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INTRODUCTION

1.1 Liquid crystals

Liquid crystals combine the flow properties of liquids with the optical properties of crys-
tals. This ambivalence is not only responsible for their name, but also for their wide
use in electro-optical devices. The first observations of this combination of a prior: an-
tagonistic properties date back to the 1850’s. Two biologists R. Virchow and C. F. von
Mettenheimer found it in the myelin of nerve core using polarized microscopy. Subse-
quently, a large number of other animal and plant substances showed the same behavior
and were given the name of “living crystals”.

The official discovery of liquid crystals is however dated 1888 and attributed to
Friedrich Reinitzer and Otto Lehmann. In the course of their study of cholesterol
derivates, Lehmann wrote: “It is of high interest for the physicist that crystals exist
which are of such considerable softness that one could almost call them liquid”. Soon
thereafter he obviously thought that the word “almost” was too conservative and wrote
his famous article entitled: “Uber fliessende Krystalle”[1].

It did not take long before it was noticed that liquid crystals had another property
of crystals, namely that they could be aligned by contact with another crystal. Starting
from 1911, C. Mauguin made several observations of the orientation of liquid crystals
by crystalline surfaces [2, 3]. He also noted that liquid crystals did not take a preferred
in-plane orientation on glass plates [4]. Somewhat later, P. Chatelain showed that by
rubbing the glass plates in a given rubbing direction, this isotropy is broken and the liquid
crystal aligns along the rubbing direction [5]. However the systematic development of
such surface treatments for the alignment of liquid crystals only started in the 1970’s,

and the number of known aligning surfaces is huge by now [6]. It is also in that period



10 Introduction

that appeared the name “anchoring” given to the phenomenon of orientation of liquid
crystals by surfaces.

This sudden interest for alignment surfaces was triggered by the development of one
of the major applications of liquid crystals: the nematic liquid crystal display [7]. The
first successful example of LCD, the Twisted Nematic display, was patented in 1969 by
J. Fergason and its principle described by M. Schadt and W. Helfrich [8]. This principle
is based on two earlier discoveries. The first one is due again to C. Mauguin who had
observed that by putting a liquid crystal in a cell limited by two surfaces inducing
different orientations, the optical axis of the liquid crystal rotated smoothly between
these two orientations as one moves from one surface to the other [2-4]. He had also
found that if this evolution takes place over a length scale much larger than the optical
wavelength, the polarization of a light beam initially parallel to the liquid crystalline
axis at the entrance surface of the cell rotates with the liquid crystalline axis as the
beam propagates through the cell [9]. This means that if the cell is sandwiched between
two polarizers oriented respectively along the optical axis of the liquid crystal at each

surface, the cell transmits light and appears clear (Fig. 1.1).

TRANSMITTING STATE NONTRANSMITTING STATE

GLASS

NEMATIC g NEMATIC

LIQUID P POLARIZER :
o . LiQuID
bl CRYSTAL

FIGURE 1.1 Schematic representation of a liquid crystal display cell in

the transmitting state (left) and the dark state (right).

The other important discovery for the development of switchable displays is due to
V. Freedericksz in the 1930’s. He showed that the orientation of a liquid crystal can
be deformed in the bulk of a cell by applying a strong enough electric field [10]. This

effect is used to obtain the dark state of a display: an electric field is applied across
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the cell by transparent electrodes coated on the surfaces, which destroys the twist of
the optical axis in the cell (Fig. 1.1). The polarization of an in-coming beam does not
rotate anymore in the cell and light is stopped by the output polarizer; the cell does not
transmit light anymore.

In parallel to the development of applications of liquid crystals, a lot of fundamental
research has been and is still performed on these materials. The softness of their order
and the wide variety of the type of order they exhibit make them ideal model systems
to study the ordering or disordering effect of various factors, such as fluctuations, ex-
ternal fields, surfaces, or confinement. In all cases, a full understanding of the observed
phenomena requires the understanding of the behavior of the molecules constitutive of
the studied materials. The basis of this microscopic understanding was layed down by
George Friedel who introduced the idea of orientational order and proposed a classifi-
cation scheme of the different liquid crystalline phases known at that time (nematic,
smectic and cholesteric) based on their structure [11].

In comparison the study of the surface behavior of liquid crystals at a molecular
level is very recent. Its development had to wait for the appearance in the 1980’s of
experimental techniques able to study this molecular behavior (atomic force and scanning
tunneling microscopy, second-harmonic and sum-frequency generation, scattering of x-
ray synchrotron radiation).

In the remaining of this chapter we describe the structure of liquid crystals and that
of their interfaces with a substrate. We end by giving the aim and the outline of the

present thesis.

1.2 Structure of liquid crystals

Liquid crystals appear in the so-called mesogens, which are composed of molecules having
an anisotropic shape and interacting with each other. In the most disordered condensed
phase —the isotropic phase— each molecule uniformly explores positions and orientations
throughout the whole available space by diffusion mechanisms (Fig. 1.2). In contrast,
in the most ordered crystalline phase, the positions of the molecules are fixed in a

lattice as their orientations with respect to this lattice. In between those two situations
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FIGURE 1.2 Schematic representations of the molecular order in some of
the phases observed in liquid crystalline materials. From left to right: a
solid crystal, a smectic-A phase, a nematic phase and an isotropic liquid.

For simplicity the elongated molecules are represented as rods [12].

one finds the mesophases or liquid crystalline phases [13-15]. The simplest example of a
mesophase is the nematic phase which appears in systems of elongated molecules tending
to orient parallel to each other while showing no long-range positional order (Fig. 1.2).
The latter gives this phase its liquid character, while the common mean orientation
of the molecules results in crystalline properties. In the so-called thermotropic liquid
crystals that we consider, the phase sequence isotropic-nematic-crystal is obtained by
decreasing temperature.

Some compounds exhibit another liquid crystalline phase intermediate between the
nematic and crystalline structure. This phase is called smectic and is characterized by
the same orientational order as the nematic phase but with a positional order in one
direction. This means that the molecules are organized in layers. The orientation of the
molecules with respect to the layers and the degree of positional order within each layer
depends on the type of smectic phase considered [16]. The less ordered phase is called
smectic A; the molecules are then perpendicular to the layers and have no positional
order in the layers (Fig. 1.2).

In this thesis, we mainly deal with nematic phases. The bulk state of such a phase
can be described by two parameters. The first one gives the average orientation of the
molecules in a volume vy, which is small compared with the size of the system and large
compared with the molecules’ size. This orientation is represented by a unit vector n

called a director. If the nematic liquid crystal is distorted, the director varies in space
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and one has to define the director field n(r). The nematogens, that is to say compounds

exhibiting a nematic phase, often consist of asymmetric molecules (see e.g. Fig. 1.3).

NC O CHansa

nCB

NCOCnH2n+1

nOCB

FIGURE 1.3 Chemical formulas of alkylcyanobiphenyl (nCB) and alkozy-
cyanobiphenyl (nOCB). These are some of the most widely studied liquid

crystals.

However, as in a small volume of nematic liquid crystal, there are as many molecules
pointing in one direction as in the opposite one, and the vectors m and —n cannot be
distinguished.

The second parameter, the order parameter (), characterizes the distribution of ori-
entations of molecules. It is defined as the average over all the molecules of the volume
v of (3cos? — 1)/2, where 6 is the angle between a molecule and the director n. Q
is equal to 1 when all the molecules are aligned parallel to n and to 0 when the distri-
bution of orientations is isotropic. In the bulk nematic phase, the order parameter is of
the order of 0.4 at the highest temperatures and 0.6 at the lowest [13]. The distribution
of orientations has, apart from the above mentioned order parameter which is simply
(Py(0)), higher rank order parameters components such as (Y3,,). These components can
be determined from the measured nonlinear susceptibility x which will be introduced in

chapter 2.

1.3 Structure of interfaces

We concentrate on the interface between a nematic liquid crystal and a solid substrate.

One can distinguish several regions in this interface [17]. Right at the surface of the
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bulk

interfacial
region

| substrate

FIGURE 1.4 Schematic representation of a liquid crystal in contact with a substrate.

substrate, there is a layer of molecules (the surface layer, see Fig. 1.4) in direct contact
with the substrate. The interaction of the molecules with the substrate is in general
different from the interaction the molecules have with each other in the bulk. This
interaction determines the orientational order of the molecules, and therefore the surface
order differs for the bulk order. The surface-induced order is the boundary conditions
to which the liquid crystal has to adapt. This adaptation takes place in the interfacial
region in which the orientational order evolves from that imposed by the surface to that
of the bulk (Fig. 1.4). The thickness of the interfacial region corresponds to the coherence
length of the nematic order, approximately 10nm away from any phase transitions [13].

This evolution of the order is associated with some distortion energy. The con-
figuration adopted by the liquid crystal is the one (or one of the configurations) that
minimizes this distortion energy. This configuration determines the mean orientation of
the molecules outside the interfacial region, i.e. the bulk director. This surface-induced
orientation of the director is called the anchoring direction.

If the bulk director is forced to deviate from the imposed anchoring direction (e.g.
by the application of an external field or the proximity of another surface), this costs
energy, so-called anchoring energy [18, 19]. This energy arises from two effects: as
already mentioned, having the order evolve in the interfacial region costs energy. If
this evolution is forced to deviate from the one minimizing the distortion energy, this
energy increases. The second effect is the possible reorientation of the molecules in the
surface layer away from the minimum of their interaction energy with the substrate.

This contribution may be called the microscopic anchoring energy.
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1.4 Aim and outline of thesis

This thesis deals with the orientational order of liquid crystal molecules at the surface of a
substrate and its relation to macroscopic surface properties, such as anchoring directions
and anchoring energy. Our study is based on second-harmonic generation measurements
of liquid crystal molecules deposited on different substrates. These measurements allow
us to specifically probe the orientational order in the surface layer. This technique and
it theoretical basis are described in chapter 2.

We present next a study of the anchoring mechanisms leading to a multistable an-
choring. This type of anchoring is observed on substrates with a high symmetry by
which several anchoring directions with different in-plane orientations are energetically
equivalent. This high symmetry of the substrate implies that it induces a type of order-
ing that does not exist in bulk and therefore disappears in the interfacial region. The
symmetry also imposes that the nematic director does not have a preferred in-plane
orientation. The question arises then how the bulk director gets oriented by the sub-
strate. To address this question, we have studied the anchoring and surface order on
phlogopite mica, which exhibits a three-fold symmetry. The results of the experimental
measurements are presented in chapter 3 and a model to account for these results in
chapter 4.

We then consider the question: what happens to the orientational order of the surface
layer if a strong DC electric field forces the molecules to reorient. The resulting orienta-
tional order is determined by the balance between the anchoring energy of the molecules
onto the substrate and the energy of the molecular dipoles in the applied electric field.
From this orientational distribution, we can thus get information on the microscopic an-
choring energy. In chapter 5, we present our measurements on a simple model substrate,
namely fused quartz plates. Since this substrate is isotropic, it allows us to examine
in detail the orienting effect of a DC electric field —called poling— on thin liquid crystal
films. Such a study is a prerequisite to the analysis of similar measurements performed
with anisotropic substrates.

Finally in chapter 6 we examine the reorientation dynamics of liquid crystal molecules

in thin films when an electric field is switched on or off. Because of the interaction of
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the molecules with the substrate, this dynamics is different from that in bulk. These
measurements show how mobile the interfacial molecules are and give some information

on their interaction with the substrate.



SECOND-HARMONIC GENERATION

In this chapter, we present the main experimental technique we have used, namely second-
harmonic generation. We give the theoretical expressions of the measured signal and the
information on the orientational order of the molecules obtained from it. Finally we

briefly describe the experimental set-up.

Second-harmonic generation has proven to be a versatile tool to investigate the sur-
face and interfacial properties on the atomic and molecular scale in a wide range of
physical systems. These include surfaces of solids [20-22] and liquids [23, 24], molecular
adsorbates on solid surfaces [25-28] and solid/solid interfaces [29]. The success of this
technique arises from several features. Since it is optical, it is applicable to all interfaces
accessible by light, and therefore capable of in-situ remote sensing of a surface. It is
also non destructive, although heating by the incident laser beam might be a problem
for some samples. As the output signal is monochromatic, coherently emitted in a well-
defined direction and in well-defined time windows corresponding to the laser pulses used
as input, this signal can easily be separated from the background by spectral, spatial
and temporal filtering. This implies that very small signals, generated for instance by a
submonolayer of molecules, can easily be detected. Last but no least, second-harmonic
generation is intrinsicly surface specific. This comes form the fact that second-harmonic
generation is forbidden in centrosymmetric media (in the dipole approximation). Thus
in the case of an interface between two centrosymmetric media, second-harmonic gen-
eration occurs predominantly in the narrow region in which the symmetry of the bulk

media is broken.
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This surface specificity is enhanced in the case of monolayers of polar molecules
taking a polar ordering when deposited on a substrate. There are then well-defined
physical entities (namely the molecules) localized at the surface that generate a second-
harmonic signal. In this category falls a wide class of liquid crystal molecules (in particu-
lar cyanobiphenyl molecules) when deposited on hydrophilic surfaces. Second-harmonic
generation has therefore widely contributed to the understanding of anchoring phenom-
ena, and it is the central experimental technique used in the work presented here.

In the following, we present the theory of surface second-harmonic generation at the

basis of our measurements and our set-up.

2.1 Theory of surface second-harmonic generation

The theory of second-harmonic generation by adsorbed species at substrate surfaces and
its application to the determination of the orientational distribution in liquid crystal
monolayers have already been described in detail in different articles [30-32]. We shall

only recall here the essential elements for the understanding of our measurements.

2.1.1 Generation of a second-harmonic signal

Let us consider a light beam at frequency w incident on a substrate surface covered with
a film of liquid-crystal molecules such as cyanobiphenyl molecules, whose cyanobiphenyl
rigid core exhibits a strong nonlinear polarizability (Fig. 1.3). If the incident beam
is sufficiently intense, the system has, in addition to its linear response, a nonlinear
response whose first term generates light at frequency 2w. Because of the boundary
condition requiring the wave vector components parallel to the surface to be matched
[32], the second-harmonic signal must be coherently generated in the direction of re-
flection of the incident beam (Fig 2.1). The most important contribution to the re-
flected second-harmonic signal comes from the induced surface electric dipole polariza-
tion Pg)(Qw) = x? : E(w)E(w), where E(w) is the incident field at frequency w and
x P is an effective surface nonlinear dipolar susceptibility of the illuminated medium.
The bulk contribution to x” vanishes in a centrosymmetric system. This is the case for

the different substrates we have used (mica and fused quartz), as well as for the liquid

crystal aside from the surface layer in contact with the substrate surface. Indeed, away
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e{w 8420
8 () 6,(2w)

&(20)

ar

Y X

substrate
0,

FIGURE 2.1 Scattering geometry of surface second-harmonic generation
in reflection

from the surface and in the absence of external fields, cyanobiphenyl molecules exhibit a

quadrupolar ordering (Fig. 2.2). The electric quadrupole nonlinearities of the substrate

quadrupolar
_| layers

FIGURE 2.2 Schematic representation of the molecular structure in a film

of liquid crystal deposited on a substrate

and the liquid crystal also contribute to the second-harmonic generation but to a much
lesser extent. For the liquid crystal, the induced nonlinear electric quadrupole polariza-
tion is Pg) (2w) = X9 : E(w)VE(w) where x© is the nonlinear quadrupolar susceptibility
of the material [33-35]. Since this term is much smaller than the nonlinear electric dipole
polarization of a dipolar layer [36], it is possible to make thin enough liquid-crystal films
for which the quadrupolar contribution to the second-harmonic signal can be neglected
[37]. Most of our measurements have been performed on such samples, so we consider
primarily the case when the quadrupolar contribution is negligible.

The second-harmonic signal generated by the substrate arises from the surface non-
linearity induced by the structural asymmetry and field discontinuity existing at the

substrate surface [34]. This substrate contribution is negligible compared to the signal

from the liquid crystal molecules in the case of fused quartz. In the case of phlogopite
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mica, this is only true for a p polarization of the out-going signal, and we have limited
our measurements to this configuration.

Finally, the nonlinear polarizability of volatile molecules such as water molecules
that might also be adsorbed at the surface, is too weak to yield a detectable second-
harmonic signal. In summary, the second-harmonic signal generated by a multilayer of
cyanobiphenyl molecules deposited on the substrates we have used corresponds essen-
tially to the dipolar contribution generated by the liquid-crystal layer adsorbed at the
surface, which exhibits a certain degree of polar ordering [36]. The measurement of this
signal can thus be used to specifically probe the behavior of this layer. If an external
DC field is applied onto the system (as in the experiments reported in chapter 5 and 6),
the whole liquid crystal film might then exhibit a polar ordering. The formulas we give
in the following for the signal generated by the surface layer apply then to the whole
film.

So we consider a liquid crystalline layer sandwiched between medium 1 which is the
atmosphere surrounding the sample and medium 2 which is the substrate (Fig. 2.1).
The laser beam is incident from medium 1 and the reflected second-harmonic output is
detected. The second-harmonic signal is given by [30]:

_ 321%w? sec? 0 (2w)

= 2I°TA
03[61 (2w)]1/261(w) | Xeff| w

where I, is the intensity of the incident laser beam, T is the laser pulse width, A is
the area of the laser spot on the surface, €;(Q2) is the dielectric constant of medium
1 at frequency Q(2 = 2w or w), 0;(2w) is the reflection angle of the second-harmonic
signal (Fig. 2.1), and x.g is the effective nonlinear susceptibility of the layer. The
molecules are polarly ordered on the substrate and due to their nonlinear polarizability
they form a medium with a nonlinear second-order susceptibility tensor x. The effective

susceptibility x.g is related to x by:

Xeft = [6(2w) - L(2w)]x : [6(w) - L(w)][é(w) - L(w)] (2.1)

where €(2) is the unit polarization vector for the incident beam (€ = w) or the second-
harmonic beam (2 = 2w), and L(Q) are the local-field tensors arising from the dielectric

discontinuity at the surface.



Theory of surface second-harmonic generation 21
2.1.2 The dipolar susceptibility of the surface layer

The nonlinear dipolar susceptibility x of a layer of liquid-crystal molecules can be cal-
culated from the second-order polarizability &” of one molecule. For liquid crystal
molecules such as cyanobiphenyls, &” has one dominant element a?& along the long

molecular axis é In this case, x takes the form:
Xijk = Ns<a5k> = <("Af : 5)6 : é)(’% : é))NsagD.gg

where N; is the surface density of liquid-crystal molecules, i, 5 and k are unit vectors of
the reference frame (xyz) of the substrate surface (Fig. 2.3) and () denotes the average

on all the surface molecules.

|
ZZ

FIGURE 2.3 Reference frames (zyz) of the substrate surface and (XYZ)
of the laboratory. (XZ) is the incident plane of the laser beam and (xz)
the mirror plane of the substrate surface. The molecular azis é s defined

with respect to the substrate azes by the spherical coordinated (6, ).

