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Azimuthal anchoring of liquid crystals on surfaces with high symmetry

P. C. Schuddeboom and B. Je´rôme
FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

~Received 22 April 1997!

Substrates with a high in-plane symmetry~threefold or higher! induce 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 mica plates~exhibiting
a threefold symmetry! and 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.@S1063-651X~97!10910-2#

PACS number~s!: 61.30.Gd, 42.65.Ky, 64.70.Md
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I. INTRODUCTION

A nematic liquid crystal is characterized by long-ran
orientational order: The usually elongated molecules are
average all aligned in a preferred direction, given by
so-called director. The particular orientation of this direc
is imposed by the surfaces limiting the liquid crystal or~if
present! external fields. This phenomenon of orientation,
anchoring, of a liquid crystal by surfaces has been kno
nearly as long as have liquid crystals themselves, and num
ous substrates are being developed to achieve tailored a
ment patterns~see, for instance,@1–4#!; however, the mecha
nisms by which a surface can impose this orientation i
liquid-crystalline phase are not very well understood@5#.

Some progress has been made in recent years in the
derstanding of the anchoring on smooth surfaces such
rubbed polymer films@6–9# and mica@10–12#. In a liquid
crystal in contact with surfaces, one can distinguish differ
regions. Right at the surface of the substrate, there is a m
layer of molecules~the surface layer; see Fig. 1! in direct
interaction with the substrate. This interaction determines
orientational order of the surface layer, which therefore d
fers from the bulk order. As one moves away from the s
face, the orientational order thus evolves from that impo
by the surface to that of the bulk. This evolution takes pla
in the interfacial region~Fig. 1! and results in a nemati
phase with a definite orientation of the bulk director, call
the anchoring direction.

In the case of the substrates mentioned above, the anc
ing direction is fully determined by the nematic compone
of the orientational order in the surface layer@8–10#; this
surface nematic order is characterized by defining a sur
director as the average orientation of the surface molec
and a surface order parameter indicating the degree of a
ment of these molecules along the surface director. The e
lution of the orientational order in the interfacial region
well described using standard second-order Landau
561063-651X/97/56~4!/4294~12!/$10.00
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Gennes theory of the nematic phase, where the ancho
directions deduced from experimentally measured surf
orientational distributions agree quantitatively with the e
perimental observations. The anchoring direction has
same in-plane orientation as the surface director and its
with respect to the surface is determined by both the tilt
the surface director and the surface order parameter.

A common characteristic of the substrates studied so fa
that their surface has a mirror symmetry. Such a low sy
metry allows the director in the surface layer to be eith
tilted or parallel to the surface. The in-plane component
the surface director introduces an in-plane anisotropy in
orientational order, with respect to which the bulk can orie

The case of substrates with a threefold symmetry
higher @13# is different. On the one hand, they induce s
called multistable anchorings in which the bulk liquid crys
has the choice between several thermodynamically equ
lent anchoring directions@5#. On the other hand, such a sym
metry imposes the surface director to be perpendicular to
surface. This means that in terms of nematic ordering,
surface layer is isotropic in the plane of the surface. Acco
ing to the anchoring mechanism proposed so far for lo
symmetry surfaces, the bulk anchoring direction result

FIG. 1. Schematic representation of a liquid crystal in cont
with a substrate.
4294 © 1997 The American Physical Society
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from such an isotropic surface layer should have no prefe
in-plane orientation~degenerate anchoring! or be perpen-
dicular to the surface~homeotropic anchoring!. However,
most known examples of smooth substrates with high s
metry induce anchoring directions parallel to the substr
surface with definite in-plane orientations@14–19#. In this
paper we investigate the mechanism that induces these
ferred in-plane orientations on high-symmetry surfaces.

We have investigated the anchoring behavior of two
anobiphenyl liquid crystals~5OCB and 7CB! on phlogopite
mica crystals, whose surface exhibits a threefold symm
and induces tristable planar anchorings@19#. These systems
exhibit first-order anchoring transitions~i.e., discontinuous
changes in anchoring directions! when water vapor is adde
to the atmosphere surrounding the system@19#. These tran-
sitions have been attributed to the adsorption of water m
ecules at the interface between the liquid crystal and the m
surface, hence their name of ‘‘adsorption-induced’’ anch
ing transitions@6,7#. These transitions allow us to study di
ferent anchoring conditions in a given system and so to
the validity of the proposed anchoring mechanisms.

To investigate the anchoring behavior in these syste
we have used different experimental techniques~described in
Sec. II!. The anchoring directions induced by the substr
on the bulk liquid crystals have been observed using po
izing microscopy and the orientational distribution of t
liquid-crystal monolayer at the substrate surface has b
determined with optical second-harmonic generation. Th
measurements give a variation of the bulk anchoring dir
tions and the surface orientational distribution across an
choring transition occurring in the presence of water vap
Our results indicate that the bulk in-plane reorientation
served at the transition is due to changes in the tilt distri
tion of the surface molecules~Sec. III!. These observation
allow us to propose an anchoring mechanism for liquid cr
tals on highly symmetric surfaces. This mechanism can
modeled by extending the Landau–de Gennes theory
nematic liquid crystals to take into account the surface ord
ing that is imposed by the substrate~Sec. IV!. The correla-
tion between anchoring directions and surface orientatio
order predicted by this model is in agreement with the
perimental observations.

II. EXPERIMENTAL TECHNIQUES

A. Determination of bulk anchoring directions

The anchoring directions have been determined by de
iting a nematic droplet and letting it spread on the m
surface. This method is based on the selection of ancho
directions by the spreading conditions of a liquid crystal o
substrate. It has indeed been shown@18,20# that when a sub-
strate induces different possible anchoring directions, the
entation that is effectively taken by the liquid crystal depen
on the direction of the spreading flow and on the cont
angle between the free surface and the substrate.

