhibits a threefold symmetry (ii) The azimuthal orientation of the projection of the an-

and induces tristable planar anchorifd8]. These systems choring directions in the substrate plane is determined by the

exhibit first-order anchoring transitionge., discontinuous observation of the extinction of the different domains be-

changes in anchoring directionshen water vapor is added tween crossed polarizers.

to the atmosphere surrounding the sys{ei]. These tran- (iii ) The tilt of the anchoring directions is indicated by the

sitions have been attributed to the adsorption of water molshape of the walls separating the domains with different ori-

ecules at the interface between the liquid crystal and the micantations. In particular, planar anchorings with anchoring di-

surface, hence their name of “adsorption-induced” anchor+ections parallel to the substrate lead to radial walls. This is,

ing transitiong 6,7]. These transitions allow us to study dif- however, true only for nematic liquid crystals, such as the

ferent anchoring conditions in a given system and so to testnes used in the present study, having homeotropic anchor-

the validity of the proposed anchoring mechanisms. ing conditions at the nematic-air interface, i.e., when the
To investigate the anchoring behavior in these systemanolecules are perpendicular to this interface.

we have used different experimental technigigescribed in

Sec. |D The anchoring directions induced by the substrate B. Determination of surface orientational order

on the bulk liquid crystals have been observed using polar- . . L

izing microsc?)py ar?/d the orientational distribution %fpthe The orientational distribution of the surface molecules has

liquid-crystal monolayer at the substrate surface has bee@?en determcllnﬁd by _optlcal S?.COHQ'h?”S%Z'C g_enerat;on.

determined with optical second-harmonic generation. Thes Ince Second-harmonic generation 1S forbidden in centro-
symmetric medidin the electric-dipole approximationthis

measurements give a variation of the bulk anchoring direc hni ificall be th I deri ¢
tions and the surface orientational distribution across an ar}?c nique can specitically probe the polar oraering ot a cy-

choring transition occurring in the presence of water vaporﬁmb'ph.enyI surf?ce blaye([jZl].ch?e thepry ff St?(ftontd'
Our results indicate that the bulk in-plane reorientation ob-f armonic dge_r:era |or|1_ 3{ a s;)r ?h s%e(?es a ?u S r"’f‘ ethsur-
served at the transition is due to changes in the tilt distripy:2¢€s and 1ts application 1o the determination 0 N
tion of the surface moleculeec. Il). These observations orientational d|str|bl_Jt|on_of liquid crystal monolayers have
allow us to propose an anchoring mechanism for liquid crys—"’llre"’ldy been de;cnbed in Ref82,23. -

tals on highly symmetric surfaces. This mechanism can be He_re we restrict ourselves to some f(_aatures specific to our
modeled by extending the Landau—de Gennes theory Oefxpenments. The 'second-harmomc S|gpal genergted by a
nematic liquid crystals to take into account the surface Order[nontz)layer of Ilqlwd-crystal _molecul_es IS Propor?'c?r.‘a' to
ing that is imposed by the substraec. IV). The correla- [xeril, Where o is an effective nonlinear susceptibility of

tion between anchoring directions and surface orientationaq1e monolayer dependent on the _geom_etncal con_flguratlon
used for the measuremen@4]. y.« is a linear function of

order predicted by this model is in agreement with the ex- . . e = L
. : the nonlinear dipolar susceptibility of the liquid-crystal
perimental observations.
monolayer that can be calculated from the second-order po-
larizability aP of one molecule. For liquid-crystal molecules
Il. EXPERIMENTAL TECHNIQUES such as cyanobiphenylaP has one dominant elemetitg§§
A. Determination of bulk anchoring directions along the '0”9 molecular a?<|§ Mgreover, _'n 9‘” case, the
) S ) phlogopite mica surface with which the liquid-crystal mol-
The anchoring directions have been determined by depogscyles interact has a threefold symmetry. The resulting sus-

iting a nematic droplet and letting it spread on the micaceptibility y has only four independent nonvanishing com-
surface. This method is based on the selection of anchoringpnents

directions by the spreading conditions of a liquid crystal on a

substrate. It has indeed been shdi8,20 that when a sub- X111= — X120= 3(SIT 8 cos?qﬁ)Nsa?&, (1a)

strate induces different possible anchoring directions, the ori-

entation that is effectively taken by the liquid crystal depends X112= — X220= 4(SINP0 SiN3p)Nsargy,, (1b)

on the direction of the spreading flow and on the contact

angle between the free surface and the substrate. X113= X223= 3{(cO9— cOS 9)>Nsa?§§, (1o
During the spreading of a droplet, all the points of the

nematic-substrate interface are wet under different condi- X333:<co§0>Nsa?§§, (1d)

tions. The inside of the spread droplets is then divided into

several domains where different anchoring directions havevhere (6,¢) are the spherical coordinates defining the mo-
been selected. Moreover, the spreading is radial and the cotecular axis¢ (Fig. 2). These components contain the infor-
tact angle evolves fromr when the droplet touches the sub- mation about the surface orientational distribution that is ac-
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from the measurements gf, and x,,,, we have only used
these two effective susceptibilities to calculgte

We have performed our second-harmonic generation mea-
surements in reflection using a setup similar to that already
described in Ref[21]. The incident laser beam was gener-
ated by a frequency-doubled)-switched mode-locked
X neodymium-doped yttrium aluminum garnet lag€pherent

760).