The number of independent non-vanishing components of x depends on the symme-
try of this substrate, which imposes the symmetry of the surface layer. In the present
work, we have used substrates with three different symmetries. One is the commonly ob-
served mirror symmetry (Cy, symmetry). There are then six independent components':

!The z axis of the reference frame of the substrate is chosen parallel to (one of) the mirror planes

of the substrate.
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Xezz = Ny (cos0) af (2.2a)
Xezz = —N (sin® O cos® ¢) age (2.2b)
Xzyy = Xyzy = Xyyz = Vs <(COS 0 — cos® 0)(1 — cos? ¢)> Ozég (2.2¢)
Xeowr = Xozz = Xawe = Ny ((cos 0 — cos® 0) cos® ¢) o (2.2d)
Xazz = Xeaz = Xezo = — N ((sin @ — sin® 0) cos ¢) aéz, (2.2e)
Xayy = Xyzy = Xyyz = —Ns <sin3 0(cos ¢ — cos” ¢)> aég (2.2f)

where (6, ¢) are the spherical coordinates defining the molecular axis ¢ (Fig. 2.3). If
the symmetry of the substrate is threefold (Cj, symmetry), x has four independent

components':
Xezz = Ni(cos®O)ag,, (2.3a)
Xezz = —Xayy = iNs(sin3 0 cos 3¢>a?§§, (2.3b)
Xee: = e = 3 Nal(cost — cos’ 0))ole, (2.30)
Xazy = —Xyyy = 3N5<Sin395in 3¢>Oz§§, (2.3d)

Finally if the substrate is isotropic (Cu, symmetry), the number of independent com-

ponents reduces to two:
Xezz = N <C053 9> a?gg (2.4a)
1 ) )
Xzii = Xizi = Xiiz = §Ns <sm2 0 cos 9> a?&, i=x,. (2.4b)

In all cases, these components are proportional to moments of the orientational dis-
tribution of the surface molecules. They contain the information about the surface

orientational distribution which is accessible by second-harmonic generation.

2.1.3 The effective susceptibility y.q

To obtain the value of the different components of the nonlinear susceptibility x, we
need to measure the second-harmonic signal as a function of the in-plane rotation of the

sample and of the polarization s (out of the plane of incidence) or p (in the plane of
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incidence) of the in-coming and out-going light. Let ® be the angle between the plane

of incidence and the x axis in the plane of the substrate (Fig. 2.3). The full expression

of the effective surface susceptibility x.g can be obtained for the different polarization

combinations sp, pp, ps and ss using Eq. (2.1) and Eq. (2.2), (2.3) or (2.4) depending

on the symmetry of the considered substrate. For a mirror symmetry, one has:

Xsp

Xpp

Xps

Xss

Xayy (3008° ® — 2008 D)eyyy + Yoz Sin” @ cos @ €4y,

+ Xaae SIN° @ €,y + Yayy €OS° @ €,y (2.5a)
Xazzz COS° D €gpp + 3Xayy sin® @ cos @ €ppp + Xawz €05° D (26002 + €1o)

+ Xyyz $I0° ®(2€002 + €pp) + Xazz €08 P(2€502 + €422) + Xozo€ozz  (2.5D)
Yaozz OS> @ sin @ yzz + Xayy (3 sin® ® — 2sin P)eyss

+ (Xawz — Xyyz) SIN 2P €yp 4 Xz SN D ey, (2.5¢)

Xaze Sin° @ Cyyy + 3Xayy cos? @ sin Eyyy- (2.5d)

For a threefold symmetry:

Xsp = [Xayy COS 3P — Xyyy Sin 3@y, + Xyyz €2y (2.6a)
Xop = [Xyyy SN 3P — Xayy €08 3P€sus + Xyyo (€200 — 2€520)

t Xzz2€222 (2.6b)
Xps = [XayySin 3P + xyyy cos 3Peyuy (2.6¢)
Xss = [Xayy SID 3P + Xyyy 08 3P]eyy,. (2.6d)

Finally for an isotropic substrate:

Xsp = XzzzCzyy (2.7&)

Xpp = Xz:m:(2€xxz + ez:m:) + X222€222- (27b)

In these formulas, we define e;;;, as:

€ijk = € (QLU)L”(QW)GJ (w)ij (w)ek (w)ka(w) . (28)
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The polarization vectors are given by:

e(w) = (—cosb(w),0,sinb(w)) (2.9)

€,(2w) = (cosb(2w),0,sinb;(2w)) (2.10)
for the p polarization and:
é:(2) = (0,1,0)

for the s polarization (Fig. 2.1). For a sufficiently thin film that can be considered as
infinitely thin with respect to the wavelength of light, the local field factors L;;(2) are

given by [38]:
B 2n1(£2) cos B5(2)
Leal) = o s 00(02) 1 (52) cos () (2.11a)
B 2n1(92) cos 01 (£2)
Lu() = n1(€2) cos 61 (£2) + no(£2) cos 2(2) (2.11b)

(
B 2n2(Q)no(2) cos 6, (Q) .
L) = o (@) cos 0r(Q) 1 mn(42) cos B (2410)

where n;(Q2) (¢ = 1,2) and ns(£2) are the refractive indices of media 1 and 2 and of the
film at frequency €2, and 0, (Q2) and 05(Q2) are the reflection and transmission angles of the
different beams (Fig. 2.1). 6, is typically 45°. The values of the refractive indices of the
different media we have used are given in table 2.1. When we fit the experimental data
obtained for the different polarization configurations with the theoretical expressions of

Xeff We obtain the values for the different components x;; of the nonlinear susceptibility

X-

2.1.4 Orientational distributions deduced from x

Once x is known for a given layer, one possesses via Eq. (2.2), (2.3) or (2.4) some
information about the orientational distribution of the molecules in the layer. In order
to get an “unbiased” estimate of the orientational distribution f (6, ¢), i.e. one that does
not rely on any a priori assumption, we have used the maximum-entropy method [40].
This method gives the widest distribution compatible with the available information on

f. This information is the average values of the following functions f;;; obtained from



Theory of surface second-harmonic generation 25

Medium n(w) n(2w)
Air 1.00  1.00
Fused quartz 1.46 1.50
Phlogopite mica 1.56  1.56 [38]

Liquid crystal thick film 1.6 1.44-0.2i [39]
Liquid crystal monolayer 1.00  1.00 [38]

TABLE 2.1 Values of the refractive indices at w = 27 /532nm™" and 2w =

21 /266nm™" used in the calculation of the local field factors L.

the measurements of x and defined by:

Xijk = Nsozfgg (fijr(0,0)) (2.12)

In order not to introduce any bias, we need to maximize the uncertainty on f(0, ¢),
defined by H(f fo f(8,0)In[f(0,¢)]sinBdfdp, with the known constraints on
(fijr(0, #)). This is equivalent to maximizing the quantity H — Zijk Nijk fijk, where ;g

are Lagrangian multipliers. This maximization leads to:

exXp [EAijkfijk(ga ¢)]
ff exp [E)\,]kf”k(ﬁ, ¢)] sm(@)d@dd)’

where \;ji, are to be calculated from the set of equations:

f0,0) =

(i 0, 6)) = / / F(0,0)£(6, ) sin 06

The experimental measurements actually give the values of x;j, = Nsagg(fijk(ﬁ, })).
The product Nsagg is not known since the second-harmonic signal is not measured in
absolute units. We can calculate a minimum value for this product by considering the
range of values each (fijx(6, ¢)) can have. For each value of Nsa/j, above this minimum,
we can determine the corresponding distribution f(6, ¢). As NsagD& increases, the height
of the maxima of f(#, ¢) is found to decrease while their positions remain approximately
constant. A reasonable value of NSOng66 can be obtained by first assuming a certain shape
of f(0,¢) characterized by a number of parameters equal to the number of available
components y;;; minus one [38] and determining these parameters and Nsag& from the

experimental data.
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2.1.5 The quadrupolar contribution

If the surface monolayer is covered by a thick film, the quadrupolar contribution of this
film to the second-harmonic signal is not negligible any more (see section 2.1.1). This
contribution leads to an additional term in some of the components of x [34, 35]. In the

case the film is infinitely thick, these components take the form [38]:

tot surf X?zww

Xezz — Xzaz — 6(2w) (213&)
tot surf XQ yy
[o) _ 24

Xtot — Xsurf . X?zzz (2 13C)
222 222 6(2w)62(w) .

with
1 A/ A/ AT A
= 5Ne ()G - k-6 6) allcto.
Np is the bulk density of liquid crystal molecules, &, is the separation between antipar-
allel chromophores along é , and €(Q) the dielectric constant of the medium at frequency
Q. If the film is thin with respect to the wavelength of light, the effective quadrupolar

nonlinear susceptibility tensor which enters in Eq. (2.13) can be approximated by:
38 = No, (- €)(5 - )k - €)(0- €) ) afiecbok (2.14)

where k is the wave number of the incident beam in the liquid crystal k£ = e(w)2m/\,

and N, the number of quadrupolar bilayers?.

2.2 Experimental set-up

Our measurements were performed in reflection from the liquid crystal side. A
schematic drawing of our set-up is given in Fig. 2.4. The light source is a frequency-
doubled Q-switched mode-locked YAG laser (Coherent, Antares) [41]. The mode-locked
pulses have a duration of 80ps and a repetition rate of 7T6MHz. The Q-switched pulses
have a duration of 200ns, which means that they contain approximately 15 mode-locked

2In fact, the organization of the liquid crystal molecules in bilayers quickly decays away form the
substrate surface since there is no positional order in bulk nematic liquid crystals. It is nevertheless

convenient to assume this organization in the whole film.
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MC| PMT

LASER

Oscilloscope

PC

FIGURE 2.4 Set-up for second-harmonic generation experiments. L1 and
L2: lenses, M1 and M2: mirrors, POL1 and POL2: polarizers, PHI and
PH2: diaphragms, MC: monochromator, PMT: photomultiplier tube, F1
is a filter stopping any UV radiation generated by optical elements, F2 is
a filter stopping a large part of the green reflected beam.

pulses and that the effective illumination time is 1.2ns. The repetition rate of the Q-
switched pulses can be tuned between 1Hz and 1.2kHz with a constant energy per pulse
of 1mJ. The input wavelength is 532nm, and the detected second-harmonic signal at
266nm.

The polarization of the input light is first defined by a Glan-laser polarization prism
(POL1) and varied by a halfwave plate. The output polarization is selected by a Rochon
polarizer (POL2). The input and output polarizations are calibrated using the fact that
the s-in/s-out signal of a cyanobiphenyl monolayer on a clean glass substrate should
be zero. The accuracy of the polarizations is approximately 0.5°. The size of the laser
beam spot at the sample is controlled by a lens (L1, f = 40cm). The position of the
lens is chosen so that the waist of the beam (i.e. its smaller diameter) corresponds to the
sample. The beam size at the sample in the experiment is about 100pm in diameter.
The normal intensity of the beam is tuned by the orientation of the Glan-laser polarizer
with respect to the polarization of the laser beam. It is set such that the intensity of the
second-harmonic signal is maximal while the laser beam does not damage or significantly
heat the sample.

The signal is spatially filtered by a series of diaphragms (PH) and spectrally filtered
by a color filter (F2) and a monochromator (MC). It is detected by a photomultiplier tube

(PMT) and sent to a digitizing oscilloscope and a personal computer. The oscilloscope
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collects one trace per pulse and allows one to determine the number of photons detected
in one given laser pulse. This has the advantage that we can measure stronger signals
than with a traditional photon counting technique based on a gated integrator. In
the latter case, one assigns a number of detected photons 1 or 0 to each pulse. The
measurable signal is then limited to 0.2 photons per pulse to avoid the detection of two
or more photons during one pulse, which are then counted as one photon. Our counting
technique has the disadvantage that the oscilloscope can only accumulate 800 traces
per second, which means that the repetition frequency of the laser has to be limited to
800Hz. Also the transfer of trace data between the oscilloscope and the computer is a
limiting factor for fast acquisition.

The sample is in a temperature-controlled closed cell, which sits on a tilting stage,
itself mounted on a rotational stage. The rotational stage is on a x-y translational stage.
With these stages we can align the sample so that the laser beam intersects the axis of
the rotational stage at the sample surface, and the normal to the surface is parallel to the
rotation axis. An additional translation stage located between the tilt stage and the cell
allows us to move the sample with respect to the rotation axis to perform measurements
at different positions on a given sample.

The use of a closed cell implies that the incident laser beam and the generated signal
go through a quartz window. Since the transmission coefficient through the interfaces
of the window depends on the polarization of light, the measured effective nonlinear

susceptibilities yes need to be corrected by the appropriate coefficients [42]:

meas

XSS

Xss = T.2w) T2 (@) (2.15a)
Xsp = % (2.15¢)
oy = (2.15d)

T,(20)T3(w)
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with
4n,(€2) cos 0, (€2) cos 0 (£2)
[cos 01 (2) + ng(2) cos b,(£2)]2
4n,(€2) cos B, (€2) cos B (£2)

L) = [cos 0,(82) + ny(2) cos 0 (€2)]? (2.16b)

nge(€2) is the refractive index of fused quartz at frequency € (see table 2.1) and 6,(€2) is

(2.16a)

the refraction angle of the light in the quartz defined by sin 6, (€2) = n,(2) sin 6,(2).
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ANCHORING ON PHLOGOPITE MICA:
EXPERIMENTS

Substrates with a high in-plane symmetry (three-fold or higher) induce multistable an-
chorings 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
three-fold 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.

3.1 Introduction

Numerous new substrates are being developed to achieve tailored alignment patterns
of nematic liquid crystals (see for instance [43—46]), however, the mechanisms by which
a surface can impose this orientation in a liquid-crystalline phase are not very well
understood [17]. Some progress has been made in recent years in the understanding of
the anchoring on smooth surfaces such as rubbed polymer films [28, 47-49] and mica
(37, 50, 51]. On these substrates, the anchoring direction imposed on the bulk director is
fully determined by the nematic component of the orientational order in the surface layer
[48-50]; this surface nematic order is characterized by defining a surface director as the
average orientation of the surface molecules, and a surface order parameter indicating
the degree of alignment of these molecules along the surface director. The evolution
of the orientational order in the interfacial region is well described using the standard

second-order Landau-de Gennes theory of the nematic phase: the anchoring directions
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deduced from measured surface orientational distributions agree quantitatively with the
experimental observations. The anchoring direction has the same in-plane orientation
as the surface director and its tilt with respect to the surface is determined by both the
tilt of the surface director and the surface order parameter.

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

The case of substrates with a threefold symmetry or higher! is different. On the one
hand, they induce so-called multistable anchorings in which the bulk liquid crystal has
the choice between several thermodynamically equivalent anchoring directions [17]. On
the other hand, such a symmetry imposes the surface director to be perpendicular to
the surface. This means that in terms of nematic ordering, the surface layer is isotropic
in the plane of the surface. According to the anchoring mechanism proposed so far for
low-symmetry surfaces, the bulk anchoring direction resulting from such an isotropic
surface layer should have no preferred in-plane orientation (degenerate anchoring) or be
perpendicular to the surface (homeotropic anchoring). However, most known examples
of smooth substrates with high symmetry induce anchoring directions parallel to the
substrate surface with definite in-plane orientations [52-57]. In the present work, we
investigate the mechanism that induces these preferred in-plane orientations on high-
symmetry surfaces.

We have studied the anchoring behavior of two cyanobiphenyl liquid crystals (50OCB
and 7CB) on phlogopite mica crystals, whose surface exhibits a threefold symmetry and
induces tristable planar anchorings [57]. These systems exhibit first-order anchoring
transitions (i.e. discontinuous changes in anchoring directions) when water vapor is added

!The case of a twofold symmetry is intermediate and can be classified as low or high symmetry
depending on the orientation of the surface director. If the surface director is parallel to the surface
(which is allowed by symmetry), the situation is similar to that of the surfaces with a mirror symmetry
and the induced anchoring is monostable. If the surface director is perpendicular to the surface, the
situation is similar to that of surfaces with a threefold symmetry or higher and multistability may be

induced.
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to the atmosphere surrounding the system [57]. These transitions have been attributed
to the adsorption of water molecules at the interface between the liquid crystal and
the mica surface, hence their name of “adsorption-induced” anchoring transitions [58].
These transitions allow us to study different anchoring conditions in a given system and
so to test the validity of the proposed anchoring mechanisms.

To investigate the anchoring behavior in these systems, we have used different ex-
perimental techniques (described in section 3.2). The anchoring directions induced by
the substrate on the bulk liquid crystals have been observed using polarizing microscopy
and the orientational distribution of the liquid crystal layer at the substrate surface has
been determined with optical second-harmonic generation. These measurements give
the variation of the bulk anchoring directions and of the surface orientational distribu-
tion across an anchoring transition occurring in the presence of water vapor. Our results
indicate that the bulk in-plane reorientation observed at the transition is due to changes

in the tilt distribution of the surface molecules (section 3.3).

3.2 Experimental techniques

3.2.1 Determination of bulk anchoring directions

The anchoring directions have been determined by depositing a nematic droplet and
letting it spread on the mica surface. This investigation method is based on the selection
of anchoring directions by the spreading conditions of a liquid crystal on a substrate. It
has indeed been shown [56, 59] that when a substrate induces different possible anchoring
directions, the orientation which is effectively taken by the liquid crystal depends on the
direction of the spreading flow and on the contact angle between the free surface and
the substrate.

During the spreading of a droplet, all the points of the nematic-substrate interface
are wet under different conditions. The inside of the spread droplet is then divided
into several domains where different anchoring directions have been selected. Moreover,
the spreading is radial and the contact angle evolves from 7w when the droplet touches

the substrate to zero when the droplet is completely spread. Therefore, all the wetting
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conditions are explored by such a spreading process and all the anchoring directions
induced by the substrate are found in the droplet.

From the observation under a polarizing microscope of the texture of a nematic
droplet spread on a substrate, one can deduce the following information [56, 59]:

(1) The number of anchoring directions induced by the substrate is half the number
of domains with different orientations existing in the spread droplet.

(2) The azimuthal orientation of the projection of the anchoring directions in the sub-
strate plane is determined by the observation of the extinction of the different domains
between crossed polarizers.

(3) The tilt of the anchoring directions is indicated by the shape of the walls sep-
arating the domains with different orientations. In particular, planar anchorings with
anchoring directions parallel to the substrate lead to radial walls. This is, however, true
only for nematic liquid crystals (such as the ones used in the present study) having
homeotropic anchoring conditions at the nematic-air interface, i.e. when the molecules

are perpendicular to this interface.