During the spreading of a droplet, all the points of t
nematic-substrate interface are wet under different co
tions. The inside of the spread droplets is then divided i
several domains where different anchoring directions h
been selected. Moreover, the spreading is radial and the
tact angle evolves fromp when the droplet touches the su
d
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strate to zero when the droplet is completely spread. Th
fore, all the wetting conditions are explored by such
spreading process and all the anchoring directions indu
by the substrate are found in the droplet.

From the observation under a polarizing microscope
the texture of a nematic droplet spread on a substrate,
can deduce the following information@18,20#.

~i! The number of anchoring directions induced by t
substrate is half the number of domains with different orie
tations existing in the spread droplet.

~ii ! The azimuthal orientation of the projection of the a
choring directions in the substrate plane is determined by
observation of the extinction of the different domains b
tween crossed polarizers.

~iii ! The tilt of the anchoring directions is indicated by th
shape of the walls separating the domains with different
entations. In particular, planar anchorings with anchoring
rections parallel to the substrate lead to radial walls. This
however, true only for nematic liquid crystals, such as
ones used in the present study, having homeotropic anc
ing conditions at the nematic-air interface, i.e., when
molecules are perpendicular to this interface.

B. Determination of surface orientational order

The orientational distribution of the surface molecules h
been determined by optical second-harmonic generat
Since second-harmonic generation is forbidden in cen
symmetric media~in the electric-dipole approximation!, this
technique can specifically probe the polar ordering of a
anobiphenyl surface layer@21#. The theory of second-
harmonic generation by adsorbed species at substrate
faces and its application to the determination of t
orientational distribution of liquid crystal monolayers ha
already been described in Refs.@22,23#.

Here we restrict ourselves to some features specific to
experiments. The second-harmonic signal generated b
monolayer of liquid-crystal molecules is proportional
uxeffu2, wherexeff is an effective nonlinear susceptibility o
the monolayer dependent on the geometrical configura
used for the measurements@24#. xeff is a linear function of
the nonlinear dipolar susceptibilityx̄ of the liquid-crystal
monolayer that can be calculated from the second-order
larizability āD of one molecule. For liquid-crystal molecule
such as cyanobiphenyls,āD has one dominant elementajjj

D

along the long molecular axisĵ. Moreover, in our case, the
phlogopite mica surface with which the liquid-crystal mo
ecules interact has a threefold symmetry. The resulting s
ceptibility x̄ has only four independent nonvanishing com
ponents

x11152x1225
1
4 ^sin3u cos3f&Nsajjj

D , ~1a!

x11252x2225
1
4 ^sin3u sin3f&Nsajjj

D , ~1b!

x1135x2235
1
2 ^~cosu2cos3 u!&Nsajjj

D , ~1c!

x3335^cos3u&Nsajjj
D , ~1d!

where ~u,f! are the spherical coordinates defining the m
lecular axisĵ ~Fig. 2!. These components contain the info
mation about the surface orientational distribution that is
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4296 56P. C. SCHUDDEBOOM AND B. JE´ RÔME
cessible by second-harmonic generation. The values of
componentsx i jk can be obtained by measuringuxeffu2 as a
function of the in-plane rotation of the sample and of t
polarizations~out of the plane of incidence! or p~in the plane
of incidence! of the incoming and outgoing light beams. IfF
is the angle between the plane of incidence and one of
mirror planes of the substrate~Fig. 2!, the full expression of
xeff for the different polarization combinationss in p out; p
in, p out; p in, s out; ands in, s out is

xsp5@cos3Fx1222x222 sin3F#cosqLyy~v!2Lxx~2v!

1x223Lyy~v!2Lzz~2v!sinq, ~2a!

xpp5@sin3Fx2222cos3Fx122#cos3qLxx~v!2Lxx~2v!

1x223@Lxx~v!Lzz~2v!

22Lzz~v!Lxx~2v!#cos2q sinqLxx~v!

1x333Lzz~v!2Lzz~2v!sin3q, ~2b!

xps52@sin3Fx1221cos3Fx222#cos2qLxx~v!2Lyy~2v!,
~2c!

xss5@sin3Fx1221cos3Fx222#Lyy~v!2Lyy~2v!. ~2d!

q is the angle of the incident and outgoing beams with
spect to the surface normal~typically 45°! andLii (V) ~V5v
for the incident beam andV52v for the second-harmonic
signal! are local-field factors arising from the dielectric di
continuity of the surface. By fitting the experimental data
the different polarization configurations to these expressio
we obtain the values of the different momentsx122, x222,
x223, andx333 of the orientational distribution function. To
estimate the orientational distribution itself, we use t
maximum-entropy method@25#, which gives the widest dis
tribution compatible with the measured moments.

For the samples used in the present study, the sec
harmonic signal in thesp andpp polarization configurations
is much stronger than the signal in theps andss configura-
tions for which the second-harmonic signal produced by
mica substrate is not negligible with respect to that of a
anobiphenyl monolayer. Sincex̄ can be fully determined

FIG. 2. Reference frames~xyz! of the substrate surface an
~XYZ)of the laboratory.XZ is the incident plane of the laser bea
and xz is one of the mirror planes of the substrate surface. T
molecular axisĵ is defined with respect to the substrate axes by
spherical coordinates~u,f!.
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from the measurements ofxsp andxpp , we have only used
these two effective susceptibilities to calculatex̄.