C. Samples

To prepare our samples we have used freshly cleaved
phlogopite mica as the substrate. A detailed description of
FIG. 2. Reference frame&y2) of the substrate surface and the structure of mica can be found elsewhit8]. Here we
(XY 2)of the laboratoryXZ is the incident plane of the laser beam give the important features that are necessary to understand
and xz is one _of the mirror planes of the substrate surface. Thethe experiments described in this article. Phlogopite mica is
molecular axist is defined with respect to the substrate axes by themade of a stack of sheets and cleaves easily between these
spherical coordinated, ¢). sheets, which makes it possible to obtain an atomically
smooth surface free of steps. The surface of these sheets
cessible by second-harmonic generation. The values of thexhibits a threefold symmetry with three equivalent mirror
componentsy;jx can be obtained by measurifges” as a  planeso (symmetry groupCs,). The orientation of these
function of the in-plane rotation of the sample and of theplanes can be determined from the cracks formed in a mica
polarizations(out of the plane of incidenger p(in the plane  plate after perforating it with a needle and that coincide with
of incidencg of the incoming and outgoing light beamsdf  the mirror planesr [27].
is the angle between the plane of incidence and one of the As liquid crystals, we have used two different substituted
mirror planes of the substrat€ig. 2), the full expression of cyanobiphenyls 7CB  (N®®C,H,) and 50CB
Xeft for the different polarization combinatiorssin p out;p  (NCOPPOCH; ;). The first one exhibits a nematic phase be-

in, p out; p in, s out; ands in, s out is tween 29.7 °C and 42.8°C and the second one between
) ) 48.2 °C and 67.6 °¢28], with the possibility of supercool-
Xsp=[COS3P X125~ X222 SINIPJCOSIL (@) "Ly 20) ing the nematic phase of the latter down to 25.0 °C.
+ 2| (2w)sing, 2 For second-harmonic generation measurements, liquid-
Xo2dyy (@)L 24 20) (23 crystal molecules were deposited onto a mica plate in the
—Tsin3D — cos3p coS9L 2L (2 presence of a dry atmosphere by evaporating them from a
Xpp=1 X222 X122l 0 ©)7L(20) hot source located 1 mm above the mica plate and letting
+ x22d Lyx( @)L, 2w) them condense onto the plate kept at room temperature. The
29 si deposition was monitored by measuring the second-
2L w)Lx(20)]cos I sindLy(w) harmonic signal generated by the film. The signal first in-
i 2L (2w)sirRY, 2b creases with time and then abruptly saturates, indicating that
Xaadh2d 0)L 24 20) (2b) a full monolayer has been formé#i2]. The resulting second-
= —[sin3b + cos3b co29L 2L (2w), harmonic signal is essentially independent of the amount of
Xos= 1 X122 X222 o @)Ly w()ZC) liquid crystal deposited above this monolayer. This shows

that this monolayer is little affected by the presence or ab-
Xss=[SIN3DP x 155+ COS3P x205]L (@) 2Ly (2w). (2d) ~ Sence of a bulk on top of it, as was already observed in other
systemg 24].
& is the angle of the incident and outgoing beams with re- To study the effect of water vapor on the anchoring, the
spect to the surface norm@ypically 459 andL;;(Q) (Q=w  samples were placed in a chamber with a controlled atmo-
for the incident beam anfl=2w for the second-harmonic sphere. The atmosphere composition was fixed by a slow
signa) are local-field factors arising from the dielectric dis- lamellar flow of a mixture of dry nitrogen and nitrogen satu-
continuity of the surface. By fitting the experimental data forrated with water vapof29]. The composition of the atmo-
the different polarization configurations to these expressionsyphere in the chamber can be characterized by the reduced
we obtain the values of the different moments,, X222, partial vapor pressune= p/ps of water, which is the ratio of
X223, and ys33 of the orientational distribution function. To the partial pressurg over the saturation vapor pressymgof
estimate the orientational distribution itself, we use thewater vapor. Fixingp corresponds to fixing the chemical
maximum-entropy methof25], which gives the widest dis- potential of water in the system.
tribution compatible with the measured moments.
For the samples used in the present study, the second- Ill. EXPERIMENTAL RESULTS

harmonic signal in thep andp p polarization configurations
is much stronger than the signal in the andss configura-
tions for which the second-harmonic signal produced by the Both 50CB and 7CB give spread droplets exhibiting ra-
mica substrate is not negligible with respect to that of a cy-dial walls between domains of different orientatidfgy. 3).
anobiphenyl monolayer. Sincg can be fully determined This means that the bulk orientation for both 50CB and 7CB