3.2.2 Determination of surface orientational order

The orientational distribution of the surface molecules has been determined by optical
second-harmonic generation (see chapter 2). The measurements consist in following the
dependence of the second-harmonic signal as a function of the rotation of the sample
in its plane for different combinations of the input and output polarizations. By fitting
this data, we can determine the four non-zero independent components of the nonlinear

susceptibility tensor x of the surface layer (section 2.1.2):

Xezx = (cos® 0) Nyafze, (3.1a)
1
Xazz = —Xowy = 7§ (sin® 0 cos 3¢)Nsoz§§, (3.1Db)
1
Xezz = Xyyz = §<(COS f — cos® 9)>Nsa§§, (3.1¢)
1, . .
Xzzy = —Xyyy — Z <Sln3 0 sin 3¢> Nsaﬁ%ﬁ’ (S'Id)
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where (6, ¢) are the spherical coordinates defining the molecular axis é (Fig. 2.3). To es-
timate the orientational distribution itself, we use the maximum-entropy method, which
gives the widest distribution compatible with the measured moments x;; (section 2.1.4).

For the samples used in the present study, the second-harmonic signal in the s-in-
p-out and p-in-p-out polarization configurations is much stronger than the signal in the
p-in-s-out and s-in-s-out configurations for which the second-harmonic signal produced
by the mica substrate is not negligible with respect to that of a cyanobiphenyl layer.
Since x can be fully determined from the measurements the effective susceptibilities of
Xsp and x,p, corresponding to the s-in-p-out and p-in-p-out configuration (section 2.1.3),

we have only used these two effective susceptibilities to calculate .

3.2.3 Samples

To prepare our samples we have used freshly cleaved phlogopite mica as substrate. A
detailed description of the structure of mica can be found elsewhere [39]. Here we give
the important features which are necessary to understand the experiments described in
this article. Phlogopite mica is made of a stack of sheets and cleaves easily between these
sheets, which makes it possible to obtain an atomically smooth surface free of steps. The
surface of these sheets exhibits a threefold symmetry with three equivalent mirror planes
o (symmetry group Cs,). The orientation of these planes can be determined from the
cracks formed in a mica plate after perforating it with a needle and which coincide with
the mirror planes o [60].

As liquid crystals, we have used two different substituted cyanobiphenyls, 7CB and
50CB (Fig. 3.1). The first one exhibits a nematic phase between 29.7°C and 42.8°C and
the second one between 48.2°C and 67.6°C [61], with the possibility of super-cooling the
nematic phase of the latter down to room temperature.

For second-harmonic generation measurements, liquid-crystal molecules were de-
posited onto a mica plate in the presence of a dry atmosphere by evaporating them
from a hot source located Imm above the mica plate and letting them condense onto
the plate kept at room temperature. The deposition was monitored by measuring the

second-harmonic signal generated by the film. The signal first increases with time and
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FI1GURE 3.1 The chemical structure of the liquid crystals 5OCB and 7CB

used in the present work

then abruptly saturates indicating that a full monolayer has been formed [37]. The re-
sulting second-harmonic signal is essentially independent of the amount of liquid crystal
deposited above this monolayer. This shows that this monolayer is little affected by the
presence or absence of a bulk on top of it, as was already observed in other systems [38].

To study the effect of water vapor on the anchoring, the samples were placed in a
chamber with a controlled atmosphere. The atmosphere composition was fixed by a slow
lamellar flow of a mixture of dry nitrogen and nitrogen saturated with water vapor [58].
The composition of the atmosphere in the chamber can be characterized by the reduced
partial vapor pressure p = p/ps of water, which is the ratio of the partial pressure p
over the saturation vapor pressure p, of water vapor. Fixing p corresponds to fixing the

chemical potential of water in the system.

3.3 Experimental results

3.3.1 Bulk anchoring directions

Both 50CB and 7CB give spread droplets exhibiting radial walls between domains of
different orientations (Fig. 3.2). This means that the bulk orientation for both 50CB
and 7CB is parallel to the surface [56, 59]. The droplets contain six domains; the bulk
liquid crystal has the choice between three possible anchoring directions separated by an
angle of 120°, as expected from the threefold symmetry of the phlogopite mica surface.

As the water vapor pressure increases, anchoring transitions are observed which are

characterized by a bulk reorientation in the plane parallel to the substrate. 50CB
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FIGURE 3.2 Droplet of cyanobiphenyl liquid crystal deposited on phlogo-
pite mica observed with a microscope between crossed polarizers. The bars

indicate the bulk orientation in the different domains.

and 7CB differ in the in-plane orientation of the anchoring directions (Fig. 3.3). In an
atmosphere of dry nitrogen, 5OCB orients perpendicular to one of the mirror planes o of
the mica surface. When water vapor is added, this system exhibits a first-order anchoring
transition at a given reduced partial vapor pressure p; of water. At this transition, the
orientation of the nematic phase jumps abruptly to a direction parallel to o. In contrast
7CB orients parallel to ¢ in a dry atmosphere while it orients perpendicular to o after

the anchoring transition.
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F1GURE 3.3 Anchoring of 7CB and 50CB on phlogopite mica under the
influence of water vapor. The arrows indicate the orientations of the three
marror planes o. The thick bar indicates one of the anchoring direction;

the others can be deduced from it by applying the three-fold symmetry.

3.3.2 Surface orientational order

Figures 3.4 and 3.5 show the polar plots of the square root of the second-harmonic signal
generated respectively by a layer of 50CB and 7CB on phlogopite mica, as a function
of the in-plane rotation angle ® of the sample (Fig. 2.3) for different partial water vapor
pressures. In all cases, the shape of the plots shows a threefold symmetry indicating that
the surface liquid crystalline layer follows the symmetry of the substrate. The maxima
of the signal correspond to the same in-plane rotation ® for both 50CB and 7CB, but
the in-plane anisotropy is stronger for 7CB.

The general trend in both sets of plots is that, as the partial pressure of water vapor
is increased, the anisotropy decreases. Moreover the maxima in the plots corresponding
to the s-in-p-out polarization configuration increase for 50CB and decrease for 7CB. All
these changes are reversible provided the system has not been exposed to water vapor
for more than approximately a day. Figures 3.6 and 3.7 show the resulting orientational
distribution functions of the surface liquid-crystal molecules. For both liquid crystals

and for all pressures, the distribution exhibits four peaks from which one is pointing
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FIGURE 3.4 Polar plots of the square root of the second-harmonic signal

0

versus the angle ® between the incidence plane of the laser beam and one
of the mirror planes o of the mica surface for a 5SOCB film deposited on
phlogopite mica in an atmosphere containing water vapor with (a) p = 0,
(b) p=0.4,(c) p=0.75. The data points correspond to an average of the
signal over 1200 Q)-switch laser pulses. The solid lines are fits to the data

points using Fq. 2.6.
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(a)
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0 0
FIGURE 3.5 The same as figure 3.4 for 7CB with (a) p =0, (b) p = 0.4
(c) p=0.75.
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FIGURE 3.6 The evolution of orientational distribution f(60,¢) in a layer
of 50CB liquid crystal molecules on a substrate of phlogopite mica, for
different partial water vapor pressures (a) p =0, (b) p=0.4 and (¢) p =
0.75. The distribution function is displayed in a box and has a projection

on the lower plane.

(a) (b) (c)

FIGURE 3.7 The same as figure 3.6 for 7CB and different partial water
vapor pressures (a) p=0, (b) p=0.4 and (c) p = 0.75.

downward, corresponding to molecules pointing with their cyano-group away from the
surface. The other three peaks lie on a cone around the z—axis with an opening angle

of approximately 58°, and in the mirror planes o of the substrate.
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In agreement with the decrease of in-plane anisotropy in the second-harmonic sig-
nal (Fig. 3.4 and 3.5), one observes in these distributions that the width of the peaks
increases when the water vapor pressure increases. However, the in-plane orientation of
the peaks is independent of the liquid crystal and of the composition of the atmosphere.
This is in contrast with the strong variations of the bulk anchoring directions on these
parameters.

To quantify the detailed evolution of the surface orientational order with water vapor
pressure, we have calculated the evolution of the different order parameters character-
izing the surface orientational order. The number of independent order parameters can
be reduced to three, two parameters for the threefold component of the ordering:

cos 3¢ sin® 6
Qi = <¢f>

0 B 3cosf N cos 30
333 = 50 1

and one parameter characterizing the nematic-like uniaxial ordering:

3cos?h — 1
o - (20mt)

(2111 is associated to the anisotropic in-plane ordering and (0333 is a measure of the up-
down asymmetry along the surface normal. ()33 is the usual scalar order parameter of the
nematic order indicating how well the molecules are aligned along the surface normal.
In both liquid crystalline compounds, the value of (J111 increases with increasing vapor
pressure, while the values of Q333 and Q33 decrease in 5OCB and increase in 7CB, with

in both cases a change of sign for )33 (Fig. 3.8).

3.4 Discussion and conclusions

From the above experimental results, we can draw several conclusions on the anchoring
behavior of cyanobiphenyl molecules on phlogopite mica.

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 water vapor is added in the atmosphere surrounding the liquid crystal, both liquid
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FIGURE 3.8 The surface order parameters versus the reduced water vapor

pressure p for 50CB and TCB: (a) Qq11, (b) Q333 and (c) Qss.

crystals exhibit an anchoring transition where the bulk reorients in the plane parallel to
the substrate. After this transition, 5OCB orients parallel to the surface mirror 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 essentially independent of the liquid crystal and the pres-
ence of water vapor. The orientational distributions in the surface layer always exhibits
four peaks. One peak is oriented perpendicular to the substrate, the other three peaks
are oriented in the surface mirror planes on a cone of opening approximately 58° with
respect to the surface normal.

These orientational distributions all have the same symmetry as the substrate surface,

namely a three-fold symmetry. This is shown by the measured second-harmonic signal
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(Fig. 3.4 and 3.5). However these measurements cannot exclude the presence of a small
asymmetry between the peaks of the orientational distribution, which would be hidden
by statistical errors in the second-harmonic generation measurements. This possibility
can be excluded by considering the fact that both liquid crystals used in our study
orient in the bulk perpendicular to the surface preferred molecular orientations under
the appropriate water vapor pressure. If there was any asymmetry making one of the
peaks in the surface orientational distribution larger than the others, the bulk would
necessarily orient along this direction and the bulk anchoring directions would always
be parallel to the preferred orientations of the surface molecules.

We find that the difference in the in-plane orientation of the bulk anchoring directions
which is observed between 50CB and 7CB, before and after the anchoring transitions,
is not due to a difference in the preferred in-plane orientation of the surface molecules.
This is in contrast with to what was found on muscovite mica [37, 51]. By considering
the evolution of the order parameter ()1, in the surface layer (which is related to the
in-plane width of the peaks of the orientational distribution), it seems unlikely that
the bulk orientation is affected by the in-plane distribution of the surface molecules:
(2111 increases with increasing water vapor pressure in both 7CB and 50CB, while the
bulk anchoring directions vary in the opposite ways in these two compounds. Such
an opposite behavior of 5OCB and 7CB is found in the evolution of the two order
parameters Q333 and ()33 characterizing the tilt distribution of the surface molecules.
This strongly suggests that the in-plane orientation of the bulk director is determined
by the tilt distribution of the surface molecules. In particular, the in-plane rotation of
the bulk orientation occurring at the anchoring transition induced by addition of water
vapor appears to be driven by changes in the surface tilt distribution.

In the next chapter, we present a model based on an extension of the Landau- de
Gennes theory that confirms this conjecture. Such an in-plane reorientation of anchor-
ing directions driven by a change in surface tilt angle has also be found in theoretical
calculations based on a microscopic model of liquid crystals [62]. J. Chakrabarti and
B. Mulder have calculated the preferred bulk orientation of a slab of liquid crystal in
contact with a substrate having a threefold symmetry. They use a generalized Lebwohl-

Lasher lattice model [63, 64] in which the potential of the interaction of two molecules
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making an angle 7 is a linear combination of Py(cos~y), Py(cos~y) and Ps(cos<y), where

P, is the Legendre polynomial of order n. They impose the molecules at the surface to

take one of three equivalent orientations deduced from each other by a three-fold axis.
They find that for correctly chosen values of the interaction parameters, the in-plane

orientation of the bulk director rotates by 90° for a critical value Q55 of @33.
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ANCHORING ON PHLOGOPITE MICA:
THEORY

In this chapter we develop a theoretical model accounting for our experimental obser-
vations of the anchoring behavior of cyanobiphenyl liquid crystals on phlogopite mica
presented in chapter 3. Starting from these observations, we derive a possible anchoring
mechanism by which the bulk liquid crystal adopts the observed definite anchoring direc-
tions in the plane parallel to the surface. We then formalize this mechanism by extending
the Landau-de Gennes theory to take into account the specific ordering induced by the

substrate close to its surface.

4.1 Principles of our model

On the one hand, the second-harmonic generation experiments have shown that the
orientational ordering in the surface layer of molecules in contact with the mica surface
exhibits the same symmetry as the substrate, namely a threefold symmetry. On the
other hand, the orientational ordering of the bulk nematic liquid crystal is uniaxial.
There are therefore two components of the molecular orientational order which play a
role at the interface: the nematic ordering and the surface-induced threefold ordering.
The threefold ordering disappears as one moves away from the surface layer into the
bulk. The degree of nematic order is low in the surface layer, as shown by the low values
of the surface order parameter @33 (Fig. 3.8); this nematic order grows as one moves
into the bulk.

The director in the bulk of the liquid crystal has three preferred orientations parallel
to the substrate surface, either parallel or perpendicular to the mirror planes of this
surface (depending on the system considered). However in the surface layer the in-

plane symmetry of the orientational order imposes the director to be perpendicular to
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the substrate surface. This means that the boundary conditions of the nematic order
are isotropic in the plane. Therefore the nematic order cannot orient its director in
a particular in-plane direction by itself, as it grows in the interfacial region. It needs
to get its orientation from the only source of anisotropy in the boundary conditions,
which is the component of the order with a threefold symmetry. This implies that the
nematic and the threefold component of the orientational order have to be coupled.
Considering the correlation that we find experimentally between the tilt distribution of
the molecules in the surface layer and the in-plane orientation of the bulk director, this
coupling between nematic and threefold orientational order must be such that changes
in the surface tilt distribution can induce an in-plane reorientation of the bulk director.

In the following sections, we model this anchoring mechanism and the evolution of
the orientational order from the surface layer towards the bulk using a Landau type of
description. We introduce two different order parameters describing the two different
types of ordering involved in the anchoring process. These order parameters characterize
the degree of ordering as well as the overall orientation of the corresponding orientational
distributions. They are therefore tensors, of the second rank for the nematic order
(Eq. 4.1) and of the third rank for the threefold order (Eq. 4.10).

The evolution of the orientational order in the interfacial region is determined by
the set of trajectories of the order parameters for which the free energy is minimal.
We use an expansion of the free energy of the system in these order parameters of the
following form: Fi, = F, + F5 + F¢. F, is the contribution associated to the nematic
ordering, given by the Landau-de Gennes theory [65] (see Eq. 4.5). Fj is the contribution
associated with the threefold ordering. We write it as a development in the third-rank
order parameter tensor in the spirit of the Landau-de Gennes free energy (Eq. 4.13). The
effect of the threefold ordering on the nematic order is taken into account by introducing
the coupling term F written as a contraction of the two considered order parameter
tensors (Eq. 4.20). The influence of the coupling term F¢ on the evolution of the nematic
and threefold order is considered to be small. In our calculations we therefore treat the
evolution of these different types of order independently (in section 4.2 and 4.3 for
the nematic and threefold order respectively) and the coupling term as a perturbation

(section 4.4).
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4.2 Evolution of the nematic ordering

To describe the nematic order in the framework of the Landau-de Gennes theory, we

define the z—dependent order parameter tensor [65]:
1 1
Qij(z) = 5(3§i§j —bij) ) = 2 36& 1 (0, ¢, 2)dS2 — b, (4.1)

where € is the molecular orientation (— cos ¢ sin 0, sin ¢ sin 6, cos ), (0, ¢, z) is the distri-
bution of these molecular orientations at distance z from the surface, and d2 = sin 0dfd¢
is an elementary solid angle. We choose for convenience the frame of reference (xyz) in

such a way that the director stays in the xz plane. In that case );; can be written as:

—Q2n -0 0 Q3
0 @2 0 (4.2)
Q13 0 @33

In the bulk this order parameter has the following form:

Qp(1—3cos20)

3Qp sin 20
4 0 : 4
0 — % 0 (4.3)
3Qp sin 20 0 Qp(14+3 cos20)
4 4

where © is the angle between the bulk director and the z—axis perpendicular to the
substrate surface, and @), is the bulk scalar order parameter (approximately 0.6). At

the surface Q;; takes the form:

_Q332|z:0 0 0
Qs3|-=
0 Qi : (4.4)
0 0 Q33|z:0

In this case, the director is perpendicular to the surface.
The Landau-de Gennes free energy density associated with the nematic ordering can

be written as [65]:

3[4 ] ANZ a2\ 2
F(z)=) ?q(Qz‘j — Qb,ij)” +§1 <a§22‘7> +§2 <a§z3> ] : (4.5)
i,7=1
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This free energy density is minimal when Q;; = Q;; and 0Q;;/0z = 0, i.e. for a
uniformly ordered bulk. It is non-zero only in the interfacial region; its integration over
the semi-infinite space occupied by the liquid crystal (z < 0) yields the interfacial energy.

We insert equations (4.2) and (4.3) in the free energy expansion (4.5) and perform for
convenience the substitution g(z) = 2Q92(z) + Q33(2). We also introduce new constants

which are related to the characteristic decay lengths of the components @);;:

— ll
& = \/A:q’ (4.6a)

3l + 21y

= —_—c 4.6b
&2 54, (4.6b)
e+,
£ = 24, (4.6¢)

For numerical calculations we use the same values for the constants /;,ly and A, as in

[50]: 11/ly =2/5 and A,/l; = .0lnm™2. Fy(z) can now be written as:

BEL 200 20u(a0Quisin20 + Qu()? + Qla(e)’E
_ 3%2"(1 +3¢0820)Qs3(2) + 3Q32(2)2 + 3Q§,Z(2)2€22
+ ng(l —c0s20)g(z2) + 9(2)2 + gl(j)2§f. (4.7)

By solving the corresponding Euler-Lagrange equations with as boundary conditions

equations (4.3) and (4.4) for respectively the bulk (2 = —oo) and the surface layer
(z=0), we find:

Qu(2) = —Pexplz/e] 1) sin20, (4.82)

Q33(z) = explz/&)Qs3].—0 + %(1 — explz/&)])(1 + 3cos20), (4.8b)

g(z) = L@(exp[z/&] —1)sin®©. (4.8¢)

2
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From this z-dependence of ();;, we can calculate the interfacial energy F, whose

minima correspond to the anchoring directions:

B o R, 270} 33Q3 3QQ33|2—0 3(Qs3]:20)
I R B R e
2 2 2
#5450 Tl - Mnlmng, ) o
9Qy, | 27Qf . 9Q;
* <128 St T8 T 5 53) 6084@)} (49)

A contour plot of F, wversus the surface scalar order parameter (Q33|,—o and the bulk
tilt © shows that the preferred orientations of the director are parallel (© = m/2)
or perpendicular (© = 0) to the surface depending on Qs3|.—¢ (Fig. 4.1). The bulk
director is parallel to the surface when the stability condition %b:nﬂ > 0
is satisfied, which means that Q33|.—¢9 < Qb(%) ~ 0.0676. Such a first-order
anchoring transition in which the bulk tilt angle varies from 7 to 0 as the surface order
parameter (Q33],—¢ increases from negative to positive has also been found in theoretical
calculations an simulations performed with a Lebwohl-Lasher lattice model [66].