We have performed our second-harmonic generation m
surements in reflection using a setup similar to that alre
described in Ref.@21#. The incident laser beam was gene
ated by a frequency-doubledQ-switched mode-locked
neodymium-doped yttrium aluminum garnet laser~Coherent
760!.

C. Samples

To prepare our samples we have used freshly clea
phlogopite mica as the substrate. A detailed description
the structure of mica can be found elsewhere@26#. Here we
give the important features that are necessary to unders
the experiments described in this article. Phlogopite mica
made of a stack of sheets and cleaves easily between t
sheets, which makes it possible to obtain an atomica
smooth surface free of steps. The surface of these sh
exhibits a threefold symmetry with three equivalent mirr
planess ~symmetry groupC3v!. The orientation of these
planes can be determined from the cracks formed in a m
plate after perforating it with a needle and that coincide w
the mirror planess @27#.

As liquid crystals, we have used two different substitut
cyanobiphenyls 7CB (NCFFC7H11) and 5OCB
(NCFFOC5H11). The first one exhibits a nematic phase b
tween 29.7 °C and 42.8 °C and the second one betw
48.2 °C and 67.6 °C@28#, with the possibility of supercool-
ing the nematic phase of the latter down to 25.0 °C.

For second-harmonic generation measurements, liq
crystal molecules were deposited onto a mica plate in
presence of a dry atmosphere by evaporating them fro
hot source located 1 mm above the mica plate and let
them condense onto the plate kept at room temperature.
deposition was monitored by measuring the seco
harmonic signal generated by the film. The signal first
creases with time and then abruptly saturates, indicating
a full monolayer has been formed@12#. The resulting second
harmonic signal is essentially independent of the amoun
liquid crystal deposited above this monolayer. This sho
that this monolayer is little affected by the presence or
sence of a bulk on top of it, as was already observed in o
systems@24#.

To study the effect of water vapor on the anchoring, t
samples were placed in a chamber with a controlled atm
sphere. The atmosphere composition was fixed by a s
lamellar flow of a mixture of dry nitrogen and nitrogen sat
rated with water vapor@29#. The composition of the atmo
sphere in the chamber can be characterized by the red
partial vapor pressurep̃5p/ps of water, which is the ratio of
the partial pressurep over the saturation vapor pressureps of
water vapor. Fixingp̃ corresponds to fixing the chemica
potential of water in the system.

III. EXPERIMENTAL RESULTS

A. Bulk anchoring directions

Both 5OCB and 7CB give spread droplets exhibiting
dial walls between domains of different orientations~Fig. 3!.
This means that the bulk orientation for both 5OCB and 7

e
e



re
20
it

n
n
C
s

icu

a
u
tic

-

t o
y
nc

f t
ac
b-
m

ne

ar-
de-
g to
e-
the

than

u-
or
x-
r-

up
one
ly

in

hen
lane
tal
ast

on
p

do nic
er

ain-

56 4297AZIMUTHAL ANCHORING OF LIQUID CRYSTALS ON . . .
is parallel to the surface@18,20#. The droplets contain six
domains; the bulk liquid crystal has the choice between th
possible anchoring directions separated by an angle of 1
as expected from the threefold symmetry of the phlogop
mica surface.

As the water vapor pressure increases, anchoring tra
tions are observed that are characterized by a bulk reorie
tion in the plane parallel to the substrate. 5OCB and 7
differ in the in-plane orientation of the anchoring direction
In an atmosphere of dry nitrogen, 5OCB orients perpend
lar to one of the mirror planess of the mica surface. When
water vapor is added, this system exhibits a first-order
choring transition at a given reduced partial vapor press
p̃1 of water. At this transition, the orientation of the nema
phase jumps abruptly to a direction parallel tos. In contrast,
7CB orients parallel tos in a dry atmosphere, while it ori
ents perpendicular tos after the anchoring transition.

B. Surface orientational order

Figures 4 and 5 show the polar plots of the square roo
the second-harmonic signal generated respectively b
monolayer of 5OCB and 7CB on phlogopite mica, as a fu
tion of the in-plane rotation angleF @Eq. ~2!# for different
partial water vapor pressures. In all cases, the shape o
plots shows a threefold symmetry, indicating that the surf
liquid-crystalline layer follows the symmetry of the su
strate. The maxima of the signal correspond to the sa

FIG. 3. Droplet of cyanobiphenyl liquid crystal deposited
phlogopite mica observed with a microscope between crossed
larizers. The bars indicate the bulk orientation in the different
mains.
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in-plane rotation for both 5OCB and 7CB, but the in-pla
anisotropy is stronger for 7CB.

The general trend in both sets of plots is that, as the p
tial pressure of water vapor is increased, the anisotropy
creases. Moreover, the maxima in the plots correspondin
the sp polarization configuration increase for 5OCB and d
crease for 7CB. All these changes are reversible provided
system has not been exposed to water vapor for more
approximately a day.

Figures 6 and 7 show the resulting orientational distrib
tion functions of the surface liquid-crystal molecules. F
both liquid crystals and for all pressures, the distribution e
hibits four peaks from which one is pointing downward, co
responding to molecules pointing with their cyano gro
away from the surface. The other three peaks lie on a c
around thez axis with an opening angle of approximate
58° and in the mirror planess of the substrate.

In agreement with the decrease of in-plane anisotropy
the second-harmonic signal~Figs. 4 and 5!, one observes in
these distributions that the width of the peaks increases w
the water vapor pressure increases. However, the in-p
orientation of the peaks is independent of the liquid crys
and of the composition of the atmosphere. This is in contr

o-
- FIG. 4. Polar plots of the square root of the second-harmo
signal versus the angleF between the incidence plane of the las
beam and one of the mirror planess of the mica surface for a
5OCB film deposited on phlogopite mica in an atmosphere cont
ing water vapor with~a! p̃50, ~b! p̃50.4, and~c! p̃50.75. The data
points correspond to an average of the signal over 1200Q-switch
laser pulses. The solid lines are fits to the data points using Eq.~2!.
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with the strong variations of the bulk anchoring directions
these parameters.