A. Bulk anchoring directions
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FIG. 3. Droplet of cyanobiphenyl liquid crystal deposited on 50 70
phlogopite mica observed with a microscope between crossed po- )
larizers. The bars indicate the bulk orientation in the different do- FIG. 4. Polar plots of the square root of the second-harmonic
mains. signal versus the angl® between the incidence plane of the laser

beam and one of the mirror planesof the mica surface for a

) ~_ 50CB film deposited on phlogopite mica in an atmosphere contain-
is parallel to the surfacgl8,20. The droplets contain siX jng water vapor with{a) p=0, (b) p=0.4, and(c) p=0.75. The data

domains; the bulk liquid crystal has the choice between thregoints correspond to an average of the signal over 1Q@witch
possible anchoring directions separated by an angle of 120fser pulses. The solid lines are fits to the data points using2Eq.
as expected from the threefold symmetry of the phlogopite

mica surface. _ , in-plane rotation for both 50CB and 7CB, but the in-plane
As the water vapor pressure increases, anchoring transknisoirony is stronger for 7CB.

tions are observed that are characterized by a bulk reorienta- 1o general trend in both sets of plots is that, as the par-

tion in the plane parallel to the substrate. SOCB and 7CBjy| pressure of water vapor is increased, the anisotropy de-
differ in the in-plane orientation of the anchoring directions. ..aaces. Moreover. the maxima in the plots corresponding to
In an atmosphere of dry nitrogen, SOCB orients perpendiCUgye s nolarization configuration increase for 5SOCB and de-

lar to one of the mirror planes of the mica surface. When o446 for 7CB. All these changes are reversible provided the
water vapor is added, this system exhibits a first-order anéystem has not been exposed to water vapor for more than
choring transition at a given reduced partial vapor press“rﬁpproximately a day
‘p, of water. At this transition, the orientation of the nematic '

h . bruntly to a directi I : trast Figures 6 and 7 show the resulting orientational distribu-
phase Jumps abruptly 16 a direéction parallebtoln contrast, -, 1 nctions of the surface liquid-crystal molecules. For
7CB orients parallel tar in a dry atmosphere, while it ori-

; ; o both liquid crystals and for all pressures, the distribution ex-

ents perpendicular to- after the anchoring transition. o : . o
hibits four peaks from which one is pointing downward, cor-
responding to molecules pointing with their cyano group
away from the surface. The other three peaks lie on a cone
Figures 4 and 5 show the polar plots of the square root oéround thez axis with an opening angle of approximately

the second-harmonic signal generated respectively by &8° and in the mirror planes of the substrate.
monolayer of 50CB and 7CB on phlogopite mica, as a func- In agreement with the decrease of in-plane anisotropy in
tion of the in-plane rotation angl® [Eq. (2)] for different  the second-harmonic signéfigs. 4 and B one observes in
partial water vapor pressures. In all cases, the shape of thibese distributions that the width of the peaks increases when
plots shows a threefold symmetry, indicating that the surfacéhe water vapor pressure increases. However, the in-plane
liquid-crystalline layer follows the symmetry of the sub- orientation of the peaks is independent of the liquid crystal
strate. The maxima of the signal correspond to the samand of the composition of the atmosphere. This is in contrast

B. Surface orientational order
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( a ) the evolution of the different order parameters characterizing
the surface orientational order. The number of independent
(pp) (sp) order parameters can be reduced to three: two parameters for
the threefold component of the ordering,

< cos3p siré >
111 ’

18 18 4

3co¥ cosPy
338\ “og + 7|

and one parameter characterizing the nematiclike uniaxial

ordering,
3cog6-1
Qs3= -2 |

Q111 1S associated with the anisotropic in-plane ordering and
Q333 is a measure of the up-down asymmetry along the sur-
face normal.Qs3 is the usual scalar order parameter of the
nematic order indicating how well the molecules are aligned
( C ) along the surface normal. In both liquid-crystalline com-
pounds, the value of,,; increases with increasing vapor
pressure, while the values @f;3;andQs3 decrease in 50CB
and increase in 7CB, with, in both cases, a change of sign for

Q33 (Fig. 8).

18 18

70 70

18 18
C. Interpretation of experimental results

=0 o From the above experimental results, we can draw several
conclusions concerning the anchoring behavior of cyanobi-
FIG. 5. Same as Fig. 4, but for 7CB with) p=0, (b) p=0.4,  Phenyl molecules on phlogopite mica. First of all, the surface
and(c) p=0.75. layer of liquid-crystalline molecules exhibits the symmetry
of the substrate surface, namely, a threefold symmetry. This
with the strong variations of the bulk anchoring directions onis shown by the measured second-harnomic sigRijs. 4
these parameters. and 5. However, these measurements cannot exclude the
To quantify the detailed evolution of the surface orienta-presence of a small asymmetry between the peaks of the
tional order with water vapor pressure, we have calculatesrientational distribution, which would be hidden by statisti-

(a) (b) {c)