We have found experimentally that (33|,—o is always smaller than 0.02 (see Fig. 3.8);

this means that the planar anchoring is stable, which corresponds to the experimental

observation. In the following we consider only the case © = /2.

4.3 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 parameter describing this type of ordering and terms in the
free energy which determine the evolution of the components of this order parameter

as a function of z. As order parameter we take a traceless symmetric third-rank tensor

defined as:

Qiji(2) = /[fzfjfk — 1/5(&0 1 + &bin + Ei0ij) | f(8, @, 2)d€2. (4.10)

Qijk|z—o has to satisfy the threefold symmetry of the surface layer. Moreover there is

no spontaneous symmetry breaking away form the surface and thus the tensor Q;;x(2)
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FI1GURE 4.1 Contour plot of the contribution Fy to the interfacial energy

as a function of the surface scalar order parameter Qss|,—o and the angle
O of the bulk director with respect to the z—axis. The darker regions

correspond to a higher free energy than the whiter regions.

conserves the threefold symmetry it has in the surface layer for any z'. This threefold

symmetry reduces the number of independent non-vanishing components of (;;;, to three:

!We have also calculated the evolution of the tensor @;j), in the general case without imposing a
priori a threefold symmetry at any z. As expected if we impose on this general solution the boundary
conditions at z = 0 with the threefold symmetry of the surface layer, the tensor ();;; conserves this

threefold symmetry for any z.
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Qu22(2) = —Quui(2) = — <w> (4.11a)
Qul2) = ~Qualz) = —<M> (4.11h)

Q223(2) = Quus(2) = —Qs33(2)/2 = — <3(;0059 + 00239> (4.11c)

(Q122(2) and Qa22(2) describe the anisotropy in the plane and depend on the angle ¥
between the &2 plane containing the director and one of the mirror planes o of the

substrate surface. These components can be written as:

(Q122(2) = cos3Wh(z) (4.12a)

(Q222(2) = —sin3Wh(z). (4.12b)

We construct an expansion of the free energy density as a function of @Q;;; in a way
similar to the Landau-de Gennes expansion in the second-rank nematic order parameter?:

2 2
Sare 2 (2e) 22 (22Y]

3

F3(Z) = Z

ij k=1

2 2 0z 2 0z

This free energy density is minimal for an uniformly absent threefold ordering (Q;jx =
6Q,]k/6z = 0)
We introduce the decay lengths of this ordering:
& = VA (4.14)

& = V(5A+3)\y) /54, (4.15)

Because the evolution of this type of ordering has not been studied before, we have no
guess values for these characteristic lengths. These lengths however are expected to be
much shorter than the decay lengths of the nematic order, since this surface-induced

ordering does not normally occur in nematic liquid crystals.

2In principle other gradient terms should be added to our expression of F3. However, each of these
terms is associated with an unknown coefficient. Since we focus on the effect of the coupling between
nematic and threefold order, we keep the number of gradient terms (and therefore unknown parameters)

limited.
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Using equations (4.11) and (4.12) and the decay lengths & and &5 (4.14 and 4.15),
we can write the free energy as:

F3(2)

=2 =2 [(:)? + €1 (2] 45 [Qun(2)* + Qs ()] (4.16)

Minimizing this free energy and imposing the boundary conditions on @);;, at the sub-

strate surface gives the solutions:

hz) = QF explz/&l, (4.17a)
Qao3(2) = —Q?’%Lzzoexp[z/&]. (4.17b)

where we define QS’) = /Q122’_y + Qan| .

4.4 Coupling between threefold and nematic order

So far, we have considered the threefold and nematic orderings to evolve independently
of each other. In this section, we add an interaction of the nematic ordering with the
threefold ordering, by introducing a coupling term in the free energy. Such a coupling
term is a rotationally invariant contraction of the order parameter tensors associated
with different types of ordering. One can construct many coupling terms with tensors of
the second and third rank. The question arises which term gives a W-dependence of the
free energy expansion. The lowest order terms not involving any gradients and showing

a W-dependence are:

3
Z Qijk QumnQij QriQumn, (4.18a)
2,9,k,l,m,n=1
3
> QipQunnQitQimQin (4.18b)
i,9,k,l,m,n=1

where summation over repeated indices is assumed. Both terms have, apart from a

constant term, a W-dependence of the interfacial energy of the form:

0
1
/ —Eh(z)29(2)3dz cos 6@ = C cos 6. (4.19)

g(z) and h(z) have been defined in Eq. 4.8c and 4.17a respectively. The extrema of this
U-dependent term lie at ¥ = 0 and ¥ = 7/6, with a period of 7/3. Whether one of

the extrema is a minimum (corresponding to an anchoring direction) or a maximum is
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determined by the sign of the coefficient C;. For a negative (resp. positive) C; this
coupling term leads to anchoring directions parallel (resp. perpendicular) to the mirror
planes of the substrate.

The experimentally observed anchoring transitions correspond to a change of the
location of the minima of the coupling term with the orientational order in the surface
layer. With the present term, this can only be obtained if the coefficient C'; changes sign
as a function of the surface order. This coefficient C, however, is quadratic in h(z) and
cubic in g(z). Since the latter is independent of the surface order, C cannot change sign
as a function of the surface order: this coupling term cannot give rise to any anchoring
transition. The terms given by Eq. 4.18 are obviously not relevant for the anchoring
behavior we observe and can thus be neglected.

We consider therefore higher order coupling terms:

3
Z QiijlaniijlQmenpa (420&)

i7j7k7l7m7n7p:]‘

3
Z Qijk Qumn QitQ jm QrpCnp- (4.20b)

i7j7k7l7m7n7p:1

Performing the summations (4.20) and not considering the W-independent terms yields

for both expressions:
01
/ S Qus()h(2)g (=)= cos 6T = O cos 61, (4.21)

The amplitude of cos 6¥ in (4.21) is determined, apart from the factor h(z)?g(z2)?, by the
component (Y33(z) of the nematic order parameter tensor. This factor QQ33(z) can change
the sign of Cy if Q33|,—0 varies and therefore can give rise to the anchoring transitions
observed experimentally.

Performing the integration in (4.21) yields:

_ 2T 5 @ [ @éa | 3@6i&  3Q6ids
G = 15A(Qi )2{ 1 TG T 26

(@ +2Q53]:20)68 3(@ + 2Qs3]:0) 6168 (4.22)

2(28 + &) 2(261&5 + &1&y + &)
_ 3(Qp + 2Q33]:20)616284 n (Qp +2Q33].—0)&16264 }
2266 + &8+ 268)  2(266 + L&+ 364)
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Since &4 is expected to be much smaller than & and &, we perform a Taylor expansion

of (4.22) in &/¢; (i=1,2). After factorization, one gets:

+ Q33],—0(—1 +3é +2§4

3 &
@, a

360 3 )+ O[€7]] . (4.23)

Qb(Q )?
The first factor in (4.23) cannot change the sign of C5, however the second factor does

change sign for a certain value Q5; of Q33],—0 with:

Q53 = Qo&ia/ (&€ — 368 — 26&4) = Quéa /& (4.24)

The above coupling term gives thus rise to a reorientation of the bulk director in the
plane of the substrate driven by an evolution of the nematic order parameter QQ33|,—¢
around ()5;. Values of Qs3|,—0 below Q43 result in a director parallel to the surface
mirror planes. Above this critical value (J4; the director orients perpendicular to the
mirror planes.

Using our experimental results, we can now estimate the range of &,. Since we
find experimentally that Q33],—¢ is always smaller than 0.02 (fig.3.8), Q%; must also be
smaller than this limit, which means 0 < &, < Q5;&2/Qp &~ 0.4nm (taking & ~ 10nm and
Q» = 0.6). & is indeed much smaller than &; it corresponds to one layer of molecules
oriented parallel to the surface. As was anticipated in section 4.3, the surface-induced

threefold order decays over a much smaller length scale than the nematic ordering.

4.4.1 Evolution of the orientational distribution in the interfacial region

In the former sections, we have determined the evolution of the order parameters of the
nematic and threefold ordering in the interfacial region. The components of these order
parameters are simply related to the coefficients of the expansion of the orientational

distribution into spherical harmonics:

00 [

=) ()0, 9). (4.25)

=0 m=—1
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From our calculations, we know the spatial evolution of the following coefficients corre-

sponding to [ = 2,3 (the other coefficients (Y;"(2))|i—2,3 are zero):

(Y '(2)) = \/7 Qu3(z (4.26b)

V) = () - 6[ (Qm() + Q) (4.260)

2
(¥3'(2))

4\/—Q333( z) (4.26d)

(Y5°(2)) = _%\/;(Qmﬂz) + ZQ222(Z)> (4.26e)

(Yi(2)) = %\/?(sz(z) — ZQ222(Z)> (4.26f)

Since we do not know the other coefficients (Y;™(z)), we can only calculate that
part of the expansion of f(0, ¢, z) corresponding to [ = 2,3, which we will denote f. f
contains however the two most important components of the ordering for the anchoring
behavior we want to describe. Since f is not the complete distribution function, it can
take negative values. To facilitate a spherical representation of f, we add for every z a
positive constant to f(ﬁ, ¢, z) in such a way that the minimum of f(e, ¢, z) is zero.

As an example of how f evolves with z in the case of bulk anchoring directions parallel
and perpendicular to the preferred orientations of the surface molecules, Fig. 4.2 shows
the evolution of f in 7CB for partial vapor pressures of p = 0.2 and p = 0.75. For
z = 0 Fig. 4.2 shows a distribution which resembles the distribution f(6, ¢) determined
with the maximum entropy method from the second-harmonic generation measurements
Fig. 3.7 with the difference that the present plot shows only the part of the distribution
corresponding to (Y;™(z)) components with [ = 2, 3.

4.4.2 Conclusions

Our theoretical description of the behavior of nematic liquid 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 anchoring of the bulk nematic

phase occurs if the scalar nematic order parameter (Q33|,—o at the surface is smaller
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FIGURE 4.2 Evolution of the function f versus the distance z with respect
of the surface (z = 0,—2&,, —4&,, —00) for a bulk anchoring direction (a)
parallel, and (b) perpendicular to a mirror plane o. & has been set equal

to 0.016&,.
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than 0.07. For values of Q33|,—0 larger than this limit, homeotropic anchoring of the
bulk phase is predicted. This is in agreement with our experimental observations as
the experimentally measured surface order parameter (Q33|,—o did not exceed this value
of 0.07 and only planar anchorings were observed. However this conventional model
does not predict any preferred in-plane orientation for the bulk nematic liquid crystal.
When the surface-induced threefold ordering is taken into account and coupled to the
nematic ordering, our calculations show that the bulk director has the choice between
three energetically equivalent in-plane orientations: the anchoring is tristable as observed
experimentally.

The bulk orientation can be either parallel or perpendicular to the surface mirror
planes. Which case occurs is determined by the value of Qs3],—0. If Q33|,—0 decreases
from a value larger than a certain threshold ()45 to a value smaller than ()5;, a first-order
anchoring transition is induced at which the bulk director changes from an orientation
perpendicular to an orientation parallel to the mirror planes of the mica surface: this
is what we have observed experimentally in 5OCB. In the case QQ33].—¢ increases from
below ()55 to above ()55, the reverse anchoring transition is induced, which is what we
have observed in 7CB. The value ()5, is related to the decay length & of the threefold
ordering. From the experimentally determined value of Q55 (Q5; < 0.02) we can estimate
an upper limit for this decay length: 0 < &; < 0.4nm.

The agreement of our theoretical results with our experimental results shows the
validity of the anchoring mechanism we had postulated in section 4.1. We can generalize
it and propose an anchoring mechanism by which a substrate with a threefold symmetry
or higher can induce several definite in-plane anchoring directions on a bulk liquid crystal.
This mechanism involves two components of the orientational order: the uniaxial nematic
order existing in the bulk of the liquid crystal, and the surface-induced order with the
symmetry of the substrate surface found in the surface layer of liquid crystal molecules.
This surface-induced order extends over a certain distance from the surface which is
significantly shorter than the coherence length of the nematic ordering. Because of
the surface symmetry, the boundary conditions on the nematic order at the surface are
isotropic in the plane. The nematic order gets oriented in the surface plane by a coupling

to the surface-induced order that exists over the narrow interfacial region where both
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the nematic and surface-induced orders are present. This anchoring mechanism can be
formalized by extending the Landau-de Gennes theory to take into account the surface-
induced component of the orientational order and its coupling to the nematic order.

In the framework of a microscopic model based on intermolecular interactions, the
surface-induced order can be imposed by adding a potential of interaction between the
surface molecules and the substrate. The range of the interaction potential is then
equivalent to the decay length &; of the threefold ordering in the Landau-de Gennes

type of calculation.
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In this chapter we describe the effect of a DC electric field applied on thin films of
liquid crystals. We first predict the expected polar ordering induced by the field and
the corresponding second-harmonic signal generated by a poled film. Comparing these
predictions with experimental measurements show that the electric field can induce a
polar ordering if the molecules form polar clusters, which have a higher dipole moment
than the individual molecules. Our measurements also allow us to draw some conclusions

on the anchoring of liquid crystal molecules on fused quartz.

5.1 Introduction

Most electro-optical applications of liquid crystals are based on the switching of the
orientation of the liquid crystal between different states under the effect of an electric field
(see e.g. liquid crystal displays, Fig. 1.1). The macroscopic observation of this switching
phenomenon proves that the average alignment of the bulk molecules changes orientation
under the effect of an electric field. On the other hand, the director has a preferred
orientation close to the surfaces (the anchoring direction) arising from the orientation
of the molecules in the surface layer by their interaction with the surface [17, 19]. This
means that the reorientation of the bulk of the liquid crystal is in competition with the

orienting effect of the surfaces. This raises several questions:

1. Do the molecules in contact with the substrate also reorient if the bulk reorients
and how much enerqgy does it cost? The questions have indirectly been addressed
by measurements of the anchoring energy associated with reorientations of the

director in the bulk [18, 19, 67]. This macroscopic anchoring energy is however



62

Poling of Thin Films

a property of the whole interfacial region between the surface and the bulk (see
section 1.3). We need rather to measure the microscopic anchoring energy of the

molecules in the surface layer.

. Are the molecules adsorbed onto the substrate and what is the energy associated

with this adsorption? There have been several experimental observations showing
that once a liquid crystal has taken a given orientation on a substrate, this ori-
entation becomes favored with respect to the others. For instance, an azimuthal
anchoring strength can be measured on isotropic substrates after that the bulk is
aligned by an external field [68, 69]. This alignment is also retained if the sample
is heated well in the isotropic phase and cooled down in the absence of external
field [70, 71]. However, if a second external field is applied for a long time (hours)
in a different direction than the original orienting field, the surface director slowly
rotates (glides) towards the second field[72]. The anchoring strength measured on
an undulated substrate was also found[73] to be one order of magnitude larger
than expected from the topographic anchoring mechanism proposed by Berreman
[74]. These observations suggest that the molecules in the surface layer get ad-
sorbed onto the substrate in the orientation they adopt. The anisotropic part
of this adsorption energy provides an additional contribution to the microscopic

anchoring energy.

. What is the reorientation dynamics of the surface molecules? How fast do they

reorient when a distortion is applied and how fast do they relax towards their
equilibrium order when the distortion is removed? This dynamics is expected
to be strongly influenced by the adsorption we have just mentioned. There have
been very few direct measurements of the mobility of the surface molecules [75], al-
though measurements of the dynamic properties close to interfaces and in strongly
confined systems indicate that the surface dynamics is slower than the bulk dy-

namics (see e.g. [76, 77]).

Addressing these questions at the molecular level requires studying the behavior of

molecules in very thin layers when they are forced to reorient away from their equilibrium

order. One way to induce such a reorientation is to apply a high DC electric field. This

process is used in particular for the poling of side-chain polymer liquid crystals to make



Introduction 63

Land a

nonlinear optical materials [78, 79]. Electric fields ranging between 1kVmm™
few 100kVmm ™! are able to induce a polar ordering of the liquid crystalline side-groups
(in particular cyanobiphenyl groups) of these polymers. As a result the poled materials
generate a second-harmonic signal.

The above formulated questions can be addressed by studying the following model
system: a thin liquid crystal film consisting of polar molecules deposited onto the con-
sidered substrate in between two electrodes providing an electric field parallel to the
substrate. The applied field tends to align the dipoles carried by the molecules along its
own orientation, inducing a polar anisotropy in the plane of the substrate. The resulting
orientational distribution of the molecules arises from a balance between the anchoring
energy of the molecules onto the substrate and the energy of the molecular dipoles in
the applied electric field. This orientational distribution gives therefore information on
the anchoring energy of the molecules onto the substrate. The time evolution of this
distribution when switching the field on and off gives information on the reorientation
dynamics of the surface molecules. Since second-harmonic generation is specifically sen-
sitive to polar ordering, it is an ideal tool to measure the degree of electric-field-induced
polar ordering of the molecules and its time dependence.

A prerequisite to the analysis of this type of experimental data is the understanding
of the effect of the electric field on the orientational order of the liquid crystal molecules
and the resulting second-harmonic signal generated by the poled liquid crystal film. We
have studied this effect of poling on thin liquid crystal films by taking fused quartz as
substrate. This substrate is isotropic in its plane (symmetry Cy,), so that it does not
induce a preferred azimuthal orientation of the liquid crystal molecules.