To quantify the detailed evolution of the surface orien
tional order with water vapor pressure, we have calcula

FIG. 5. Same as Fig. 4, but for 7CB with~a! p̃50, ~b! p̃50.4,
and ~c! p̃50.75.
-
d

the evolution of the different order parameters characteriz
the surface orientational order. The number of independ
order parameters can be reduced to three: two parameter
the threefold component of the ordering,

Q111K cos3f sin3u

4 L ,

Q333K 3 cosu

20
1

cos3u

4 L ,

and one parameter characterizing the nematiclike unia
ordering,

Q335 K 3 cos2u21

2 L .

Q111 is associated with the anisotropic in-plane ordering a
Q333 is a measure of the up-down asymmetry along the s
face normal.Q33 is the usual scalar order parameter of t
nematic order indicating how well the molecules are align
along the surface normal. In both liquid-crystalline com
pounds, the value ofQ111 increases with increasing vapo
pressure, while the values ofQ333 andQ33 decrease in 5OCB
and increase in 7CB, with, in both cases, a change of sign
Q33 ~Fig. 8!.

C. Interpretation of experimental results

From the above experimental results, we can draw sev
conclusions concerning the anchoring behavior of cyano
phenyl molecules on phlogopite mica. First of all, the surfa
layer of liquid-crystalline molecules exhibits the symmet
of the substrate surface, namely, a threefold symmetry. T
is shown by the measured second-harnomic signal~Figs. 4
and 5!. However, these measurements cannot exclude
presence of a small asymmetry between the peaks of
orientational distribution, which would be hidden by statis
pite
FIG. 6. Evolution of the orientational distributionf (u,f) in a monolayer of 5OCB liquid-crystal molecules on a substrate of phlogo
mica, for different partial water vapor pressures~a! p̃50, ~b! p̃50.4, and~c! p̃50.75.
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FIG. 7. Same as Fig. 6, but for 7CB different partial water vapor pressures~a! p̃50, ~b! p̃50.4, and~c! p̃50.75.
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cal errors in the second-harmonic generation measurem
This possibility can be excluded by considering the fact t
both liquid crystals used in our study orient in the bulk p
pendicular to the surface-preferred molecular orientati
under the appropriate water vapor pressure. If there was
asymmetry making one of the peaks in the surface orie
tional distribution larger than the others, the bulk would ne
essarily orient along this direction and the bulk anchor
directions would always be parallel to the preferred orien
tions of the surface molecules.

Second, we find that the difference in the in-plane orie
tation of the bulk anchoring directions that is observed

FIG. 8. Surface order parameters versus the reduced water v
pressurep̃ for 5OCB and 7CB:Q111, Q333, andQ33.
ts.
t

-
s
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tween 5OCB and 7CB, before and after the anchoring tr
sitions, is not due to a difference in the preferred in-pla
orientation of the surface molecules. This is in contrast
what was found on muscovite mica@11,12#. By considering
the evolution of the order parameterQ111 in the surface layer
~which is related to the in-plane width of the peaks of t
orientational distribution!, it seems unlikely that the bulk ori
entation is affected by the in-plane distribution of the surfa
molecules:Q111 increases with increasing water vapor pre
sure in both 7CB and 5OCB, while the bulk anchoring dire
tions vary in the opposite ways in these two compoun
Such an opposite behavior of 5OCB and 7CB is found in
evolution of the two order parametersQ333 andQ33 charac-
terizing the tilt distribution of the surface molecules. Th
strongly suggests that the in-plane orientation of the b
director is determined by the tilt distribution of the surfa
molecules. In particular, the in-plane rotation of the bu
orientation occurring at the anchoring transition induced
the addition of water vapor appears to be driven by chan
in the surface tilt distribution.

IV. THEORETICAL DESCRIPTION

In this section we develop a theoretical model account
for our experimental observations of the anchoring behav
of cyanobiphenyl liquid crystals on phlogopite mica. Starti
from these observations, we derive a possible ancho
mechanism by which the bulk liquid crystal adopts the o
served definite anchoring directions in the plane of the s
face. We then formalize this mechanism by extending
Landau–de Gennes theory to take into account the spe
ordering induced by the substrate close to its surface.

A. Principles

On the one hand, the second-harmonic generation exp
ments have shown that the orientational ordering in the s
face layer of molecules in contact with the mica surface
hibits the same symmetry as the substrate, namely

por
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4300 56P. C. SCHUDDEBOOM AND B. JE´ RÔME
threefold symmetry. On the other hand, the orientational
dering of the bulk nematic liquid crystal is uniaxial. The
are therefore two components of the molecular orientatio
order that play a role at the interface: the nematic order
and the surface-induced threefold ordering. The threefold
dering disappears as one moves away from the surface
into the bulk. The degree of nematic order is low in t
surface layer, as shown by the low values of the surf
order parameterQ33; this nematic order grows as one mov
into the bulk.