FIG. 6. Evolution of the orientational distributidif 6, ¢») in a monolayer of 50CB liquid-crystal molecules on a substrate of phlogopite
mica, for different partial water vapor pressutesp=0, (b) p=0.4, and(c) p=0.75.
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(a) (b) (c)

FIG. 7. Same as Fig. 6, but for 7CB different partial water vapor pressargs=0, (b) p=0.4, and(c) p=0.75.

cal errors in the second-harmonic generation measurementsveen 50CB and 7CB, before and after the anchoring tran-
This possibility can be excluded by considering the fact thasitions, is not due to a difference in the preferred in-plane
both liquid crystals used in our study orient in the bulk per-orientation of the surface molecules. This is in contrast to
pendicular to the surface-preferred molecular orientationsvhat was found on muscovite mi¢41,12. By considering
under the appropriate water vapor pressure. If there was artiie evolution of the order paramet®y 4, in the surface layer
asymmetry making one of the peaks in the surface orienta@which is related to the in-plane width of the peaks of the
tional distribution larger than the others, the bulk would nec-orientational distributio)) it seems unlikely that the bulk ori-
essarily orient along this direction and the bulk anchoringentation is affected by the in-plane distribution of the surface
directions would always be parallel to the preferred orientamolecules:Q,;; increases with increasing water vapor pres-
tions of the surface molecules. sure in both 7CB and 50CB, while the bulk anchoring direc-
Second, we find that the difference in the in-plane orientions vary in the opposite ways in these two compounds.
tation of the bulk anchoring directions that is observed beSuch an opposite behavior of 50CB and 7CB is found in the
evolution of the two order paramete@y;; and Q55 charac-

0 i terizing the tilt distribution of the surface molecules. This
00 | e ] strongly suggests that the in-plane orientation of the bulk
) T Q director is determined by the tilt distribution of the surface
004 | i molecules. In particular, the in-plane rotation of the bulk
1 orientation occurring at the anchoring transition induced by
-0.06 the addition of water vapor appears to be driven by changes
0.08 in the surface tilt distribution.
[ ® 50CB
SO | 4 o 7CB IV. THEORETICAL DESCRIPTION
'gi(lé - T In this section we develop a theoretical model accounting
i Q | for our experimental observations of the anchoring behavior
0 I—*—k"fﬁ:j;fi%f ] of cyanobiphenyl liquid crystals on phlogopite mica. Starting
B from these observations, we derive a possible anchoring
-0.05 @/mm m4 50CB mechanism by which the bulk liquid crystal adopts the ob-
oa 7CB served definite anchoring directions in the plane of the sur-
01 f—_ 4 face. We then formalize this mechanism by extending the
i \'\»\\ Q Landau—de Gennes theory to take into account the specific
015 | ; e \333 ordering induced by the substrate close to its surface.
L !
02 0 03 05 08 | A. Principles

P On the one hand, the second-harmonic generation experi-
ments have shown that the orientational ordering in the sur-

FIG. 8. Surface order parameters versus the reduced water vaptace layer of molecules in contact with the mica surface ex-
pressurép for 50CB and 7CBQ;1;, Qa33 andQas. hibits the same symmetry as the substrate, namely, a
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threefold symmetry. On the other hand, the orientational or- B. Evolution of the nematic ordering
dering of the bulk nematic liquid crystal is uniaxial. There T4 describe the nematic order in the framework of the

are therefore two components of the molecular orientationgl gjndau—de Gennes theory, we define zkependent order-
order that play a role at the interface: the nematic orderingyarameter tensdsee[30])

and the surface-induced threefold ordering. The threefold or-
dering disappears as one moves away from the surface layer 1 _ 1 _
into the bulk. The degree of nematic order is low in the Qij(2)=(2(3&i§;=8j)) =2 | 3&i£iT(0,¢,2)dQ— 5,

surface layer, as shown by the low values of the surface 3
order parameteQs3; this nematic order grows as one moves ~ , ) ,
into the bulk. where ¢ is the molecular orientation

The director in the bulk of the liquid crystal has three (— OS¢ sind,sing sin,cos), f(6,¢,2) is the distribution of
preferred orientations parallel to the substrate surface, eithdf€Se molecular orientations at distaréom the surface,
parallel or perpendicular to the mirror planes of this surface2nd d{}=sinfdfd¢ is an elementary solid angle. We
(depending on the system considéradowever, in the sur- choose for convenience the frame of refereige) in such
face layer the in-plane symmetry of the orientational order@ Way that the director stays in the plane. In that cas®);
imposes the director to be perpendicular to the substrate su¢an be written as
face. This means that the boundary conditions of the nematic

order are isotropic in the plane. Therefore, the nematic order “Q227 Qs 0 Qu
cannot orient its director in a particular in-plane direction by 0 Qx»n 0 ]. (4)
itself, as it grows in the interfacial region. It needs to get its Qus 0 Qu

orientation from the only source of anisotropy in the bound-
ary conditions, which is the component of the order with ajn the bulk this order parameter has the form
threefold symmetry. This implies that the nematic and the

threefold component of the orientational order have to be M Qp(1—3 cosd) 3Qpsin20 T
coupled. Considering the correlation that we find experimen- - 4 a2

tally between the tilt distribution of the molecules in the

surface layer and the in-plane orientation of the bulk direc- 0 ) 0 (5)
tor, this coupling between nematic and threefold orienta- 2 ’
tional order must be such that changes in the surface tilt 3Q,sin20 Qp(1+3 cos®)
distribution can induce an in-plane reorientation of the bulk _— _—
director. - 4 4 -