In the following two sections, we derive the expected electric-field-induced order in
a thin liquid crystal film (section 5.2) and the corresponding second-harmonic signal
(section 5.3). After describing the experimental conditions (section 5.4), we compare
the experimental results with the expected behavior (section 5.5). This leads us to the
conclusion that the polar units reorienting under the application of a field are not single
molecules but clusters of molecules with a polar ordering. Finally we discuss our results

both in terms of poling and anchoring properties of fused quartz plates (section 5.6).
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5.2 Effect of electric field on molecular orientation

5.2.1 Structure of films

To examine the effect of an electric field on the orientational distribution of liquid crystal
molecules in a thin film, we use the following considerations. A film of polar molecules

deposited on a substrate can be divided into two parts:

1. The surface layer: this is the polar layer of molecules in contact with the substrate.
In the absence of electric field, it is known that these molecules preferentially

point with their polar head towards the substrate (Fig. 5.1) and make an angle
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FIGURE 5.1 Schematic representation of the structure of a liquid crystal

film deposited on a substrate in the absence of external field.

of approximately 70° with respect to the substrate normal [80]. On fused quartz
however, they have no preferred azimuthal orientation. If an electric field is applied
in the plane of the substrate, it induces an in-plane anisotropy by orienting the
molecular dipoles along its own direction. Since in the molecules we have used
(cyanobiphenyl) the dipole moment is parallel to the molecular axis, we consider
only this case. To calculate the resulting orientational distribution of the surface
molecules, we assume that the applied electric field does not modify the tilt of the
molecules. This is justified by the experimental results.

2. The covering film: this is the rest of the film (Fig. 5.1). In the absence of electric
field, this part of the film has a quadrupolar ordering, with as many molecules
pointing in one direction as in its opposite. The in-plane distribution is isotropic.
To minimize the elastic energy of the film, the tilt of the molecules varies from

nearly parallel to the substrate right above the surface layer (planar anchoring)
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to perpendicular to the surface at the free surface (homeotropic anchoring). Ap-
plying an electric field induces an in-plane anisotropy. It can also modify the tilt
distribution of the molecules if it overcomes the elastic energy associated with
distortions of the molecular orientation [13]. This will in particular happen for
thick films. We can consider two extreme cases: a) The tilt of the molecules is not
modified by the field. At each level z in the film, the molecules keep the tilt they
have without electric field. b) The tilt of the molecules is completely determined

by the electric field; the molecules behave as in bulk.

We also take into account the fact that the orientation of the molecules might be
correlated over a number N, of molecules. This means that the surface layer is N,
molecular layers thick. The covering film can then be seen as a stack of polar layers with

alternating up and down polarization, each polar layer being N, molecular layers thick.

5.2.2 Electric-field-induced orientational order

Using the above considerations, we can calculate the orientational order of the molecules
in the different regions of the films as a function of the applied field. This calculation
adapts the theory of poling of bulk materials [81, 82] to the case of thin liquid crystal
films.

We define the axis é of a given molecule by its azimuthal angle ¢ and tilt angle
(Fig. 5.2): € = (—sinf cos ¢, —sinfsin ¢, cos#). The probability of finding a molecule
in an elementary solid angle sin 8dfd¢ is given by f(6, @) sin(0)dfd¢ where f(6, ¢) is the
orientational distribution of the molecules. f is given by f (8, ¢) = Cexp(=U(0, ¢)/kT)
[83] where U(0, ¢) is the free energy of a molecules with spherical coordinates (6, ¢). U

has two contributions:

U(ga d)) = Ustruc(ga ¢) + Uelec(ga ¢) (51)

Uelec 1s the energy of the molecular dipole p in the applied electric field E: Ugec (6, ¢) =

—p - E. As mentioned in the previous section, the dipole moment of our molecules is

. . - 1. o Iy . . o B
directed along their molecular axis': pu = p&. We introduce the ratio p = %7 of the

!'We take as convention the dipole oriented from the electro-positive to the electro-negative parts

the molecules, i.e. p pointing towards the cyanohead of a cyanobiphenyl molecule. In the case when the
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FIGURE 5.2 Definition of the spherical coordinates (0, ¢) and («,d) of the

molecular azis €.

dipolar energy over the thermal energy. Uge. can then be written as:

Uelec (97 d))

T —psinf cos ¢ (5.2)

Ustrue 1s the free energy in the absence of the electric field and is determined by the
intrinsic properties of the system. In our case, it contains the anchoring energy at the
surfaces and the elastic energy associated to distortions of the molecular orientation.
Ugirue depends on the position of the molecules in the film.

5.2.2.1 The surface layer The substrate induces no preferred azimuthal orientation
of the molecules; U, has therefore no dependence on ¢. Assuming that the tilt of the
molecules remains constant and equal to 6y (see section 5.2.1), Ugyrye takes the following

form:

Ustruc(907 ¢) = UO if 0 = 90 (538,)

Usrac(0,0) = +oo  if 0+ 6 (5.3b)

reorienting units contain a number n, = Np3 of molecules with a polar ordering, u should be replaced

by n.pt.
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The orientational distribution of the molecules in the surface layer is thus:

fs(0o,0) = Csexp [—Ig—; + psin by cos ¢ if 0 =0, (5.4a)
fs(0,0) = 0 if0#£0 (5.4b)
with
1

N

. / ’ / " 10, 6) sin 040 (5.5)
0 0
2w

= /0 exp <—g—%> exp(psin Oy cos ¢)do

- ~ Y0\ Gin o2 I (psin ) (5.6)

= exp |~ | sinfo27lo(psin by :
Iy(X) = £ [T cosh(X cos ¢)dg is the modified Bessel function of order 0 [84]. Finally we

have:

_exp(psinfy cos @)
f3(00, 9) = 27 sin By Io(p sin Op)

(5.7)

5.2.2.2 The covering film Case a: Let us first consider the case in which the electric
field does not modify the tilt of the molecules in the film. We call h; the thickness of the
covering film, and 6%(2) the tilt of the molecules at height 2 in the film. Since the electric
field is applied parallel to the substrate surface, there is no polarization in the film along
the normal to the surface (z axis). This means that there are as many molecules with a
tilt angle 0%(z) as molecules with a tilt angle 7 — 64(2). The orientational distribution
f§(0,; 2) of the molecules located at height 2 can be derived from f,(6, ¢) calculated

in the former section:

[70,0:2) = [f(0}(2),0) it 0 =05(2) (5.8a)
= [filmr=07(2),0) = [s(0(2),¢) ifO=m—05(z)  (5.8b)
=0 if 6 # 07(z) and 0 # 7 — 0(2) (5.8¢)

The expression of 6%(2) can be obtained from the minimization of the elastic energy of

the film with the boundary conditions %(z1) =  on the surface layer (planar anchoring)
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and 0%(z — hy) = 0 at the free surface® (homeotropic anchoring) [13]:

0%(z) = 2ihf(z — 21 + hy) (5.9)

Case b: In the case where the applied electric field is strong enough to impose the
tilt of the molecules, Us; .. vanishes and the orientational distribution of the molecules is
the same as in the bulk material [81, 82]. To calculate this distribution, it is convenient
to introduce the spherical coordinates («, §) with respect to the z axis along the applied
field (Fig. 5.2). The molecular axis is then = (— cosa, —sin asin d, sin a cos d). The

orientational distribution f;?(a, d), which is now independent of the height z, is given by:

fjl?(a, §) = C;’c exp(p cos «) (5.10)
with

1
— = / / exp[p cos «] sin adadd
Cf

B Slnhp

p
_ trin(y) (.11)

= Vxls (X) is the spherical modified Bessel function of order 0 defined from the
modified Bessel function of order 1 [84].

5.3 Second-harmonic generation from a poled liquid crystalline film

Since the thickness of all the films we have studied is at least ten times smaller than the
wavelength of light, we consider our films as being infinitely thin. We can therefore apply
the theory of second-harmonic generation presented in chapter 2. The second-harmonic

signal generated by our films is proportional to the square of the effective susceptibility:

Xett = [6(2w) - L(2w)]x : [é(w) - L(w)][e(w) - L(w)] (5.12)

which depends on the nonlinear susceptibility tensor , the polarization é(w) and é(2w)
of the in-coming and out-going beams and the local field factors L(w) and L(2w) (see

chapter 2). The main contribution to x is the dipolar term arising from a polar ordering

2Remember that the z- axis points towards the substrate (Fig. 5.2).
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in the system (section 5.3.1). We examine the other possible contributions in section

5.3.2

5.3.1 The dipolar nonlinear susceptibility tensor

X is the sum of a contribution X, of the surface layer and a contribution ¢, of the
covering film.

5.3.1.1 xs of the surface layer In the presence of an electric field, this layer exhibits
a mirror symmetry with respect to the (zz) plane containing the electric field. Tts
nonlinear susceptibility tensor ¥, had then six non-zero independent components given
by (Eq. 2.2) in chapter 2 and the corresponding expression of x.g is given by (Eq. 2.5)
of the same chapter.

Using the orientational distribution f(6, ) of the molecules in the presence of an

electric field (Eq. 5.4 and 5.7 in section 5.2.2.1), the non-zero components of x; become:

Xsaze = —NsNpagzesin® by (cos® ¢) (5.13a)
Xsayy = —Nszang§ sin® 6, <cos ¢ sin’ ¢)> (5.13b)
Xswze = —NsNpagee cos® f sin by (cos @) (5.13c)
Xszow = Ns]\fpaé%§ cos Oy sin® 6, <cos2 ¢> (5.13d)
Xs,oyy — Nsza?& cos B sin? 6, <sin2 ¢> (5.13e)
Xszze = NoNpagie cos® g (5.13f)

where we define N, as the surface density of a molecular monolayer. The moments of

the ¢-distribution appearing in the above equations can be calculated from the identity:

cos” ¢pdo

(cos™ ) — /027r exp(p sin 0 cos ¢)

271y (p sin )
I,(psin by)

Io(psin6y) (5.14)
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I,(X) = L [T exp(X cos ¢) cos™ ¢de is the modified Bessel function of order n [84]. De-

R

veloping the Bessel functions for small values of p yields:

3
Xspzx = —NszOégg Sin4 90§p + O(p3) (515&)
Xsayy = —Nszong& sin* 90§ + O(p*) (5.15b)
Xs,xzz — _Nszagg cos” to sin” 90]_2) + O(pg) (515C)
1 p?sin®0
Xszzz = NsNpagge cos by sin® 90(5 + ]%Iéo) +O0(p") (5.15d)
) 1 2 12 0
Xs,oyy = Nszaéf cos 0 sin? 90(5 — 2%20) + O(p") (5.15€)
Xs,zzz — Nszangg COS?) 90 (5 15f)

For p = 0 (no field applied), x5 reduces to the susceptibility of a layer on an isotropic
substrate (Eq. 2.4 in chapter 2).
5.3.1.2 xs of the covering film Since the covering film has an up-down symmetry,

it is also symmetric with respect to a reflection in the (zy) plane. This implies that:

Xzxz = 0; Xyyz — 0; Xzzz = 0

The expression of the remaining components depend on the model considered. Because of
the up-down symmetry, it is convenient to consider the covering film as made of bilayers
(which have this symmetry) so that the up-down symmetry is valid at each height z in
the film. For cyanobiphenyl molecules, these bilayers are known to be interdigitated [85].
We call N, the number of bilayers in the film formed by two interdigitated molecular
monolayers. If the orientation of the molecules is correlated over N, molecules, the
number of entities with a quadrupolar ordering is N,/N,,.

Case a: In the case when the tilt of the molecules is not modified by the electric
field, the nonlinear susceptibility of a layer located at height z is the average of the
susceptibility of a layer with tilt angle 6%(2) and the susceptibility of a layer with tilt
angle m — 0%(2):

(X (00 = 05(2)) + X, (6 = 7 — 03(2))] - (5.16)
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This leads to®:

a 4 pag P

Xfara(2) = —NiNpagesin' 05(2) =+ O(p’) (5.17a)
a . a/ AP

Xfay(2) = —NNpogysin® Gf(z)g + O(p*) (5.17b)
a Qa . a p

Xfaze(2) = —Nszag§ cos? 0%(2) sin? 9f(z)§ + 0(p*) (5.17¢)

To get the susceptibility of the whole covering film, we need to integrate X‘}(z) over the
film using the expression of 0%(z) (Eq. 5.9):

a 9

a 3

Xfayy(2) = —NsNba§§@p+O(p3) (5.18b)
1

Xfaz:(2) = —NsNba§§1—6p+0(p3) (5.18¢)

Case b: If the tilt of the molecules is completely determined by the field, the com-

ponents of )2’} can be written as a function of the spherical coordinates («,d) Fig. 5.2 :

Xfaee = —NsNyagpe (cos® o) (5.19a)
Xl},xyy = —NsNbaég (cos asin® avsin® ) (5.19b)
Xl},mz = —NsNbaég <COS asin? a cos? 5> (5.19¢)

The orientational distribution function f}(a,d) (Eq. 5.10 in section 5.2.2.2) can be writ-
ten as a development of Legendre polynomials P, [82, 84]:

10, 8) = Z 2n47JTr 1 2283 Py (cos a)

where i, (X) = /& Int1/2(X) is the spherical modified Bessel function of order n defined
from the modified Bessel function of order n + 1/2 [84].

Using the orthogonality of the Legendre polynomials one gets: (P,(cosf)) = i,,(p)/io(p)
from which one can calculate the different moments of the a-distribution appearing in
 3Because of the interdigitation of the molecules in the bilayers [85] we assume that the density

of molecules per unit area is the same in the surface layer and in the molecular bilayers forming the

covering film.
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Xf
Xl},mmm(z) = _NsNbaggL?)(p) (520&)
1
X?‘,xyy(z) = _NsNbagggi(Ll(p)—L?,(p)) (5.20b)
1

Ly(p) and L3(p) are so-called Langevin functions [81]:

1
Ly(p) = cothp—— (5.21a)
p

Lsy(p) = <L+%>LMﬂ—§ (5.21b)

p

Developing these functions for small values of p yields:

p

Xl},www(z) = _NsNbaggg + O(pg) (522&)
p

X(;‘,xzz(z) = _NsNbagg% + O(pg) (5220)

In both cases a and b, we have X0 = 3Xfuyy- In case b X’J’c,mz = X’J’c,xyy, while in
Case a Xfpze = 5X oy
5.3.1.3 x of the whole film Summarizing, the components of the nonlinear suscep-

tibility of the whole film vary as follows with the factor p = pE/kT:

® Xuwws Xayy and Xz vary linearly with p (to first order in p). They contain contri-
butions from both the surface layer and the covering film with a ratio xfjk/Xs.ijk
proportional to the number N, of bilayers in the covering film. This means that
X,ijk dominates if the covering film is thick.

® X.zz and Xy, have only contributions from the surface layer and are independent
of p (to first order in p).

® \... has only a contribution from the surface layer and is rigorously independent

of p.
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5.3.2 Other contributions to the second-harmonic signal

We examine now different possible contributions to the second-harmonic signal generated
by a poled film and show that most of them are negligible with respect to the dipolar
contribution considered above.

5.3.2.1 Quadrupolar contribution As explained in chapter 2 (sections 2.1.1 and 2.1.5)
the covering film in the absence of applied field can generate a second-harmonic because
of its quadrupolar ordering. This adds a contribution ng to the components Xz, Xzyy
and Y, of the nonlinear susceptibility of the film given by Eq. 2.13 and 2.14. Using the
orientational distribution of the molecules in the film described in section 5.2.2.2 (case

a) for p = pE/kET = 0 (no field applied), one gets:

D
Q _ .0 _goNpkN N Cece 5.93
Xzza Xzyy 6(2&)) biVs 16 ( . a)
9ol
Q _ _ Sok N, N 333 5.23b
Xzzz 6(2&))62((,()) b S 64 ( . )

where k = ¢2(w)27/532nm~". & ~ 15A is the distance between two opposed molecules
along their axis é and Ny&p the distance between two opposing dipoles in the case of
correlated orientations. The dielectric constants of the liquid crystal €(Q2) = /n(2) can
be deduced from the refractive index of the liquid crystal (see table 2.1 in chapter 2).
For thick covering films, this quadrupolar contribution ng should be subtracted from
the measured values of x;jp.

When an electric field is applied, X?jk increases by terms of order p? and therefore
much smaller than the dipolar contribution of the covering film.

5.3.2.2 Electric field induced second-harmonic generation (EFISH) If a strong DC
electric field is applied onto a non-polar medium, it can mix by a third-order nonlinear

process with two waves at frequency w to give a polarization at frequency 2w [81]:

PYH — 33 (2w = w+ w +0) : E(w)E(w)E(0) (5.24)

(3

where x(® is the third-order nonlinear susceptibility of the medium. The effective

second-order susceptibility arising from this process is:

RS = ) Ey(0) (5.25)
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To compare the intensity of the EFISH signal with that of the purely second-order
signal arising from the field-induced polar order, we have to compare the third-order
polarizability v of the molecules and the factor ag&u/ kT. For cyanobiphenyl molecules,
v is of the order of 10™*%esu & 107%°C m*J~? [86], af, =~ 107 esu~x 0.4 x 10~*C’m?*J 2
[86, 87] and p = 5D = 15 x 107*°Cm (for one molecule). At room temperature this
give: afl.p/kT ~ 107°°*C*m*J~* which is two orders of magnitude larger than v. We
can therefore neglect the EFISH contribution.

5.3.2.3 Effect of electric field on Ong§§ In principle, a DC electric field can modify the
intra-molecular potential in which the electrons of a molecule evolve. This would lead
to a change in the nonlinear polarizability ang‘£ of the molecules. However this requires

fields which are much larger than the ones we apply.

5.4 Experimental procedure

5.4.1 Samples

To perform our experiments, we have used substrates made of fused silica (amorphous
quartz plates). The surface of these plates is isotropic (symmetry Cy,). On these
substrates we coated two electrodes separated by a gap d of about 1mm. The electrodes
were made of gold (1000A-thick) attached to the quartz by a thin layer of chromium
(100A) (see Fig. 5.3). The electrodes were connected to an high voltage power supply
producing a DC voltage V of several kV; the current was limited to 10mA.

0-2kV
FIGURE 5.3 Schematic representation of the sample made of a thin liquid

crystal droplet deposited in between two electrodes on a fused quartz plate.
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E {units of Vrd)

Distance {units of d}

FIGURE 5.4 FElectric field produced by two flat electrodes separated by a
gap. a) Equipotential lines in a plane perpendicular to the electrodes and
the gap [88]. b) Dependence of the electric field in between the electrodes
(corresponding to the field at the substrate surface) in units of the poten-
tial V' over the gap d versus position in units of d [89]. The gray region

corresponds to the center of the gap with a uniform electric field.

The electrodes produce an electric field that is parallel to the substrate surface at
the surface [89]. The intensity of this field varies across the gap. It is minimum and
equal to E = 2¥ in the middle of the gap (see Fig. 5.4). Around this minimum the
profile of the field is very flat so that there is a region of width d/5 = 0.2 mm in which
the electric field is constant within 1%. All of our measurements were performed in this
region with a laser spot of 100um in diameter to ensure uniform field conditions. We
switched the electric field with the circuit shown in Fig. 5.5 to ensure that the rise and
fall time was minimum, and that current was limited in case of a short circuit. We had

the probe (Fig. 5.5) connected to the oscilloscope to synchronize the accumulated data

with the switching of the electric field
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10k 150k 10k
highvoltage % R2 R3 output (to sample)
power supply
10M
_1_

k- [ 10nF -

100K probe (oscilloscope)
ground ground
>
24V

FI1GURE 5.5 Circuit to switch the high voltage on the sample.