The director in the bulk of the liquid crystal has thre
preferred orientations parallel to the substrate surface, e
parallel or perpendicular to the mirror planes of this surfa
~depending on the system considered!. However, in the sur-
face layer the in-plane symmetry of the orientational or
imposes the director to be perpendicular to the substrate
face. This means that the boundary conditions of the nem
order are isotropic in the plane. Therefore, the nematic o
cannot orient its director in a particular in-plane direction
itself, as it grows in the interfacial region. It needs to get
orientation from the only source of anisotropy in the boun
ary conditions, which is the component of the order with
threefold symmetry. This implies that the nematic and
threefold component of the orientational order have to
coupled. Considering the correlation that we find experim
tally between the tilt distribution of the molecules in th
surface layer and the in-plane orientation of the bulk dir
tor, this coupling between nematic and threefold orien
tional order must be such that changes in the surface
distribution can induce an in-plane reorientation of the b
director.

In the following sections we model this anchoring mech
nism and the evolution of the orientational order from t
surface layer towards the bulk using a Landau type of
scription. We introduce two different order parameters
scribing the two different types of ordering involved in th
anchoring process. These order parameters characteriz
degree of ordering as well as the overall orientation of
corresponding orientational distributions. They are theref
tensors, of second rank for the nematic order@Eq. ~3!# and
third rank for the threefold order@Eq. ~11!#.

The evolution of the orientational order in the interfac
region is determined by the set of trajectories of the or
parameters for which the free energy is minimal. We use
expansion of the free energy of the system in these o
parameters of the formF tot5F21F31FC . F2 is the contri-
bution associated with the nematic ordering, given by
Landau–de Gennes theory@30# @see Eq.~7!#. F3 is the con-
tribution associated with the threefold ordering. We write
as a development in the third-rank order-parameter tenso
the spirit of the Landau–de Gennes free energy@Eq. ~14!#.
The effect of the threefold ordering on the nematic orde
taken into account by introducing the coupling termFC writ-
ten as a contraction of the two considered order-param
tensors@Eq. ~21!#.

The influence of the coupling termFC on the evolution of
the nematic and threefold order is considered to be smal
our calculations we therefore treat the evolution of these
ferent types of order independently~in Secs. IV B and IV C
for the nematic and threefold order, respectively! and the
coupling term as a perturbation~Sec. IV D!.
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B. Evolution of the nematic ordering

To describe the nematic order in the framework of t
Landau–de Gennes theory, we define thez-dependent order-
parameter tensor~see@30#!

Qi j ~z!5^ 1
2 ~3j ij j2d i j !&5 1

2 E 3j ij j f ~u,f,z!dV2d i j ,

~3!

where ĵ is the molecular orientation
(2cosf sinu,sinf sinu,cosu), f (u,f,z) is the distribution of
these molecular orientations at distancez from the surface,
and dV5sinu du df is an elementary solid angle. W
choose for convenience the frame of reference~x̂ŷẑ! in such
a way that the director stays in thex̂ẑ plane. In that caseQi j
can be written as

F 2Q222Q33 0 Q13

0 Q22 0

Q13 0 Q22

G . ~4!

In the bulk this order parameter has the form

F Qb~123 cos2Q!

4
0

3Qbsin2Q

4

0 2
Qb

2
0

3Qbsin2Q

4
0

Qb~113 cos2Q!

4

G , ~5!

whereQ is the angle between the bulk director and thez axis
perpendicular to the substrate surface andQb is the bulk
scalar order parameter~approximately 0.6!. At the surface
Qi j takes the form

F 2Q33uz50

2
0 0

0 2
Q33uz50

2
0

0 0 Q33uz50

G . ~6!

In this case, the director is perpendicular to the surface.
The Landau–de Gennes free-energy density associ

with the nematic ordering can be written as@30#

F2~z!5 (
i , j 51

3 FAq

2
~Qi j 2Qb,i j !

21
l 1

2 S ]Qi j

]z D 2

1
l 2

2 S ]Qi3

]z D 2G ,
~7!

where summation over repeated indices is assumed.
free-energy density is minimal whenQi j 5Qb,i j and
]Qi j /]z50, i.e., for a uniformly ordered bulk. It is nonzer
only in the interfacial region; its integration over the sem
infinite space occupied by the liquid crystal~z,0! yields the
interfacial energy.

We insert Eqs.~4! and ~5! in the free-energy expansio
~7! and perform for convenience the substitutiong(z)
52Q22(z)1Q33(z). We also introduce constants that are r
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lated to the characteristic decay lengths of the compon
Qi j : j15Al 1 /Aq, j25A(3l 112l 2)/3Aq, and j3

5A(2l 11 l 2)/2Aq. For numerical calculations we use th
same value for the constantsl 1, l 2, andAq as in @10#: l 1 / l 2
52/5 andAq / l 250.01 nm22. F2(z) can now be written as

F2~z!

Aq
5

3

4
Qb

22
3

2
Q13~z!Qbsin2Q1Q13~z!21Q13~z!82j3

2

2
3Qb

8
~113 cos2Q!Q33~z!1

3Q33~z!2

4

1
3Q33~z!82

4
j2

21
3

8
Qb~12cos2Q!g~z!1

g~z!2

4

1
g~z!82

4
j1

2. ~8!

By solving the corresponding Euler-Lagrange equations w
Eqs.~5! and~6! as boundary conditions for, respectively, t
bulk ~ z52`! the and surface layer~ z50), we find

Q13~z!52
3Qb

4
~exp@z/j3#21!sin2Q, ~9a!

Q33~z!5exp@z/j2#Q33uz50

1
Qb

4
~12exp@z/j2# !~113 cos2Q!, ~9b!

g~z!5
3Qb

2
~exp@z/j1#21!sin2Q. ~9c!

From thisz dependence ofQi j , we can calculate the inter
facial energyF2 whose minima correspond to the anchori
directions

F25E
2`

0 F2

Aq
dz5H 27Qb

2

128
j11

33Qb
2

128
j22

3QbQ33uz50

8
j2

1
3~Q33uz50!2

4
j21

9Qb
2

32
j3

1S 2
9Qb

2

32
j11

9Qb
2

32
j22

9QbQ33uz50

8
j2D cos2Q

1S 9Qb
2

128
j11

27Qb
2

128
j22

9Qb
2

32
j3D cos4QJ . ~10!