I the following sections we quel th|s anchoring mechas e js the angle between the bulk director and zhaxis
nism and the evolution of the orientational order from the

‘ | i ds the bulk usi Landau t fd perpendicular to the substrate surface &pgis the bulk
surface fayer towards the bulk using a Landau typ€ ot deg.n 15, orqer parametéapproximately 0.8 At the surface
scription. We introduce two different order parameters de

scribing the two different types of ordering involved in the Qij takes the form

anchoring process. These order parameters characterize the " —Qadl,—0 "
degree of ordering as well as the overall orientation of the — 0 0
corresponding orientational distributions. They are therefore
tensors, of second rank for the nematic orfieg. (3)] and 0 Qsalz-0 0 ) (6)
third rank for the threefold orddiEq. (11)]. )
The evolution of the orientational order in the interfacial
region is determined by the set of trajectories of the order i 0 0 Q33|Z:°_

parameters for which the free energy is minimal. We use an

expansion of the free energy of the system in these orddn this case, the director is perpendicular to the surface.

parameters of the forg,,,=F,+F;+F. F, is the contri- The Landau—de Gennes free-energy density associated

bution associated with the nematic ordering, given by thewith the nematic ordering can be written [@9]

Landau—de Gennes thedi§0] [see Eq(7)]. F3 is the con-

tribution associated with the threefold ordering. We write it Aq 2 l1 [ dQj; 2 15[ 0Qi3)\?

as a development in the third-rank order-parameter tensor iﬁ:2(z) :izl 7(Qij —Quij) 29\ 79z + 2\ 79z

the spirit of the Landau—de Gennes free endfgy. (14)]. 7

The effect of the threefold ordering on the nematic order is

taken into account by introducing the coupling tefg@writ- ~ where summation over repeated indices is assumed. This

ten as a contraction of the two considered order-parametdree-energy density is minimal wherQ;=Qy;; and

tensorg Eqg. (21)]. dQjj/dz=0, i.e., for a uniformly ordered bulk. It is nonzero
The influence of the coupling terf: on the evolution of only in the interfacial region; its integration over the semi-

the nematic and threefold order is considered to be small. Iinfinite space occupied by the liquid crystak0) yields the

our calculations we therefore treat the evolution of these difinterfacial energy.

ferent types of order independentiy Secs. IVB and IV C We insert Eqs(4) and (5) in the free-energy expansion

for the nematic and threefold order, respectiyeiynd the (7) and perform for convenience the substitutigfz)

coupling term as a perturbatidSec. IV D. =2Q,.(2) + Q33(2). We also introduce constants that are re-

3
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lated to the characteristic decay lengths of the component: 0.1
Qij . §1:\|1/Aq, 62:\/(3|1+ 2|2)/3Aq, and §3

=V(2l1+1,)/2A4. For numerical calculations we use the

same value for the constarits |,, andA, as in[10]: 1,/1,

=2/5 andA,/1,=0.01 nm 2. F,(z) can now be written as

F 3 3
Z(Z) 4 Q- 2 Q13(2)QpSin20 + Q5(2)2+ Q14(2) 265
q
2
- %(1% cosd))Qa3(2) + @
12 2
+% E+ g Qb(l—cosza)g(z)+g(j)
9(2)"?
a8 ®

By solving the corresponding Euler-Lagrange equations with
Egs.(5) and(6) as boundary conditions for, respectively, the

bulk ( z=—) the and surface laydrz=0), we find

_3Qp _

Qux(z)=— T(exr[z/§3]—1)3|n2®, (93
Q33(2)=exf 2/ £,]1Q33 -0

+ %(1—exr{z/§2])(1+3 cos®), (9b)

g(z)= %(ex;{z/gl]—l)sinz(a. (90

From thisz dependence o;;, we can calculate the inter-
facial energyF, whose minima correspond to the anchoring

directions
0 F, 27QF  33QF = 3QuQadls—o
Fa= fwA_q dz_{ 128 1t g 27 g &2
. 3(Qadlz-0)® +9Q§
4 2° 32 °3
9Q2 9Q? 9QpQ33,-0

+(— 3 &+ 32 $2 5 &, | cos2

9Q7  27QF = 9Q}

(128 1+ 128 &r— 22 £3]cos40 ;. (10

4301

0.05

Q33

z=0

-0.05

N

0 0.5 1

/£

1.5 2 2.5 3
© (rad)

FIG. 9. Contour plot of the contributiotF, to the interfacial
energy as a function of the surface scalar order paran@®igs_,
and the anglé® of the bulk director with respect to treaxis.