The maximum electric field we could apply was typically 2kV/mm. Higher fields
produced arcing between the electrodes, which destroyed the sample. Since this max-
imum field was lowered by the presence of water vapor, we kept our samples in a cell
flushed by dry nitrogen.

We deposited a multilayer of liquid crystal molecules in the gap on the substrate
by evaporation from a hot source and condensation onto the substrate [80]. This de-
position process makes very thin droplets of an extent of several mm in which the film
thickness varies from less than a monolayer till several layers. For all results presented
here, the deposition process was performed in the absence of electric field and the field
was switched on afterwards. Depositing the films with the electric field on gave essen-
tially the same results. The cell atmosphere of dry nitrogen preserved the samples from
contamination. We have used two liquid crystals: 7TOCB (T, = 55°C, Tx; = 75°C) and
5CB (T, = 23°C, Tx; = 35°C) (Fig. 5.6) [61]. Both can easily be supercooled down to
room temperature. Our measurements were made in a temperature range between 16°C
and 40°C. The upper limit is determined by the temperature above which the molecules
evaporate from the films.

We have performed two types of experiments with these samples using second-

harmonic generation measurements:

1. static measurements of the orientational order in the films for different field

strengths and temperatures (presented in this chapter).



Ezperimental procedure 7

70CB

f 5CB
Nee )
FIGURE 5.6 The chemical structure of the liquid crystals 5CB and 7T0CB

used in the present work.

2. dynamic measurements of the orientational distribution evolution as we switched

on or off the electric field (presented in the next chapter).

5.4.2 Determination of the degree of polar ordering

To obtain the degree of electric-field-induced polar ordering in our films from the second-
harmonic signal, we have used several methods.

5.4.2.1 Full determination of the dipolar susceptibility X From the measurements of
the second-harmonic signal as a function of the in-plane orientation of the sample, we
can determine all the components of ¥ in arbitrary units depending on the experimental
set-up (see chapter 2). To derive the absolute values of the moments of the orientational
distribution, we would need to know the value of the factor Nso%%g in these arbitrary
units. We can however use ratios of different components to eliminate this factor. For

instance, using Eq. 5.15, 5.18, 5.22 and neglecting terms of O(p?), one has:

Xzzz  Xsmox + Xfaze
Xzyy Xs,zyy
sin® 0y 3p 2Cezs Ny

= _ 5.26
cosfy 4 cosfysin®f, N, ( )

where ¢, = 9/64 (Eq. 5.18a) in model a of the covering film and ¢;,, = 1/5 in model
b (Eq. 5.22a). To determine the factor p = pFE/kT, which is a measure of the degree of

polar ordering, we need to know two parameters.
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The factor N,/ cos 6 sin? 6, (where N, is the number of bilayers in the covering
film and 6, the tilt angle of the molecules in the surface layer) can be estimated from
the ratio of the sp signal S(NN,) (without field) at the considered point of the sample
and on the signal S(0) of the surface layer [37]. Both signals are proportional to the
square of the corresponding value of xi%, = x%. (Eq. 2.7 in chapter 2) of the total

nonlinear susceptibility tensor of the film. For a thick film this includes the quadrupolar

contribution of the covering film (Eq. 5.23):

S(Nb) _ Xs,zww + X?xw
S(O) Xs,zzx
k N,
oS ’ (5.27)

B 8¢(2w) cos By sin? b

This leads to:

Nb . 86(2u)) S(Nb)
cosfpsinf, &k (1 VS0 ) (5.28)

The value of the tilt angle 0 of the surface molecules can be obtained from the signal
of the surface layer:

1
Xsow _ = tan? g, (5.29)
Xs,22z 2

With the value of 6, we can also determine the number of bilayers in the covering film
from Eq. 5.28.

5.4.2.2 ss signal at & = 90° The expression of y.g in the s-in-s-out configuration for
an angle ® = 90° between the electric field and the incidence plane of the light reduces
to (see Eq. 2.5 in chapter 2):

Xss(q) = 900) = Xzzz Eyyy (530)

Since X4 is proportional to (cos® ¢) (Eq. 2.2b), x4, (® = 90°) is directly proportional to
the degree of in-plane polar ordering. This signal is therefore very convenient to follow
the evolutions of this ordering in a film with constant number of molecules. We have
used this signal for dynamics measurements (see chapter 6). As in the former method,

an absolute measure of the degree of order would require to know the factor Nsa?&. But
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we can also divide y,5(® = 90°) by another signal independent of p, for instance the sp
signal without field for the surface layer of the same droplet*:

Xss(q) = 900) _ Xs,xex + Xfzzz Eyyy (531)

lez;rf(E = 0) Xs,zyy Czyy

From there we can proceed as in the former method.

5.4.2.3 Asymmetry of the sp signal in (xz) plane From the expression of yeg in the

s-in-p-out configuration (see Eq. 2.5 in chapter 2), one gets:

Xsp(q) = 00) - Xsp(E = 0) . Xsp(q) = 00) - XSp((I) = 1800) _ Xayy Cxyy

= . g (5.32)
Xsp(E = 0) Xsp((l) =0 ) + Xsp(q) =0 ) Xzyy €zyy
Using the expressions of x;;; (Eq. 5.15, 5.18 and 5.22) gives:
Xayy _ _sin2 bop 200yy Ny (5.33)
Xouy cosflp 4 cosBysin®6fy N, '

where ¢, = 3/64 (Eq. 5.18b) in model a of the covering film and ¢,,, = 1/15 in model
b (Eq. 5.22b). From there we can again proceed as in the first method.

5.5 Results of static experiments

Most of our measurements have been performed with 7OCB. For this material, we have
measured with second-harmonic generation the degree of electric-field-induced polar or-
dering in thin films as a function of the applied field, film thickness and temperature.

We have also done a few measurements with 5CB.

5.5.1 Effect of electric field

To determine the components of the nonlinear susceptibility tensor of the films, we have
measured the dependence of the second-harmonic signal on the in-plane rotation angle
® of the sample for four polarization combinations. In Fig. 5.7 we show the measured
signal for F = 0 and F = 2 kVmm™! for a film with N, = 5 + .5 bilayers. In the
absence of electric field we measure a typical signal for the expected in-plane isotropic
distribution of the liquid crystal molecules: isotropic signals in the s-in-p-out and p-in-
p-out configurations, a noise level which is negligible in the s-in-s-out and p-in-s-out
configurations.

4Using the sp signal at the considered point in the droplet introduces complications because of the

quadrupolar contribution.
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FIGURE 5.7 Polar plots of the square root of the second-harmonic signal
versus the angle ® between the incidence plane of the laser beam and the
mirror plane of the substrate surface (containing the electric field) for a
70CB film deposited on fused quartz substrate. Clockwise we present the
signals corresponding to sp (upper left), pp, ss and ps polarizations. The fit
of the data is shown as solid curves (resp. dashed curves) and corresponds

to E =2kVmm™" (resp. E=0).

If we apply a electric field we observe that the shape of the signal changes. The
symmetry of the polar plots changes from Cy, (isotropic) to Cj, (mirror symmetry)
with a mirror plane containing the electric field. The signal also increases significantly,
specially the s-out signals. This is the signature of a polar ordering in the plane of the
substrate.

The polar plots of the signal can be fitted with the theoretical expressions of the
second-harmonic signal (Eq. 2.5) to obtain the components of the nonlinear susceptibility
tensor of the system, and subsequently the orientational distribution function using the

maximum entropy method described in section 2.1.4. In Fig. 5.8 we show the distribution
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FIGURE 5.8 The distribution function with electric field (solid) and with-
out electric field (dotted).
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FIGURE 5.9 The components Xiji of the nonlinear susceptibility tensor as

a function of the electric field

of the azimuthal angle® ¢ obtained from the data shown in Fig. 5.7. The field-induced

5Since we expect a strong variation of the tilt angle 6 of the molecules across the film, determining

the overall #-distribution does not make sense.
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distribution shows that most molecules point in the direction of the field while keeping
a wide ¢ distribution.

We have performed our second-harmonic measurements for different values of the
applied field and determined the field-dependence of the nonlinear susceptibility tensor x
of a film with N, = 5+.5 (Fig. 5.9) As expected from our model (section 5.3.1), X sz, Xzyy
and x,,, remain essentially constant as F increases. This justifies our assumption that
the applied electric field does not modify the tilt of the molecules in the surface layer.
In contrast, .., changes significantly with electric field. It varies linearly with F and
extrapolates to 0 for £ = 0. The same is observed from g, and x,., but with a smaller
slope. These linear dependences show that the development of the expressions of x for
small values of p limited to first-order terms (section 5.3.1) is justified.

For 1.5 kVmm ! < F < 2.5kVmm ™!, we find the following ratios®: Y., = (3.0 &
0.2)Xzz2 and Xa., = (1.240.2)X4y,. The ratio Xyes/Xz2- corresponds to what is expected
from our model. For the ratio x;../Xauyy, We expect (for N, =1, resp. N, = 3):

Xsazz T XF aze
Xs,ayy T XFayy

Xswzz + X5 ges
b
Xsayy + Xf.ayy

= 1.0 resp. 1.4 (model a) (5.34)

= 0.8 resp. 0.6 (model b) (5.35)

So we can conclude that model a is the most appropriate to describe our data, i.e. that
the applied field does not modify the tilt of the molecules. This is the model we will

consider in the rest of our analysis.

5.5.2 Effect of film thickness

To study the effect of film thickness on the second-harmonic signal, we have scanned the
signal across droplets along and in the middle of the gap created by the electrodes. In
such a scan, the field strength remains constant and only the thickness of the evaporated
film changes. A typical profile of the sp signal for ® = 0° without field is shown
in Fig. 5.10, and the corresponding profile of the ss signal for ® = 90° with field (2
kVmm™"') is shown in Fig. 5.11.

6For smaller values of E, the anisotropy of the signal is small and the relative error on the calculated

values of Xy and X,.. large (up to 50 %).
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FIGURE 5.10 Profile of the sp signal without applied field as one moves

through a droplet of 7TOCB along the gap .
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FIGURE 5.11 Profile of the ss-signal for & = 90° as one moves through
the same droplet as in Fig. 5.10.

The sp profile without field shows maxima close to the edges (points A and B)
corresponding to a full monolayer. Outside these two points, the signal decreases because
the number of molecules in the surface layer decreases to zero. In between these two

points the signal decreases because of the quadrupolar contribution of the covering film.
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From the sp-profile without electric field, we get (see section 5.4.2) the profile of the
number of layers (bilayers + surface layer) N, + 1 in the film (Fig. 5.12). By comparing
the profile of NV, with that of the ss signals with field, we see that most of the signal
is generated by the covering film. However a full monolayer shows some in-plane polar
ordering, to be seen at points A and B from the small ss signal.

The ss effective susceptibility y,s is proportional to the number of bilayers within
the experimental error (Fig. 5.13). This means that the degree of the polar ordering
induced by the electric field does not vary with film thickness nor with the position
of the molecules in the film (along the z direction). From x,s; and the number N, of
bilayers, we can calculate the factor p = % (section 5.4.2). We find: p = .25+ .05 in
the covering film and p = .2 £ .05 in the surface layer. We have measured p on different
samples with film thicknesses N, 4+ 1 varying from 1 to 12. We find the same values as
above: p = .25+ .05.

From this value of p, we can calculate the dipole moment p of the reorienting units
in our system. The local electric field F),. applied on the molecules is related to the

applied potential V' (= 2kV) over the gap of width d(= 1mm) by:

4 2V
Epe =1+ -1xe)——- 5.36
e = (14 57x0) =~ (5.36)

This first factor relates the local field and the applied field and depends on the linear
dielectric susceptibility y. of the material [42] and the second factor 2/7 relates the
field in the middle of the gap to V/d [89]. Using x. = 0.5 [42] and T = 293K, we find
i = 7T8D=£16D. This is much larger than the expected value of 5D for our molecules.
This means that the reorienting dipoles are not single molecules but clusters containing

of 17 £ 3 molecules and having a polar ordering. So p should rather be written as:

nept
= 5.37
P=" (5.37)

where n, is the number of molecules in a cluster.

5.5.3 Effect of temperature

To strengthen our conclusion that the reorienting dipoles of our system are formed by

clusters, we have studied the temperature dependence of the field-induced polar ordering.
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FIGURE 5.13 The effective susceptibility xss as a function of the number

of layers Ny + 1 deduced from the data in Fig. 5.10 and 5.11.
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It is expected to decrease when temperature increases because of a size decrease of the

clusters.



86 Poling of Thin Films

We have fully determined the nonlinear susceptibility tensor x of two different sam-
ples N, = 1242 for temperatures ranging between 20° C and 40° C. This was performed
both by increasing and decreasing temperature to eliminate effects due to a possible thin-
ning of the sample. The changes of the signal we observe when changing temperature
are reversible, which means that the samples are in equilibrium at each temperature.

The temperature dependence of ) is given in Fig. 5.14. X.za, Xzyy and x,., stay

. .. . __ neplE
essentially constant. This is expected since these components do not depend on p = =%

(section 5.3.1). Xazzz, Xayy a0d Xg.. decrease as temperature increases, which means that
p decreases. From the variation of ..., we find that p decreases by a factor of 0.65
between 20° C and 40° C. However 1/kT decreases only by a factor 0.95. This means
that the cluster size n. has shrunk by 70% .

2.5
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FIGURE 5.14 The components X, of the nonlinear susceptibility tensor
as a function of temperature. The data at 20°C, 30°C and 40°C on the
one hand, and 27° C and 36°C on the other hand, correspond to different

samples, which increases the scattering of the data.
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5.5.4 5CB

We have also tried to reorient molecules in films of 5CB. In Fig. 5.15 we show the profile
of the sp signal for ® = 0° without field, together with the ss signal for & = 90° with field
(2 kVmm™!). Within the background we did not see any polar ordering of the molecules

o
=
T
I

signal (a.u.)

& 1 ‘

O L | X 2 L | L T
-1.5 -0.5 0.5 1.5 2.5 3.5
position (mm)
FIGURE 5.15 Profile of the sp signal without field (W) and the ss signal
for ® = 90° with field (2kVmm™") (&) through a droplet of 5CB.

induced by the electric field. The orientational distribution remained isotropic. This

difference of behavior with respect to TOCB has two reasons.

e As already observed previously on different substrates, it is not possible to deposit
layers of nCB molecules thicker than one monolayer using deposition by conden-
sation [37, 80]. So the effect of the electric field on the second-harmonic signal is
expected to be small as in the case of a surface layer of TOCB molecules.

e At room temperature, 5CB is close to its melting point while 7OCB is much
further below its melting point. We can then expect that, if clusters form at all in
5CB, they will be much smaller than in TOCB. The effect of the electric field on
the orientational order, which is then proportional to the factor pE/kT in 5CB
and n.uE/kET in TOCB, is therefore much smaller in 5CB. So a surface layer of
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5CB molecules shows no detectable reorientation, while a surface layer of TOCB,
which is in fact a layer of clusters, shows a small but detectable reorientation of

the molecules (section 5.5.2).

5.6 Discussion and conclusions

From our measurements we can draw several conclusions concerning the effect of poling
on thin liquid crystal films and the anchoring of liquid crystal molecules on fused quartz

substrates.

5.6.1 Poling of thin liquid crystal films

Applying an electric field of a few kVmm ™ is able to induce a polar ordering in a thin
film of alkoxy-cyanobiphenyl molecules (nOCB). This is made possible by the presence
of clusters. These clusters have a dipole moment n.u (with g being the molecular dipole
moment) and reorient as a whole if an electric field is applied. If we assume that all the
molecules of a cluster point exactly in the same direction, n,. is the number of molecules
in the cluster. Otherwise the number of molecules is n./(cos ) where « is the angle
between the dipole moment of a molecule and the mean dipole moment of the cluster. If
the clusters are significantly disordered (small (cos a)), the actual number of molecules
in a cluster could be much larger than n.. At this point we have no means to estimate
(cos ). These clusters seem to exist only below the melting point of the material: they
decrease in size as temperature increases towards the melting point, and they are not
detectable at temperatures close to this point.

The existence of clusters is in contradiction with the well-established result that
cyanobiphenyl molecules (both nCB and nOCB) form so-called dimers. These are made
of two molecules with their dipole moments side-by-side in opposite directions [90-93].
These are found in all phases including the nematic and isotropic phases. In these two
phases, the fraction of molecules forming dimers is found to increase as temperature
decreases, reaching approximately 60 % in the nematic phase [93]. For molecules with
long enough aliphatic chains to exhibit a smectic phase (n > 8), this fraction further
increases as temperature decreases below the nematic/smectic transition. For other

polar compounds showing a reentrant nematic phase below the smectic phase [85], it
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has been speculated that the fraction of molecules forming dimers saturated in the
reentrant nematic phase at approximately 85 % [94].

If a significant proportion of molecules forms dimers, they cannot participate in the
formation of polar clusters. The latter would then have to be formed by the rest of
the molecules, which is quite unlikely to happen. It is however not obvious that the
above trends would also be found in supercooled cyanobiphenyl compounds showing no
smectic phase (such as TOCB), since the corresponding measurements have not been
performed to our knowledge. In any case, the fact that we find no clusters in 5CB at
room temperature is consistent with the observed dimer formation in the nematic phase
of this compound [93].

There have been some theoretical [95-97] and computational [98-101] studies about,
the formation of polar nematic liquid crystals. They all show that a moderate molecular
dipole of a few Debyes is enough to induce the formation of a nematic liquid crystal with
a macroscopic polarization. Such a phase has however never been found experimentally.
It would require a polar order with a macroscopic correlation length. The formation
of a cluster of 20 polarly ordered molecules requires a correlation length for the polar
ordering of less than three molecules in each direction. Such a local polar ordering has
been observed both in density functional theory [95] and computer simulation [99] of
a dipolar fluid (with a molecular dipole moment of 2.7 D) in the isotropic phase. The
radial pair distribution function associated with a polar ordering shows one pronounced
peak at the nearest neighbor position and becomes zero for distances larger than three
molecular diameters, very much like the radial pair distribution function associated with
the quadrupolar ordering. This shows that polar clusters with a lateral extent of a few
molecules are likely to form in liquid crystals made of polar molecules.

Our measurements show that the tilt of the molecules in the surface layer is not
modified by the application of an electric field. This can be expected because of the
anchoring of these molecules on the substrate (see next section). For the same reason,
we can also expect that the tilt of the molecules at the free surface is also not modified
by the applied field. We have found that the same holds for the rest of the molecules in
the covering film. This can be understood if we compare the energy n.uF of a cluster in

the applied field and the elastic energy of the same cluster associated with distortions of
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the molecular orientation. The latter is of the order Kn.a®/h%, where K ~ 10~ N is the
elastic constant for splay and bend deformation, a® ~ 625A3 is the molecular volume and
h. is the thickness of the covering film [13]. The tilt of the molecules remains unchanged
if the elastic energy dominates, i.e. h, < \/W ~ 980A for F = 2kVmm™2. This
thickness corresponds to 32 bilayers oriented perpendicular to the surface. All the films
we have studied were significantly thinner.