A contour plot ofF2versus the surface scalar order para
eter Q33uz50 and the bulk tiltQ shows that the preferre
orientations of the director are parallel~Q5p/2! or perpen-
dicular ~Q50! to the surface depending onQ33uz50 ~Fig. 9!.
The bulk director is parallel to the surface when the stabi
condition]2F(Q,Q33uz50)/]Q2uQ5p/2.0 is satisfied, which
means thatQi j uz50,Qb@(2j32j22j1)/2j2#'0.0676. We
have found experimentally thatQ33uz50 is always smaller
than 0.02~see Fig. 8!; this means that the planar anchoring
stable, which corresponds to the experimental observation
the following we consider ony the caseQ5p/2.
ts
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C. Evolution of the threefold ordering

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

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

Qi jk~z!5E @j ij jjk21/5~j id jk1j jd ik

1jkd i j !# f ~u,f,z!dV. ~11!

Qi jk uz50 has to satisfy the threefold symmetry of the surfa
layer. Moreover, there is no spontaneous symmetry brea
away from the surface and thus the tensorQi jk(z)conserves
the threefold symmetry it has in the surface layer for anz
@31#. This threefold symmetry reduces the number of ind
pendent nonvanishing of components ofQi jk to three:

Q122~z!52Q111~z!52 K cos3f sin3u

4 L , ~12a!

Q222~z!52Q112~z!52 K sin3f sin3u

4 L , ~12b!

Q223~z!5Q113~z!52Q333~z!/252 K 3 cosu

40
1

cos3u

8 L .

~12c!

Q122(z) andQ222(z) describe the anisotropy in the plane a
depend on the angleC between thex̂ẑ plane containing the
director and one of the mirror planess of the substrate sur
face. These components can be written as

Q122~z!5cos3Ch~z!, ~13a!

FIG. 9. Contour plot of the contributionF2 to the interfacial
energy as a function of the surface scalar order parameterQ33uz50

and the angleQ of the bulk director with respect to thez axis.
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Q222~z!52sin3Ch~z!. ~13b!

We construct an expansion of the free-energy density a
function of Qi jk in a way similar to the Landau–de Genn
expansion in the second-rank nematic order parameter@32#:

F3~z!5 (
i , j ,k51

3 FA1

2
~Qi jk !21

l1

2 S ]Qi jk

]z D 2

1
l2

2 S ]Qi j 3

]z D 2G .
~14!

This free-energy density is minimal for a uniformly abse
threefold ordering (Qi jk5]Qi jk /]z50).

We introduce the decay lengths of this ordering:j4

5Al1 /A1 and j55A(5l113l2)/5A1. Because the evolu
tion of this type of ordering has not been studied before,
have no guessed values for these characteristic leng
These lengths, however, are expected to be much sh
than the decay lengths of the nematic order since
surface-induced ordering does not normally occur in nem
liquid crystals.

Using Eqs.~12! and~13! and the decay lengthsj4 andj5,
we can write the free energy as

F3~z!

A1
52@h~z!21j4

2h8~z!2#15@Q223~z!21j5
2Q2238 ~z!2#.

~15!

Minimizing this free energy and imposing the boundary co
ditions onQi jk at the substrate surface gives the solution

h~z!5QA
~3! exp@z/j4#, ~16!

Q223~z!52
Q333uz50

2
exp@z/j5#, ~17!

where we defineQA
(3)5AQ122uz50

2 1Q222uz50
2 .

D. Coupling between threefold and nematic order

So far, we have considered the threefold and nematic
derings to evolve independently from each other. In this s
tion we add an interaction of the nematic ordering with t
threefold ordering, by introducing a coupling term in the fr
energy. Such a coupling term is a rotational invariant c
traction of the order-parameter tensors associated with
ferent types of ordering. One can construct many coup
terms with tensors of second and third rank. The ques
arises which term gives aC dependence of the free-energ
expansion.

The lowest-order terms not involving any gradients a
showing aC dependence are

(
i , j ,k,l ,m,n51

3

Qi jkQlmnQi j QklQmn , ~18a!

(
i , j ,k,l ,m,n51

3

Qi jkQlmnQil QjmQkn . ~18b!

Both terms have, apart from a constant term, aC dependence
of the interfacial energy of the form
a

t

e
hs.
ter
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ic

-
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d

E
2`

0

2 1
2 h~z!2g~z!3dzcos6C5C1cos6C. ~19!

g(z) and h(z) have been defined in Eqs.~9c! and ~16!, re-
spectively. The extrema of thisC-dependent term lie a
C50 and p/6, with a period ofp/3. Whether one of the
extrema is a minimum~corresponding to an anchoring dire
tion! or a maximum is determined by the sign of the coe
cient C1. For a negative~positive! C1 this coupling term
leads to anchoring directions parallel~perpendicular! to the
mirror planes of the substrate.

The experimentally observed anchoring transitions co
spond to a change of the location of the minima of the c
pling term with the orientational order in the surface lay
With the present term, this can only be obtained if the co
ficient C1 changes sign as a function of the surface ord
This coefficientC1, however, is quadratic inh(z) and cubic
g(z). Since the latter is independent of the surface order,
coupling term cannot give rise to any anchoring transit
andC1 cannot change sign as a function of the surface ord
The terms given by Eq.~18! are obviously not relevant fo
the anchoring behavior we observe and can thus be
glected.