C. Evolution of the threefold ordering

We proceed with the evolution of the threefold ordering
as with the nematic ordering. For this we need an order pa-
rameter describing this type of ordering and terms in the free
energy that determine the evolution of the components of
this order parameter as a function of

As an order parameter we take a traceless symmetric
third-rank tensor defined as

Qik(2)= j &&= V(& Oj+ & ik

+&6ij)11(6,¢,2)d). 11
Qijklz=0 has to satisfy the threefold symmetry of the surface
layer. Moreover, there is no spontaneous symmetry breaking
away from the surface and thus the tenQgj (z) conserves

the threefold symmetry it has in the surface layer for any
[31]. This threefold symmetry reduces the number of inde-
pendent nonvanishing of componentsQ@fyto three:

cos3p sire
Q1242)=—Q11(2)=— T> (12a

sin3¢ siné
Q2242)=—QuA2)=— — | (12b)

A contour plot of F,versus the surface scalar order param-

eter Qs4,-0 and the bulk tilt® shows that the preferred

orientations of the director are parali@=/2) or perpen-
dicular (®=0) to the surface depending @3 ,—o (Fig. 9.

B B _ /3co¥ cosH
Q2242) =Q1142) = = Qa35(2)/12= — 40 T 8

(129

The bulk director is parallel to the surface when the stability

condition9?F(®,Qzq|,—0)/902?| ¢ — >0 is satisfied, which
means thatQ;;|,—o<Qp[(2£3— &,— £1)/2£,]~0.0676. We
have found experimentally tha®sq|,— is always smaller

Q1oA2) andQ,,A2) describe the anisotropy in the plane and
depend on the ang# between thexz plane containing the
director and one of the mirror planesof the substrate sur-

than 0.02(see Fig. 8 this means that the planar anchoring is face. These components can be written as
stable, which corresponds to the experimental observation. In

the following we consider ony the ca&e=/2.

Q12Az)=cos3Vh(z), (133
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Q2242)= —sin3¥h(z). (13b J'O — 1h(2)2g(2)%dzcosB¥ =C,cos6¥. (19

— o

We construct an expansion of the free-energy density as a

function of Q;j in a way similar to the Landau-de Gennes - - _
expansion in the second-rank nematic order paran@gr gp()ze)ct?\?:I; (?hza\éit:):rﬁg %?ﬂ?h?g,_lgeigfgégn?e(rﬁ)’"ree at
¥=0 and 7/6, with a period of#/3. Whether one of the
extrema is a minimunicorresponding to an anchoring direc-
tion) or a maximum is determined by the sign of the coeffi-
(14)  cient C;. For a negative(positive C; this coupling term

) S . leads to anchoring directions parallglerpendicularto the
This free-energy density is minimal for a uniformly absentpirror planes of the substrate.
threefold ordering Qi = 9Qij/9z=0). _ _ The experimentally observed anchoring transitions corre-

We introduce the decay lengths of this ordering  spond to a change of the location of the minima of the cou-
=VA1/A; and &5= V(5N 1+3N;)/5A;. Because the evolu- pling term with the orientational order in the surface layer.
tion of this type of ordering has not been studied before, weyith the present term, this can only be obtained if the coef-
have no guessed values for these characteristic lengthicient C, changes sign as a function of the surface order.
These lengths, however, are expected to be much shortghis coefficientC,, however, is quadratic ih(z) and cubic
than the decay lengths of the nematic order since thig(z). Since the latter is independent of the surface order, this
SUrfaCE'induced Ordering doeS not nOI’ma"y occur in nemati%oup”ng term cannot give rise to any anchoring transition

3

Fa(2)= JE

Aq 5 N[ 9Qik 2 Ny [dQi3\?
> |2 Qi +7( z ) T2\ | |

liquid crystals. andC; cannot change sign as a function of the surface order.
Using Eqs(12) and(13) and the decay lengths andés,  The terms given by Eq(18) are obviously not relevant for
we can write the free energy as the anchoring behavior we observe and can thus be ne-
FA(2) glected.
7 ) . ) .
Zl = 2[N(2)2+ £2h" (2)2]+ 5] Quod 2) 2+ £2Qd 2)2]. We consider therefore higher-order coupling terms
(15 3

- . . . - QiijIaniijIQmenp: (203)
Minimizing this free energy and imposing the boundary con- biklmnp=1

ditions onQ;j at the substrate surface gives the solutions 5

h(z)=Q exd z/&,], (16) i o Qijk QimnQil QjmQkpQnp- (20b)
_ Qssdz-0 Performing the summation0) and not considering the
Q22d2)= y Szl 17 W-dependent terms yields, for both expressions,

where we defing{®)= 2+ z 0
Q= VQuadz-o* Quzdz-o f 1Q44(2)N(2)29(2)3dzcosBY = C,cos8¥.  (21)