The degree of polar ordering in the covering film, as measured by the factor p =
n.pE/ET, is found to be independent of the thickness of the considered film and of the
position of the molecules along the normal. Within our experimental errors this polar
ordering is the same as the one in the surface layer. As the tilt of the molecules is not
modified by the field, the induced polar ordering arises from a change in the distribution
of azimuthal angles of the molecules. The fact that p is independent on the position of
the molecules in the film shows that they are essentially free to rotate in the plane of
the substrate.

Finally we emphasize that in the case when clusters are present, the surface layer is
a monolayer of clusters. In our experiments, the thickness of the films is determined by
second-harmonic generation measurements (section 5.4.2.3). A thickness corresponding
to one surface layer is determined as the point in a droplet where the sp signal is
maximum. Likewise, during a deposition process, the deposition of a full surface layer
corresponds to the point when the sp signal saturates before it starts decreasing [80)].
This means that a monolayer corresponds to the thickness of the thickest film exhibiting a
polar ordering in the absence of electric field, i.e. a layer of clusters. This fact is confirmed
by the observation that the signal generated by a surface layer of 5CB molecules (which
do not form clusters) on quartz is generally three to four times smaller that generated
by a surface layer of 7TOCB molecules (which do form clusters).

This leads us to a word of caution. It has often been claimed that the second-
harmonic signal measured from the interface between a cyanobiphenyl liquid crystal and
a substrate is only generated by the first monolayer of molecules in contact with the sub-
strate. The above shows that this statement is only true for measurements performed
at temperatures around and above the melting point of the material. This holds for

alkyl-cyanobiphenyl molecules (nCB) which are liquid crystalline at room temperature.
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This has indeed been checked, both with second-harmonic generation measurements
[36] and measurements of thicknesses of Langmuir films [102] and wetting layers [103].
It is however not true for measurements on alkoxy-cyanobiphenyls (nOCB) performed
below their melting point (generally located around 50-55°C). The results of these mea-
surements on the orientational order at the surface should nevertheless remain valid.
Considering the small size of the clusters it can be expected that all the molecules in
a given cluster have essentially the same orientation. If this cluster has grown onto a
substrate, this orientation is the one imposed by the substrate on the molecules located

at its surface.

5.6.2 Microscopic anchoring on fused quartz

Since the applied electric field only induces small variations in the second-harmonic signal
generated by the surface layer, it is difficult to perform measurements that are relevant
for the anchoring properties of molecules. We can however draw some conclusions on
these properties.

As we have seen in the former section, the molecules appear free to rotate in the
plane of the substrate, even in the surface layer. This is expected since the substrate
is isotropic. The only possible contribution to the azimuthal anchoring energy of the
molecules associated with reorientations in the plane of the substrate is due to their
adsorption onto the substrate. Because of this adsorption, each molecules is in a potential
well of depth FE,q; however the position of this well is not fixed and it can move if a
field is applied. The effect of adsorption is therefore only felt in the dynamic behavior
of the surface molecules and will be discussed in the next chapter. It would only appear
in the orientational order at the surface if the adsorption energy would be such that
the reorientation dynamics is much longer than the duration of the experiments (~ 10
hours). Since the adsorption energy associated with a cluster of n, molecules is ni/gEad

and the dipolar energy of the same cluster is n.uF, this would mean that:

1/3 E
71 exp ZCT - "k‘; > 10 hours (5.38)

where 7p ~ 10s is the typical relaxation of clusters outside the surface layer (see chapter

6). This leads to Faq > 3.3kT.
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From our measurements, we can also deduce that the polar anchoring energy Ej of
the molecules associated with changes in their tilt angle is much larger than the energy
of the molecules in the electric field. So for a cluster of n. molecules: ni/ By > nepuE,
which means that Ejy is much larger than 107'kT per molecule. Our set-up is however
not very sensitive to this polar anchoring energy, as the molecules lay already rather flat

onto the substrate without the application of an electric field.

5.7 Outlook

By studying the orientational order of liquid crystal molecules on an isotropic substrate
when a DC field is applied, we have investigated the effect of poling on thin liquid
crystal film. The obtained information can now be used to analyze future measurements
performed with anisotropic substrates to study their anchoring properties. From the
present, study, we can deduce the potential and limitations of our technique.

This technique is particularly suited to measure azimuthal anchoring energies of
surface molecules associated with their reorientations in the plane of the substrate.
With the applied fields used in the present studies (2kVmm™'), we can probe energies
per molecules up to approximately 10 'kT. The maximum applied field is limited by
the occurrence of arcing across the gap between the electrode. Improving by purity of
the cell atmosphere could raise this limit.

We can in principle also measure polar anchoring energies associated with reorieta-
tions perpendicular to the substrate. However for molecules laying rather flat onto the
substrate (which is the case for all measured polar liquid crystal molecules), applying a
field parallel to the substrate surface cannot affect much the tilt of the molecules. The

sensitivity of the technique is then very low.



REORIENTATION DYNAMICS IN THIN
FirLmMms

In this chapter we describe the reorientation dynamics of liquid crystal molecules in thin
films. We show that this dynamics involves different relaxation regimes characterized by
timescales ranging from less than 1ms to several hours. We characterize these different

regimes and discuss their origin.

6.1 Introduction

We have seen in the former chapter that we can induce a polar ordering in thin films of
70CB on fused quartz plates by applying a DC electric field of a few kVmm!. This
polar ordering does not arise from the reorientation of the individual molecules under
the effect of the applied field, but from the reorientation of clusters containing a number
n. of molecules having a polar order. n. =17+ 4 at 20° C and decreases to n, =12+ 3
at 40° C. This field-induced polar order of the clusters is different from the order induced
by the substrate, which is isotropic in the plane. If the electric field is switched off, the
orientational order of the molecules will relax towards an in-plane isotropic distribution.
The question arises: how does this relaxation take place?

Studying this relaxation process gives information on how mobile the molecules are
at the substrate surface and in the vicinity of the substrate. This mobility depends in
particular on whether or not the molecules are adsorbed on the substrate once they have
taken a certain orientation. There have been several dynamic studies of liquid crystals
close to surfaces showing that surface molecules are less mobile than bulk molecules [75—-
77, 104-110]. These measurements were however probing averaged dynamic properties
over a whole interface or in strongly confined systems. Understanding the results of these

measurements and completely characterizing the dynamic behavior of liquid crystals at
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interfaces requires understanding the dynamics of the molecules themselves. With our
experimental technique, we can measure this dynamics by following the evolution of the
orientational order of the molecules in thin films when an electric field is switched on or
off.

After describing our experimental procedure (section 6.2), we present our measure-
ments of the relaxation dynamics from the electric-field induced polar ordering to the
substrate-induced isotropic order (section 6.3). We find that this relaxation involves
four different relaxation regimes with characteristic times ranging from less than 1ms
to several hours. The reverse relaxation process observed when the field is switched on
shows the same relaxation processes but less distinctly. We finally discuss the possible

mechanisms leading to these different regimes (section 6.4).

6.2 Samples and experimental procedure

The samples and the experimental set-up are the same as for the measurements presented
in chapter 5 (section 5.4). The measurements consisted in applying an electric field onto
the sample until the molecules reached their new equilibrium order. Then the electric
field was switched off at a time ¢ = 0 and the evolution of the second-harmonic signal was
followed in time. This was done using the s-in-s-out signal for an azimuthal orientation
of the sample ® = 90°. As shown in chapter 5 (section 5.4.2.2), this signal is directly
proportional to the degree of polar ordering in a sample of constant thickness. The
time dependence of the potential applied onto the sample was also recorded to precisely
determine the position of ¢ = 0. This potential was down to 0 in less than 2ms. Using
a similar procedure, we have also performed measurements of the ss signal as the field
was switched on. The field raised up and reached its constant level in 20ms.
Depending on the time resolution we wanted to achieve, we measured the time de-

pendence of the signal using two different ways of accumulating data:

e accumulation of laser pulses: the number of counted photons per laser pulse were
averaged over a certain number of subsequent pulses. The time-resolution is then
determined by the number of accumulated pulses and can be as low as a few

seconds. These measurements are not limited in time.
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FIGURE 6.1 Schematic representation of the relazxation of the square-root

of the signal at room temperature when the electric field is switched off.
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e accumulation of time scans: the evolution of the signal after time ¢ = 0 was

measured by the time dependence of the number of counted photons in each laser

pulse. To obtain enough statistics, the same relaxation process was repeated

around 100 times and the corresponding time scans were averaged. The time-

resolution is then determined by the time interval between two laser pulses, which

varies between 1.25ms for the maximum repetition rate of 800 Hz of the laser

(section 2.2) and 0.1s for a repetition rate of 10Hz. The measurements are then

limited in time to 340 laser pulses because of the limited memory of the oscilloscope

receiving the signal.

6.3 Experimental results

The overall decay of the second-harmonic signal in the s-in-s-out polarization configura-

tion when the electric field is switched off is schematically represented in Fig. 6.1. The

indicated time scales correspond to a measurement at room temperature (T=20°C). We

can distinguish four different relaxation processes. There is first a jump occurring at

t=0 in less than the ms time-resolution of our experiments. Then we see two relaxation

processes, one that we call fast with a decay time of approximately 10s and another
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FIGURE 6.2 Jump of the second-harmonic signal after the electric field is
switched off (at t=0). The points correspond to the signal, the solid line
to the electric field (a.u.).

that we call slow, which takes a few hundred seconds. At this point, we are left with
a small background signal which decays over approximately 10 hours. In the following,
we examine each of these regimes in more detail. At the end of this section, we also
discuss the evolution of the second-harmonic signal when the electric field is switched

on (section 6.3.4)

6.3.1 Jump

Even with our smallest time resolution, obtained by accumulating time scans measured
for a repetition frequency of the laser of 800Hz, we cannot resolve the decay of the
second-harmonic signal observed between times t=0 and t=1ms (Fig. 6.2). We have
studied the dependence of the jump on the in-plane orientation ® of the sample by
measuring the second-harmonic signal right before and after the jump as a function of ®
(Fig. 6.3). These measurements show that the jump in second-harmonic signal decreases

the anisotropy of the signal but keeps its overall shape.
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FIGURE 6.3 From left to right, polar plots of the square root of the signal
for the polarization configurations sp, pp, and ss for a film with N, =
5.6 £ 1 bilayers. The solid line is the fit to the signal with field on (small
dots), the dashed line is the fit to the signal right after the jump (large
dots).

FIGURE 6.4 The ¢-distribution function derived from the polar plots of
figure (6.3), before the jump (solid line) and after the jump (dotted line).

One could think that this jump is not due to the reorientation of the molecules in
the film but to the disappearance of a contribution to the second-harmonic signal due
to the application of an electric field. In section 5.3.2 however, we have ruled out the
two possible mechanisms leading to such a contribution. So we can conclude that the

jump in second-harmonic signal observed at short time scales is not an artifact due to
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FIGURE 6.5 Relative reduction of the anisotropy in the orientational dis-
tribution [xss(t = 07) — xss(t = 07)]/xss(t = 07) as a function of the
number of bilayers Ny in the film.

the application of a field, but corresponds to a reorientation of the molecules towards
an isotropic in-plane distribution.

To visualize the change of orientational order occurring during the jump, we have
fitted the polar plots of Fig. 6.3 and calculated the distribution function of the azimuthal
angle ¢ before and after the jump (Fig. 6.4). The distribution function right after the
jump is an intermediate distribution function between the electric-field-induced and the
isotropic substrate-induced distribution functions.

We have also examined the dependence of the relative reduction of anisotropy taking
place during the jump (defined by [xss(t = 07) — xss(t = 07)]/xss(t = 07)) on the
number of bilayers N, in the film (Fig. 6.5). This reduction is found to be independent
of the film thickness. This means that the relaxation process corresponding to the jump

takes place essentially in the same way in the whole film.



Ezperimental results

0.50

0.40

0.30

0.20

square root of signal (a.u.)

0.10

0.00 e
1 10 100 1000

time (s)
FIGURE 6.6 Typical decay of the square root of the ss-signal at ® = 90°
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FIGURE 6.7 The same as figure 6.6 for a film made only of a surface

layer. The solid line is a fit with Eq. 6.1 with expl; = 0.
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6.3.2 The fast and slow relaxations

A typical decay of the square root of the second-harmonic signal as a function of time
(for t > 1 s) is shown in Fig. 6.6. Displaying this signal against a logarithmic time scale
clearly reveals two distinct relaxation regimes with two distinct relaxation times. To
characterize these two regimes, we have fitted the square root of the signal with a sum

of two exponential functions:

VS(t) = \/So + exp(t/rs + 15) + exp(t/7s + L) (6.1)

where Sy is the background level of the signal, 7; characterizes the fast relaxation and
7, the slow relaxation. expl/; and expls are prefactors giving the signal intensity corre-
sponding to each component at ¢t = 0.

For all samples, [exp [,]? is equal (within the experimental errors) to the signal of the
surface layer in the presence of the electric field. This suggests that the slow relaxation
corresponds to the relaxation of the surface layer. This is confirmed by the decay of
the signal generated by a film made only of a surface layer (Fig. 6.7) This decay only
shows one slow relaxation regime. We also find that exp[; decreases when N, decreases
(Fig. 6.8), showing that the fast relaxation corresponds to the relaxation of the covering
film.

The relaxation of times 7 and 7, do not appear to vary with film thickness within
the statistical scatter of our data (see Fig. 6.9). This scatter is particularly large on the
measurements of 7. This is due to the weakness of the signal of the surface layer under
the application of the field, and to the uncertainty on the level of the background for
t — oo (see section 6.3.3). We have also examined the temperature-dependence of the
relaxation times 7; and 75 and plotted it in the form of an Arrhenius plot: In7 versus
1/kT (see Fig. 6.10). Over the studied temperature range (16°C-40°C), we find that both
In7; and In 7 vary linearly with 1/kT with a slope 8 £2 x 1072°J and 10 £3 x 1072°J
respectively. This would correspond to activation energies of 19 +5kT and 24 + 7kT (at

room temperature).
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FIGURE 6.9 The fast (B) and slow () relazation times ¢ and 75 as a

function of the number of bilayers Ny in the covering film at T=20°C.
6.3.3 Background

At the end of the slow relaxation, the signal is not yet back at its noise level, although it
is very small (less than 10 % of the signal with field on). At this point of the relaxation
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FIGURE 6.10 Arrhenius plot of the relazation times 7y (B) and 7, (O)

versus the inverse temperature.

process, we have measured the dependence of the ss-signal on the azimuthal orienta-
tion ® of the substrate. It indeed showed an anisotropy. At room temperature, this
anisotropy becomes undetectable in approximately ten hours. This decay time reduces
to less than an hour at 7" = 40°C. However this does not mean that the anisotropy
has totally disappeared in the surface layer, but only that we cannot measure it. It
has already been shown that an isotropic surface can induce a preferred orientation of a
liquid crystal although the anisotropy of the orientational distribution at the surface is
undetectable with second-harmonic generation [70].

The level of this background signal at the end of the slow relaxation depends on the
history of the sample. In particular, it increases if the duration of the poling under elec-
tric field increases. Also, for a given duration of the poling, the level of the background
increases for successive poling/relaxation cycles if the electric field is switched on again
shortly after the slow relaxation ended.

Because of this history-dependence and the weakness of this background, it is difficult

to study this relaxation regime quantitatively and we have not attempted it.
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6.3.4 Reorientation dynamics under field

When the electric field is applied on a film with an isotropic distribution of azimuthal
angles, the molecules reorient towards the anisotropic distribution shown in Fig. 5.8.
with a certain dynamics. This dynamics is in principle different from the dynamics
of reorientation from the anisotropic to the isotropic states when the electric field is
switched off. In the latter case, switching off the electric field leaves the system at t =0
with a distribution of azimuthal angles ¢ out of equilibrium. The system subsequently
relaxes under the effect of thermal excitations towards an isotropic distribution. When
the field is switched on, the system evolution is driven by the application of an energy
potential with one minimum. All dynamic regimes are then expected to be faster than in
the case of a relaxation in the absence of field. The expected reduction in relaxation time
is given by a factor exp AE/kT, where AFE is the depth of the potential well induced
by the field. From the measurements presented in chapter 5 (section 5.5.2), we have at

room temperature and for a field of 2kVmm~!:

AE  n.uFE
— = ~ 0.2
RT kT 0
—2F o8 (6.2)
exp —— =~ U. .
P

So the effect of the applied field on the dynamics is not very large and falls within the
error bars in the determination of the relaxation times 7, and ;.

A typical time dependence of the ss signal for an azimuthal orientation ® = 90° after
a field of 2kVmm ! has been switched on is plotted in Fig. 6.11 against a logarithmic time
scale. The evolution in the first milliseconds is shown in Fig. 6.12. The different regimes
observed when the field is switched on are now hardly distinguishable from each other.
This is due to several reasons. First switching the field on takes twenty times longer that
switching it off. This makes it impossible to detect the presence of a jump of the signal
at t = 0 as the signal follows the increase of the field during the first 20ms (Fig. 6.12).
Second it is difficult to distinguish the small contributions of the slow relaxation at the
background with respect to the large contribution of the fast relaxation. In the case
of the relaxation in zero field, these contributions appeared clearly with respect to the

essentially zero noise signal
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measurements were performed on Ny = 12 + 1 bilayers. The solid line is

a fit with two exponentials (Eq. 6.1).

In Fig. 6.11, we can still distinguish a slow relaxation but not a possible increase of
the signal at long timescales (the equivalent of the background when the field is switched
off). From a fit by the sum of two exponentials (Eq. 6.1), we find at room temperature
7r = 8 & 1s while 7 can be taken any value above 50s. 7, can better be measured on
the increase of the signal of a surface layer when the field is switched on (Fig. 6.13). We
find 7, = 40 &= 8. As expected from Eq. 6.2, the value of 7¢ is slightly smaller than the
corresponding value for the relaxation taking place when the field is switched off (section
6.3.2). The value of 7, is smaller than predicted. This could be due to the difficulty of

differentiating between the slow relaxation and the contribution of the background.
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6.4 Discussion

Our experimental results give the following picture of the relaxation of the electric-field-
induced polar ordering in thin liquid crystal films when the electric field is switched

off:

1. In less than 1 ms a first relaxation process (the “jump”) takes place in the whole
film.

2. The remaining polar ordering of the covering film relaxes in a characteristic time
7 varying from 10 s at 16°C to 2 s at 40°. We call this the fast relaxation.