We consider therefore higher-order coupling terms

(
i , j ,k,l ,m,n,p51

3

Qi jkQlmnQi j QklQmpQnp , ~20a!

(
i , j ,k,l ,m,n,p51

3

Qi jkQlmnQil QjmQkpQnp . ~20b!

Performing the summations~20! and not considering the
C-dependent terms yields, for both expressions,

E
2`

0
1
2 Q33~z!h~z!2g~z!3dzcos6C5C2cos6C. ~21!

The amplitude of cos6C in Eq. ~21! is determined, apar
from the factorh(z)2g(z)3, by the componentQ33(z) of the
nematic order-parameter tensor. This factorQ33(z) can
change the sign ofC2 if Q33uz50 varies and therefore give
rise to the anchoring transitions observed experimentally

Performing the integration in Eq.~21! yields

C25
27

16
Qb

3~QA
~3!!2H Qbj4

4
1

3Qbj1j4

4~j1j4!
2

3Qbj1j4

2~j1j4!

2
~Qb12Q33uz50!j2j4

2~2j21j4!
2

3~Qb12Q33uz50!j1j2j4

2~2j1j21j1j41j2j4!

2
3~Qb12Q33uz50!j1j2j4

2~2j1j21j1j41j2j4!

1
~Qb12Q33uz50!j1j2j4

2~2j1j21j1j41j2j4! J . ~22!

Sincej4 is expected to be much smaller thanj1 andj2, we
perform a Taylor expansion of Eq.~22! in j4 /j i ~i 51,2!.
After factorization, one gets
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C25
27

16
Qb

3~QA
~3!!2

3j4
4

8j1
3 FQb

j4

j2

1Q33uz50S 2113
j4

j1
12

j4

j2
D1O~j4

2!G . ~23!

The first factor in Eq.~23! cannot change the sign ofC2;
however, the second factor does change sign for a ce
valueQ33

c of Q33uz50 with

Q33
c 5Qbj1j4 /~j1j223j2j422j1j4!'Qbj4 /j2 .

~24!

The above coupling term thus gives rise to a reorienta
of the bulk director driven by an evolution of the nema
order parameterQ33uz50 aroundQ33

c . Values ofQ33uz50 be-
low Q33

c result in a director parallel to the surface mirr
planes. Above this critical valueQ33

c the director orients per
pendicular to the mirror planes.

Using our experimental results, we an now estimate
range ofj4. Since we find experimentally thatQ33uz50 is
always smaller than 0.02~Fig. 8!, Q33

c must also be smalle
than this limit, which means 0<j4<Q33

c j2 /Qb'0.4 nm
~taking j2'10 nm andQb50.6). j4 is indeed much smalle
than j2; it corresponds to one layer of molecules orient
parallel to the surface. As was anticipated, the surfa
induced threefold order decays over a much smaller len
scale than the nematic ordering.

E. Evolution of the orientational distribution
in the interfacial region

In the previous sections we have determined the evolu
of the order parameters of the nematic and threefold orde
in the interfacial region. The components of these order
rameters are simply related to the coefficients of the exp
sion of the orientational distribution into spherical harmo
ics:

f ~u,f,z!5(
l 50

`

(
m52 l

l

^Yl
m~z!&Yl

m~u,f!. ~25!

From our calculations, we know the spatial evolution of t
coefficients correspnoding tol 52,3 @the other coefficients
^Yl

m(z)&u l 52,3are zero#,

^Y2
0~z!&5A 5

4p
Q33~z!, ~26a!

^Y2
21~z!&52^Y2

1~z!&5
1

6
A30

p
Q13~z!, ~26b!

^Y2
22~z!&5^Y2

2~z!&52
1

6
A30

p S Q22~z!1
Q33~z!

2 D ,

~26c!
in

n

e

-
th

n
g

a-
n-
-

^Y3
0~z!&5

35

4A7p
Q333~z!, ~26d!

^Y3
23~z!&52

1

2
A35

p
@Q122~z!1 iQ222~z!#, ~26e!

^Y3
3~z!&5

1

2
A35

p
@Q122~z!2 iQ222~z!#. ~26f!

Since we do not know the other coefficients^Yl
m(z)&, we

can only calculate that part of the expansion off (u,f,z)
corresponding tol 52,3, which we will denotef̃ . f̃ contains,
however, the two most important components of the order
for the anchoring behavior we want to describe. Sincef̃ is
not the complete distribution function, it can take negat
values. To facilitate a spherical representation off̃ , we add
for everyz a positive constant tof̃ (u,f,z)in such a way that
the minimum of f̃ (u,f,z)is zero.

As an example of howf̃ evolves withz in the case of bulk
anchoring directions parallel and perpendicular to the p
ferred orientations of the surface molecules, Fig. 10 sho
the evolution of f̃ in 7CB for partial vapor pressures o
p̃50.2 and 0.75. Forz50 Fig. 10 shows a distribution tha
resembles the distributionf (u,f) determined with the
maximum-entropy method from the second-harmonic g
eration measurements~Fig. 7! with the difference that the
present plot shows only the part of the distribution cor
sponding tô Yl

m(z)& components withl 52,3.

F. Summary of theoretical results

Our theoretical description of the behavior of nematic l
uid crystals on a surface with a threefold symmetry leads
the following predictions. The conventional Landau–
Gennes model of the nematic order predicts that planar
choring of the bulk nematic phase occurs if the scalar ne
atic order parameterQ33uz50 at the surface is smaller tha
0.07. For values ofQ33uz50 larger than this limit, homeotro-
pic anchoring of the bulk phase is predicted. This is in agr
ment with our experimental observations as the experim
tally measured surface order parameterQ33uz50 did not
exceed this value of 0.07 and only planar anchorings w
observed. However, this model does not predict any p
ferred in-plane orientation for the bulk nematic liquid cryst
When the surface-induced threefold ordering is taken i
account and coupled to the nematic ordering, our calcu
tions show that the bulk director has the choice betwe
three energetically equivalent in-plane orientations: The
choring is tristable, as observed experimentally.