D. Coupling between threefold and nematic order

So far, we have considered the threefold and nematic orl € amplitude of 200993”‘ Eq. (21) is determined, apart
derings to evolve independently from each other. In this secl’om the factorh(z)°g(2)”, by the componen®;4(2) of the
tion we add an interaction of the nematic ordering with thenematic order-parameter tensor. This facQg(z) can
threefold ordering, by introducing a coupling term in the freechange the sign o€, if Qs4l,-o varies and therefore give
energy. Such a coupling term is a rotational invariant confise to the anchoring transitions observed experimentally.
traction of the order-parameter tensors associated with dif- Performing the integration in Eq21) yields
ferent types of ordering. One can construct many coupling
terms with tensors of second and third rank. The question . —2—7Q3(Q(3))2 Qb§4+ 3Qpé1és 3Qpéiés
arises which term gives ¥ dependence of the free-energy 2 16 <P <A 4 4(&180)  2(&164)
expansion.

The lowest-order terms not involving any gradients and _ (Qo+2Qa3l,-0)826s 3(Qp+2Qsgl,-0)E16264
showing a¥ dependence are 2(2&,+€4) 2(2818,+ &164F £2864)
> _ 3(Qp+2Qadz—0)é12és
i'j'k’IZm’n:l Qijk QimnQij QuiQmn. (183 2(28,60+ Exéat EEs)
3 (Qpt 2Q33|z—0)§1§2§4] 22
- Qijk QimnQil QjmQxn - (18b) 2286182+ £a8a £264)

Since¢, is expected to be much smaller thgpand &,, we
Both terms have, apart from a constant terr¥, dependence perform a Taylor expansion of Eq22) in &,/& (i=1,2).
of the interfacial energy of the form After factorization, one gets
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_27 3 (3) §4 g
1_6Qb(QA )2 88 [Qb g (Y(2))= 4\/— Q3342), (260
&y &y
+Qzdz-0 1+3§ +2§ +0(&)|. (23

The first factor in Eq.(23) cannot change the sign &»;

1 /35
(YEB(Z»:_E\/;[lez(z)‘Hszz(Z)], (268

however, the second factor does change sign for a certain
value Q33 of Qa3 ,—o With

Q55= Qu1éal(£182— 3284 281£4)~Qpésl &, (26f)

(24)

3 1 /35 ]
Y3(Z)>:§ ?[lez(z)ﬂszz(Z)]-

Since we do not know the other coefficiek¥y"(z)), we

can only calculate that part of the expansionf¢9,$,z)
corresponding td=2,3, which we will denotd. f contains,
however, the two most important components of the ordering
for the anchoring behavior we want to describe. Sihds

Using our experimental results, we an now estimate thdiot the complete distribution function, it can take negative
range of&,. Since we find experimentally thasd,o is values. To facilitate a spherical representatlorf oive add

always smaller than 0.0(Fig. 8), Q5; must also be smaller for everyz a positive constant t&( ¢, ¢,z)in such a way that

than this limit, which means €£,<Q5:£,/Qp~0.4 nm  the minimum off(6, ¢,2)is zero.

(taking £,~10 nm andQ,=0.6). &, is indeed much smaller As an example of how evolves withz in the case of bulk
than &,; it corresponds to one layer of molecules orientedanchoring directions parallel and perpendicular to the pre-
parallel to the surface. As was anticipated, the surfaceferred orientations of the surface molecules, Fig. 10 shows
induced threefold order decays over a much smaller Iengtthe evolution off in 7CB for partial vapor pressures of
scale than the nematic ordering. P=0.2 and 0.75. For=0 Fig. 10 shows a distribution that
resembles the distributiorf(6,¢) determined with the
maximum-entropy method from the second-harmonic gen-
eration measurement§ig. 7) with the difference that the

present plot shows only the part of the distribution corre-
In the previous sections we have determined the evolutlogpondIng to(Y™(2)) components with =2,3.

of the order parameters of the nematic and threefold ordering
in the interfacial region. The components of these order pa-
rameters are simply related to the coefficients of the expan-
sion of the orientational distribution into spherical harmon-
ics:

The above coupling term thus gives rise to a reorientation
of the bulk director driven by an evolution of the nematic
order paramete®4,— o aroundQ$;. Values 0fQsq,— ¢ be-
low Q$; result in a director parallel to the surface mirror
planes. Above this critical valu®3; the director orients per-
pendicular to the mirror planes.