3. The surface layer relaxes over longer time scales. Most of its order relaxes in a
characteristic time 7, (slow relaxation) varying from 300 s at 16° to 40 s at 40°

4. A residual polar ordering (background) remains in the surface layer for hours.

We need now to find which mechanisms are responsible for these different relaxation

regimes.
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The short relaxation time of the first regime (the “jump”) indicates that it arises from
individual reorientations of molecules or clusters. The relaxation time 77 of a particle of
volume v in a fluid of viscosity 7 is given by the Debye-Stokes-Einstein law![112, 113]:

_ buy
kT

71

(6.3)

For a nematic liquid crystal, n is the rotational viscosity v ~ 80cP = 80 - 10 *Nsm !
[13]. Taking for a cluster of n, molecules, v = n.625 A3, we find at room temperature
71 ~ n.6-107%s. Since our liquid crystal is supercooled and in the vicinity of a substrate,
the viscosity is expected to be larger than in the bulk nematic phase. This viscosity
can however be three orders of magnitude higher and the proposed mechanism still be
consistent with a relaxation time smaller than 1ms.

The following two regimes (fast and slow relaxations) correspond to the relaxation
of most of the order of respectively the covering film and the surface layer. Within
the experimental error on the determination of the relaxation times and the activa-

tion energies of these two processes, the difference between the two relaxation times

'We neglect the correcting factors that need to be added in the case of anisotropic particles [111].
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7; and 7, can be explained by the difference in activation energies of these processes:
In[7,(20°C")/77(20°C)] = 3.3. This energy is then the interaction energy between re-
orienting clusters at the the surface and the substrate due to the adsorption of the
molecules. This interaction is ne/> times the adsorption energy E,q per molecules for a
cluster of n, molecules. Using n. = 17, we find F,q = 1.3kT. This is quite small, but we
should remember that it is the anisotropic part of the interaction energy associated with
rotations of the molecules in the plane of the substrate. The total adsorption energy
associated with a complete desorption from the surface is probably much larger.

So we can conclude that the fast and slow relaxations correspond to the same type
of relaxation process, taking place in the covering film and the surface layer, with the
dynamics of the latter being slowed down by the interaction of the surface molecules with
the substrate. We need now to find out which type of relaxation the fast and the slow
relaxations correspond to, and why they are so slow with respect to the first relaxation
regime, i.e. the jump. One possibility is that it corresponds to individual reorientation
of clusters in a fluid of much larger viscosity. This would imply the presence of regions in
different phases with very different viscosities. However this is inconsistent with the fact
that the jump is responsible for a decease of 20 % of the polar ordering independently
of the thickness of the film: this means that the first relaxation process occurs rather
homogeneously over the whole film.

Another possibility is that there are strong correlations between the clusters leading
to a glass-type of dynamics. This type of correlations has been seen in simulations of
dipolar fluids [114, 115]. This would however imply that the relaxation time of the system
would strongly depend on the thickness of the sample, as this thickness determines the
length scale of the dynamic correlations in the direction perpendicular to the surface
[116]. We do not find such a dependence.

So we have at this point no satisfactory explanation for the large difference between
the jump on the one hand and the fast and slow relaxation on the other hand. We can
only say that there is a small fraction of molecules (~ 20 %) which have a liquid-like
dynamics while the rest has a slow dynamics.

The last relaxation process (the background) also taking place in the surface layer,

needs at least two orders of magnitude more time than the slow relaxation. This long
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time scale indicates that it is due to strong interactions of molecules with the substrate,
as it can happen at defects. Since these defects are not all the same, and therefore their
interaction potential with the liquid crystal molecules might vary, we actually expect a
relaxation of this background with a stretched exponential [117]. As in glasses this type
of dynamics gives rise to significant history-dependence of the dynamics, which we have
indeed observed.

Let us now compare our result with the available information on the dynamics of
liquid crystal molecules at interfaces. There have been several experiments showing that
in the vicinity of a surface, the dynamics of a liquid crystal slows down with respect
to that of the bulk [76, 77, 105-110]. They are however based on the measurements of
quantities averaged over the whole interfacial region between the surface and the bulk.
Their results are therefore difficult to compare directly with ours. The reported size of
the effect varies a lot. The surface dynamics was found to be 1.7 times slower than bulk
dynamics by evanescent wave photon correlation spectroscopy [77], 10 times slower in
anchoring breaking experiments [105], and 103 times slower by dielectric spectroscopy
[76] and NMR, [75]. NMR, measurements with pyridine gave a factor 10 [118]. Our
measurements show that several relaxation times differing by several orders of magnitude
are involved close to a surface. Obviously depending on the technique and system used,
different relaxation mechanisms are probed, leading to large discrepancies between the
reported results.

There is also one measurement reported of the adsorption energy of liquid crystal
molecules on a substrate, namely 8CB on unrubbed polymer [70]. They found a value of
82kT, which is extremely high (for instance, the hydrogen bond energy is approximately
6kT). Although the fact that this studied system is different from ours might contribute
to this difference, most of it has probably another reason. The measurements performed
in reference [70] consisted in aligning a bulk liquid crystal between two unrubbed polymer
surfaces by putting it in a magnetic field. This alignment remains if the field is switched
off because of the adsorption of the molecules at the surfaces: this is the so-called
memory effect. The sample was then heated for a given time in the isotropic phase
and cooled down to the nematic phase. The time necessary for the disappearance of the

nematic alignment was measured as a function of temperature. An Arrhenius plot of the
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decay time of the alignment gave the energy of adsorption. On the other hand, second-
harmonic generation measurements were performed on the same sample and showed that
the surface layer had an isotropic orientational order within the experimental sensitivity
of 7% [70].

The combination of these two experiments can be interpreted in two ways. All the
molecules in the surface layer can be strongly bound to the substrate with the measured
energy of 82kT in an orientational distribution having an anisotropy of less than 7%.
This is the conclusion that Ouchi and coworkers have drawn. This would imply a strong
chemisorption of the molecules. This would in particular mean that the molecules would
only desorb at high temperatures, while we already see a significant desorption at 50°C.

The other possible interpretation is that there is a small proportion of molecules
which are strongly adsorbed with the measured energy of 82kT at some points onto the
surface, for instance on chemical inhomogeneities or defects. The orientational order
of these molecules might have a significantly higher anisotropy than 7%; however their
contribution in the total anisotropy is small because of their small number. Our results
are in agreement with this second interpretation. We see that most of the molecules
in the surface layer are adsorbed onto the surface with a reasonable energy of a few
kT and relax in a few 100s. A small fraction of the surface molecules (responsible
for the background signal) relax with much longer characteristic times, meaning that
their adsorption energy is much larger. These molecules are responsible for the surface
memory effect observed by Ouchi and coworkers. The fact that this effect is due to the
adsorption of molecules with a very slow dynamics has also been shown by the slow
reorientation (over hours) of the surface director in a liquid crystal oriented by a surface

memory effect when it is submitted to a field in a different direction [72].

6.5 Outlook

The measurements presented in this chapter show that our experimental technique is
able to follow the dynamics of liquid crystal molecules at the interface with a substrate.
With the present experimental set-up, we can probe relaxation times from a few ms

to at least days. The upper limit is actually set by the life-time of the samples which
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are generally very sensitive to contamination. The lower limit is given by the decay
time of the electric field and the detection system. By improving both and using trigger
techniques, it is possible to lower this limit down to fractions of millisecond [119]. Con-
sidering the large discrepancies between the results given by other techniques probing
the interfacial dynamics in a global way, more dynamic measurements at a microscopic

level are necessary to understand this dynamics.
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SAMENVATTING

Dit proefschrift beschrijft een studie over hoe vloeibare kristal moleculen zich gedragen
in de buurt van een oppervlak. Dit betekent niet dat na deze studie alles bekend is over
het gedrag van bovengenoemde moleculen in de buurt van oppervlakken. Integendeel,
we hebben ons slechts op een klein deelgebiedje van dit vakgebied toegespitst en menen
daar wat opheldering te hebben gebracht. Dat er nog een heleboel zaken onderzocht
kunnen worden en dat er ook talloze onderzoeksgroepen werkzaam zijn in dit vakgebied,
geeft aan dat deze sector, zacht gecondenseerde materie een groot fascinerend gebied is.
Te bedenken dat de zacht gecondenseerde materie weer een deelgebied is van de “gehele”
wetenschap geeft aan hoeveel er nog onderzocht kan worden.

Het onderzoek beschreven in dit werk naar de vloeibare kristallen in contact met
oppervlakken focusseert zich enerzijds op hoe dunne films, enkele molecuullagen dik
zich gedragen. Anderzijds hebben we onderzocht hoe dikke films of wel “druppels” van
miljoenen lagen zich gedragen.

Vloeibare kristallen zijn stoffen die onder andere kunnen bestaan uit moleculen die
er niet uitzien als bolletjes maar eerder als lange staafjes. De orde van het vloeibaar
kristal zegt iets over hoe geordend de moleculen ten opzichte van elkaar gaan liggen. De
geordendheid van de moleculen is te vergelijken met bijvoorbeeld die van stijve spagetti
staafjes. Deze staafjes kunnen bijvoorbeeld keurig naast elkaar in het pak zitten, we
zeggen dan, de staafjes zijn goed geordend. Wanneer men ze op de grond zou gooien
en wijzen de staafjes alle kanten op dan zeggen we, de staafjes zijn slecht geordend. De
richting van de spagetti in het pak, wordt bepaald door (open deur) de richting van
het pak. De richting van een vloeibaar kristal wordt bepaald door het oppervlak. In
deze studie hebben we veelal de geordendheid en de richting van vloeibare kristallen
onderzocht.

De richting van een vloeibaar kristal kan, behalve door een oppervlak, ook bepaald
worden door een electro-magnetisch veld. Doordat de richting kan worden opgelegd door
zowel een oppervlak als door een electrisch veld, kan men met deze twee concurrerende ef-
fecten, de richting beinvloeden. Als nu de richting opgelegd door het electro-magnetische

veld niet hetzelfde is als die van het oppervlak, kan de richting van het vloeibare kristal
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tussen verschillende toestanden switchen. Door dit mechanisme werkt het liquid crystal
display (LCD).

In hoofdstuk 2 bespreken we de technieken die we hebben gebruikt om de richting
in de bulk (dit is het gedeelte van de druppel die we met het blote oog kunnen zien)
van het vloeibaar kristal vast te stellen. Moleculen afzonderlijk kunnen we niet zien
en dus hebben we apparatuur nodig die gevoelig genoeg is om hier uitsluitsel over te
geven. Als we de richting willen bepalen van de bulk kunnen we dit doen met behulp van
microscopen en polaroid glazen. Een druppel vloeibaar kristal is ook een soort polaroid
glas, en door dit te verglijken met de bekende richting van een polaroid glas kan de
richting van het vloeibare kristal worden bepaal. Als we de microscopische richting
van de moleculen aan het oppervlak willen bepalen, in een laag die zo dik is als een
molecuul, gebruiken we daarvoor een laser en een speciale techniek: tweede harmonische
generatie. Deze techniek is erg geschikt om de richting van de moleculen die tegen het
oppervlak aan liggen te bepalen. De moleculen die daar weer bovenop liggen zien we
niet met deze techniek. De informatie die verkrijgen door deze techniek is dus van een
hele dunne laag moleculen (namelijk een laag van 1 molecuul lengte dik). De orientaties
van de moleculen in deze eerste laag wordt bepaald door het oppervlak. Het is hierom
niet verwonderlijk dat er allerlei eigenschappen van het oppervlak terug te vinden zijn
in de eerst laag vloeibaar kristal moleculen. Deze eigenschappen kunnen bijvoorbeeld
zijn de symmetrieen die aanwezig zijn in het oppervlak. Door rekening te houden met
deze symmetrieen is het mogelijk het probleem eenvoudiger te maken. Populair gezegd,
als je weet dat bijvoorbeeld twee richtingen in het oppervlak hetzelfde zijn, hoef je
slechts de vloeibare kristal moleculen langs een van deze richtingen te volgen. Hierdoor
reduceereert de benodigde informatie om tot een totaler beeld te komen.

In hoofdstuk 3 beschrijven we het eerste gedeelte van de experimenten. De prob-
leemstelling luidt: als een oppervlak een drievoudige symmetry in het vlak heeft (dit
betekent, het oppervlak heeft 3 kristal assen; deze assen vallen bijvoorbeeld samen met
de wijzers van een klok die plat op het oppervlak ligt. De identieke eigenschappen zijn
dan op 12, op 4 en op 8 uur), langs welke richting en waarom gaat het vloeibaar kristal
zich richten als de richting niet loodrecht op het vlak gaat staan? Om dit te bestud-

eren hebben we een oppervlak van phlogopite mica genomen. Deze soort mica bevat 3
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identieke richtingen in het vlak. Het blijkt dat de richting van het vloeibaar kristal zich
langs of loodrecht ten opzichte van een van de drievoudige assen orienteert. Eveneneens
blijkt dat de wanneer de vochtigheid van de atmosfeer wordt gevarieerd de richting van
het vloeibaar kristal overgaat van de ene toestand (loodrecht) naar de andere (parallel).

In hoofdstuk 4 geven we een mogelijke verklaring voor het experimenteel gevonden
gedrag. We behandelen een mogelijke theoretische berekening die het beschreven gedrag
verklaard. We vinden dat het veranderen van de richting die het vloeibaar kristal verkiest
(ankerings richting) wordt veroorzaakt door een minuscule verandering in de tilt oftewel
hellingshoek van de vloeibaar kristal moleculen aan het oppervlak van het phlogopite
mica oppervlak. Deze verandering in de hellingshoek werd veroozaakt door het verhogen
of verlagen van de aangebrachte luchtvochtigheid. Water moleculen dringen zich door
de dunne film of laag vloeibaar kristal moleculen heen en gaan aan het oppervlak zitten.
Daardoor verstoren ze de richting van de vloeibaar kristal moleculen.

In hoofdstuk 5 begint een nieuw onderdeel in dit proefschrift en behandeld het
uitrichten van dunne films vloeibaar kristal. Vloeibaar kristal moleculen bezitten —
evenals vele andere moleculen en atomen— een electromagnetische eigenschap waardoor
ze gevoelig zijn voor een electro-magnetisch veld. Hierdoor reageren ze net als een
kompasnaald en richten ze zich in een en dezelfde richting namelijk die van het electro-
magnetisch veld. Het was al bekend dat bulk vloeibaar kristal zich liet uitrichten door
een sterk genoeg electro magnetische veld (ook wel electrisch veld genoemd), maar hoe
zit het met de moleculen aan het oppervlak? We weten dat er aan het oppervlak twee
concurrerende effecten zijn, namelijk die van het oppervlak en die van het electrisch
veld. Het is de vraag welke van de twee het sterkste is en aan de hand daarvan zal deze
de richting bepalen. In hoofdstuk vijf behandelen we een stukje theorie van “poling of
thin films”dit is uitrichten van lagen moleculen— en proberen we te voorspellen hoe dit
verschijnsel terug te vinden zal zijn in onze metingen. De invloed van het electische veld
is vergelijkbaar met die van het oppervlak en zoals uitgelegd in hoofdstuk twee, geven
moleculen aan het oppervlak een tweede harmonisch signaal. Zo ook krijgen we tweede
harmonisch signaal van moleculen die onderhevig zijn aan een electrisch veld. Alleen
laatstgenoemde moleculen hoeven zich niet noodzakelijk aan het oppervlak te bevinden.

Als we de voorspellingen vergelijken de metingen vinden we dat we veel meer signaal
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meten dan we zouden verwachten. De moleculen reageren veel sterker op het veld dan
dat men in de eerste plaats zou denken. Een mogelijke verklaring hiervoor kan zijn dat de
moleculen als het ware samenwerken in hun “response” op het aangebrachte electrische
veld. Bij deze samenwerking van de moleculen denken we aan het vormen van klontjes
of clusters. In deze clusters wijzen de moleculen dezelfde kant uit en worden niet door
elkaar uit hun richting verstoord. De richting van zo’n cluster gaat langs de richting
van het electro-magnetisch veld liggen. En dit verschijnsel nemen we waar. Individuele
moleculen richten zich ook wel langs het electrisch veld maar door de temperatuur die
de moleculen nogal doet bewegen worden deze individuele moleculen veel sneller uit hun
richting gebracht dan de moleculen die zich in een cluster bevinden. Om deze bewering
van het bestaan van clusters te sterken hebben we experimenten gedaan waarbij we de
temperatuur verhogen. We vinden dat deze temperatuursverhoging de clusters, die te
vergelijken zijn met minuscule blokjes ijs, doet smelten. Het systeem waar we aan denken
is te vergelijken met een hoeveelheid smeltend ijs waarin zowel clusters (ijsblokjes) als
individuele moleculen (water) aanwezig zijn.

Het laatste hoofdstuk van dit proefschrift behandeld de relaxatie dynamica van de
vloeibaar kristal moleculen nadat we het electrische veld uitzetten. Bij het uitzetten
van het veld vindt er een relaxatie in het materiaal plaats die gepaard gaat met het
herorienteren van de vloeibaar kristal moleculen. De temperatuur die de moleculen
kris kras doet bewegen maakt dat de moleculen als het ware vergeten welke kant het
electrisch veld uit wees. Op zich lijkt dit experiment saai, maar dat bleek het achteraf
helemaal niet te zijn. Bij het uitschakelen van het electromagnetisch veld, zagen we
namelijk dat de relaxatie van de laag vloeibaar kristal moleculen verschillende relaxatie
niveaus doorliep. Deze niveau’s karakteriseerden zich door de verschillende tijdsduren
waarmee ze gemoeid waren. Zo bleek bijvoorbeeld dat de individuele moleculen zich
razendsnel (kleiner dan 0.001 seconde) herorienteerden naar een willekeurige positie. De
clusters in het binnenste van de film (dit is niet de oppervlakte laag) herorienteerden
zich langzamer maar op de tijdsduur van het experiment nog vrij snel (ongeveer 1-
10 seconden). De moleculen in de clusters aan het oppervlak reorienteerden zich heel
langzaam (van minuten tot vele uren). Het feit dat de relaxatie van de oppervlakte laag

langer duurde dan de relaxatie in het binnenste van de film werd eenvoudig aangetoond
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door experimenten met zeer dunne films die, laten we zeggen alleen maar clusters aan
het oppervlak heeft, zich orienteerden in een veel langere periode dan dikkere films—welke
clusters bevatten die niet in contact zijn met het oppervlak—.

Zoals met zoveel experimenten die worden gedaan in nieuwe gebieden van onderzoek,
geeft elk gevonden antwoord weer aanleiding tot nieuw vragen. Men kan dit frustr-
erend ingewikkeld of fascinerend complex vinden. Ook de experimenten beschreven in
dit proefschrift hebben nieuwe inzichten gebracht voor de vraag hoe vloeibare kristal
moleculen zich in de buurt van oppervlakken gedragen. Ook nieuwe vragen zijn gerezen

betreffende dit onderwerp die in de toekomst mogelijk hun antwoord vinden.
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