The bulk orientation can be either parallel or perpendi
lar to the surface mirror planes. Which case occurs is de
mined by the value ofQ33uz50. If Q33uz50 decreases from a
value larger than a certain thresholdQ33

c to a value smaller
than Q33

c , a first-order anchoring transition is induced
which the bulk director changes from an orientation perp
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dicular to an orientation parallel to the mirror planes of t
mica surface: This is what we have observed experiment
in 5OCB. In the caseQ33uz50 increases from belowQ33

c to
above Q33

c , the reverse anchoring transition is induce
which is what we have observed in 7CB.

The valueQ33uz50,c is related to the decay lengthj4 of
the threefold ordering. From the experimentally determin
(Q33uz50,c<0.02! we can estimate an upper limit for th
decay length: 0<j4<0.4 nm.

V. CONCLUSION

From the present study we can draw several conclus
concerning the anchoring behavior of 5OCB and 7CB
phlogopite mica, and, more generally, the anchoring mec
nisms leading to multistable anchoring. Concerning the b
anchoring directions, we have observed that 5OCB and 7
orient differently on phlogopite mica. In a dry atmosphe
5OCB orients perpendicular to the mirror planes of the m
surface, whereas 7CB orients parallel to these planes. If
ter vapor is added in the atmosphere surrounding the liq
crystal, both liquid crystals exhibit an anchoring transiti
where the bulk reorients in the plane parallel to the substr
After this transition, 5OCB orients parallel to the surfa
mirrror planes, while 7CB orients perpendicular to the
planes.

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

The distribution of molecular orientations around the
preferred directions shows, however, some evolution w
the partial pressure of water in the atmosphere increase
both 5OCB and 7CB, the in-plane anisotropy decreases
contrast, the tilt distribution varies in opposite ways in t
two compounds: The two order parametersQ3335^3 cosu
15 cos3u&/20 andQ335^(3 cos2u21)/2& characterizing this
tilt distribution decrease in 5OCB and increase in 7CB. T
opposite variation ofQ333 andQ33 in these two compound
can be put in parallel with the opposite variation of their bu
anchoring transition induced by adding water vapor. T
strongly suggests that the in-plane reorientations of the b
liquid crystal at the anchoring transitions are due to chan
in the titlt distribution of the surface molecules instead
changes in their in-plane distribution.

These observations allow us to deduce an ancho
mechanism by which a substrate with a threefold symme
or higher can induce several definite in-plane anchoring
rections on a bulk liquid crystal. This mechanism involv
two components of the orietational order: the uniaxial ne
atic order existing in the bulk of the liquid crystal and th
surface-induced order with the symmetry of the substr
surface found in the surface layer of the liquid-crystal m
ecules. This surface-induced order extends over a certain
tance from the surface that is significantly shorter than
coherence length of the nematic ordering. Because of
surface symmetry, the boundary conditions on the nem
ly
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order at the surface are isotropic in the plane. The nem
order gets oriented in the surface plane by a coupling to
surface-induced order that exists over the narrow interfa
region where both the nematic and surface-induced ord
are present.

We have formalized this anchoring mechanism for t
case of the phlogopite mica surface by extending

FIG. 10. Evolution of the functionf̃ versus the distancez with
respect of the surface~ z50,22j4,24j4,2`! for a bulk anchoring
direction ~a! parallel and~b! perpendicular to a mirror planes. j4

has been set equal to 0.016j2.
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Landau–de Gennes theory to take into account the surf
induced threefold component of the orientational order.
introducing a term coupling the nematic order to the surfa
induced order in the free energy, we can account for all
bulk anchoring directions we have observed in 5OCB a
7CB using as the boundary conditions the experiment
measured orientational distributions in the surface layer
particular, the observed variation ofQ33 at the surface in-
duces opposite anchoring transitions in 5OCB and 7CB
ur

,

b
ta
to

he
e
o

lity

q.
e-
y
-
e
d
ly
n

e-

tween orientations perpendicular and parallel to the mir
planes of the mica surface.
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@5# B. Jérôme, Rep. Prog. Phys.54, 391 ~1991!.
@6# W. Chen, M. Feller, and Y. Shen, Phys. Rev. Lett.63, 2665

~1989!.
@7# M. Barmentlo, R. J. Hollering, and N. A. J. M. van Aerle

Phys. Rev. A46, R4490~1992!.
@8# D. Johannsmannet al., Phys. Rev. E48, 1889~1993!.
@9# X. Zhuang, L. Marrucci, and Y. R. Shen, Phys. Rev. Lett.73,

1513 ~1994!.
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@29# P. Pieranski and B. Je´rôme, Phys. Rev. A40, 317 ~1989!.
@30# P. de Gennes, Mol. Cryst. Liq. Cryst.12, 193 ~1971!.
@31# We have also calculated the evolution of the tensorQi jk in the

general case wihtout imposinga priori a threefold symmetry at
any z. As expected, if we impose on this general solution t
boundary conditions atz50 with the threefold of the surface
layer, the tensorQi jk conserves this threefold symmetry fo
any z.

@32# In principle, other gradient terms should be added to our
pression ofF3. However, each of these terms is associa
with an unknown coefficient. Since we focus on the effect
the coupling between nematic and threefold order, we keep
number of gradient terms~and therefore unknown parameter!
limited.