E. Evolution of the orientational distribution
in the interfacial region

F. Summary of theoretical results

Our theoretical description of the behavior of nematic lig-
uid crystals on a surface with a threefold symmetry leads to
the following predictions. The conventional Landau—de
Gennes model of the nematic order predicts that planar an-
choring of the bulk nematic phase occurs if the scalar nem-
atic order parameteQsq,— at the surface is smaller than
0.07. For values 0034 ,- larger than this limit, homeotro-
pic anchoring of the bulk phase is predicted. This is in agree-
ment with our experimental observations as the experimen-
tally measured surface order paramef@sg,—o did not
exceed this value of 0.07 and only planar anchorings were
observed. However, this model does not predict any pre-
ferred in-plane orientation for the bulk nematic liquid crystal.

f6.0.2=2 2 (YW(@)Y(6,6).

o0

(25

From our calculations, we know the spatial evolution of the
coefficients correspnoding tb=2,3 [the other coefficients

(Y"(2)),=,,zare zerg,

Y3(2))= \/i Qx3(2)
2 47T 33

(269 When the surface-induced threefold ordering is taken into
account and coupled to the nematic ordering, our calcula-
tions show that the bulk director has the choice between

1 /30 three energetically equivalent in-plane orientations: The an-
(Y, X2))=—(Y3(2))= 5\/; Qix(z),  (26b)  choring is tristable, as observed experimentally.

The bulk orientation can be either parallel or perpendicu-
lar to the surface mirror planes. Which case occurs is deter-
mined by the value 0Q34|,—¢. If Q34 ,- decreases from a
value larger than a certain threshdl§; to a value smaller
than Q%;, a first-order anchoring transition is induced at
which the bulk director changes from an orientation perpen-

1
<Y;2(z>>:<Y§(z>>:_g\f(sz() Qa2 >)'
(269
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dicular to an orientation parallel to the mirror planes of the
mica surface: This is what we have observed experimentally
in 50CB. In the cas®s4,- increases from below®s, to
above Q3%;, the reverse anchoring transition is induced,
which is what we have observed in 7CB.

The valueQsg,—o ¢ is related to the decay lengthy of
the threefold ordering. From the experimentally determined
(Q33,-0.=<0.02 we can estimate an upper limit for this
decay length: & ¢,<0.4 nm.

V. CONCLUSION

From the present study we can draw several conclusions
concerning the anchoring behavior of 50CB and 7CB on
phlogopite mica, and, more generally, the anchoring mecha-
nisms leading to multistable anchoring. Concerning the bulk
anchoring directions, we have observed that 50CB and 7CB
orient differently on phlogopite mica. In a dry atmosphere,
50CB orients perpendicular to the mirror planes of the mica
surface, whereas 7CB orients parallel to these planes. If wa-
ter vapor is added in the atmosphere surrounding the liquid
crystal, both liquid crystals exhibit an anchoring transition
where the bulk reorients in the plane parallel to the substrate.
After this transition, 50CB orients parallel to the surface
mirrror planes, while 7CB orients perpendicular to these
planes.

In contrast, the preferred alignment of the molecules in
the surface layer in direct contact with the substrate is essen
tially independent of the liquid crystal and the presence of
water vapor. The orientational distribution in the surface
layer always exhibits four peaks. One peak is oriented per-
pendicular to the substrate, the other three peaks are oriente
in the surface mirror planes on a cone of opening approxi-
mately 58° with respect to the surface normal.

The distribution of molecular orientations around these
preferred directions shows, however, some evolution when
the partial pressure of water in the atmosphere increases. It
both 50CB and 7CB, the in-plane anisotropy decreases. In
contrast, the tilt distribution varies in opposite ways in the
two compounds: The two order paramet€gs;;=(3 coy
+5 cosF)/20 andQq5=((3 cogh—1)/2) characterizing this
tilt distribution decrease in 50CB and increase in 7CB. This
opposite variation o333 and Q3 in these two compounds
can be put in parallel with the opposite variation of their bulk
anchoring transition induced by adding water vapor. This
strongly suggests that the in-plane reorientations of the bulk
liquid crystal at the anchoring transitions are due to changes
in the titlt distribution of the surface molecules instead of -
changes in their in-plane distribution. FIG. 10. Evolution of the functiori versus the distance with

These observations allow us to deduce an anchorinéespect of the surfadez=0,—2¢,, —4£,,—) for a bulk anchoring
mechanism by which a substrate with a threefold symmetnfiirection(a) parallel and(b) perpendicular to a mirror plane. &,
or higher can induce several definite in-plane anchoring dibas been set equal to 0.@16
rections on a bulk liquid crystal. This mechanism involves
two components of the orietational order: the uniaxial nem-
atic order existing in the bulk of the liquid crystal and the order at the surface are isotropic in the plane. The nematic
surface-induced order with the symmetry of the substrat@rder gets oriented in the surface plane by a coupling to the
surface found in the surface layer of the liquid-crystal mol-surface-induced order that exists over the narrow interfacial
ecules. This surface-induced order extends over a certain disegion where both the nematic and surface-induced orders
tance from the surface that is significantly shorter than there present.
coherence length of the nematic ordering. Because of the We have formalized this anchoring mechanism for the
surface symmetry, the boundary conditions on the nematicase of the phlogopite mica surface by extending the
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Landau—de Gennes theory to take into account the surfacéween orientations perpendicular and parallel to the mirror
induced threefold component of the orientational order. Byplanes of the mica surface.

introducing a term coupling the nematic order to the surface-
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