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University of Washington
Abstract

Surface Freezing and Surface Induced Ordering
in Liquid Crystal Films

by Brian D. Swanson

Chairperson of Supervisory Committee: Professor Larry B. Sorensen

Department of Physics

Polarized-video-microscopy has been used to study the layer-by-layer surface freezing
transitions found in four liquid crystal materials: 90.4, 40.7, 70.7 and 14S5. The
functional form for the growth of the frozen surface layer thickness versus tempera-
ture, I(t), depends on the dominant intermolecular forces in the system. Examples of
surface freezing, with long-range van der Waals forces and with short-range exponen-
tial forces, have been found for the first ten surface freezing transitions in L = 64 layer
thick films. For the surface freezing of 90.4, the appearance of the first ten surface
layers is described very well by the simple power-law form predicted for a system with
long-range van der Waals forces. The surface freezing of 40.7 and 70.7 is described
by the simple logarithmic form predicted for surface freezing in a system with short-
range exponential forces. The surface freezing of 1455 is described equally well by
either long-range van der Waals or short-range exponential force models. After the
first ten transitions, there is a systematic slowdown in the appearance of subsequent
surface freezing transitions and [(t) deviates from the initial power-law or logarithmic
divergence. To study this slowdown, we have measured the influence of film thick-
ness on the surface freezing in two LC materials, 40.7 and 70.7, for film thicknesses
ranging from 17 about a thousand layers. A remarkable variation with film thickness
has been observed which can be explained with a single effective interfacial potential.
From this model-independent effective interfacial potential, the shape of the repulsive
potential responsible for the finite-size effects can been deduced.

A new method is described to make model-independent determinations of the in-



terlayer density profile of freely suspended liquid crystal films by directly inverting
grazing incidence x-ray scattering data. Although, in general, the measured scat-
tering intensities determine only the magnitude of the scattering amplitudes, in the
special case of one-dimensional centrosymmetric freely suspended films, the phases
~can be determined by inspection. The direct inversion analysis is a completely new
method for solving the phase problem that does not depend on intensity relationships
between different Bragg peaks used by direct methods, but instead uses the directly
measured zeros of the primary and subsidiary maxima of the structure factor to de-
termine the phase of each “Bragg peak” (primary maximum) and of each subsidiary
maximum. An experimental demonstration of this method is presented for the evo-
lution of smectic ordering in smectic-G and smectic-1/C films of 70.7 for thicknesses

from three to 15 molecular layers.
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Chapter 1
INTRODUCTION

Scientific research can reduce superstition by
encouraging people to think and survey things
in terms of cause and effect. Certain it is that
a conviction, akin to religious feeling, of the
rationality or intelligibility of the world lies
behind all scientific work of a higher order.

- Albert Einstein

Freely suspended liquid crystal films are remarkable systems since they display
critical behavior and structure intermediate between two and three dimensions. Two-
dimensional phase transitions are different than those in ordinary three-dimensional
systems due to the interplay of defects, fluctuations and surface tension. The in-
fluence of surfaces in semi-infinite systems can have an interesting effect on phase
transitions in these systems. In semi-infinite systems, universal second-order surface
critical behavior has been observed and due to the surface, the first-order 3D phase
transition, without any universal critical exponents, is sometimes converted into an
‘apparently critical’ surface-induced first-order phase transition, i.e., surface freezing.
For liquid crystal (LC) films in particular, the quenched fluctuations at the surfaces
are important in the nucleation of surface freezing transitions. LC films are uniquely
suited for studying surface-induced phase transitions since the surface to volume ra-
tio, usually 1 part in 10® for typical bulk systems, can be made very large for a
two layer film. LC films are decoupled from any effects of an underlying substrate
and the complication of substrate-induced order, seen in 2D melting and dimensional

crossover studies of other quasi-two-dimensional systems, is absent {1, 2].




Some of the questions that will be discussed in this thesis are: Chapter 2: What
is a surface freezing transition? Why does the surface freeze? What is the effective
interfacial potential for a LC film? What are the effects of film thickness (finite-size)
on the surface freezing transitions? How does the interfacial potential change as
the phase transition moves into the film? Chapter 3: How can the crystallographic
phase problem be solved for systems with 1D centrosymmetric densities? How can
a model independent determination of the interlayer structure of LC films be ob-
tained? What is the structure of thin LC films and what is the influence of the
surface on this structure? How does the interlayer structure vary with film thickness?
What model-independent information can be obtained about the electron density and
center-of-mass density of LC films? Chapter 4: How does the surface tension affect
the fluctuations near the surface and is there an interlayer fluctuation profile in thin
smectic films? Does this fluctuation profile change with the thickness of the film?
What is the nature of the smectic layers themselves, and how is the divergence of the
smectic layer fluctuations quenched in thin films? How is the surface freezing transi-
tion related to the interlayer structure of the film? What is the relation between the

effective interfacial potential, electron density, and the order parameter profile of the
film?

1.1 Thesis Organization and Outline

This thesis describes two experiments: a polarized-video microscopy study of layer-
by-layer surface freezing and an x-ray diffraction study of the surface-induced order
found in the interlayer structure of thin films. Both experiments measure the influence
of surfaces on phase transitions and the structure of freely-suspended liquid crystal
(FSLC) films.

This chapter contains a four-part introduction and overview of surface freezing
and the structure of LC films. Section 1.2 presents the basics of LC phases and LC
films. Section 1.3 describes traditional surface freezing theory which is compared
in Chapter 2 to data from four different LC materials to determine the dominant
forces in these systems. Section 1.4 previews the results obtained using the methods
developed in Chapter 3 to make a model-independent determination of the interlayer
structure of LC films.

Chapter 2 contains the results from the polarized video microscopy measurements



of layer-by-layer surface freezing at the LC-vapor interface. These measurements
are analyzed using the traditional mean-field surface melting theory based on the
competition between the bulk and surface energies in a semi-infinite system. In this
theory, the functional form of the frozen surface layer thickness versus temperature
depends on the dominant characteristic forces in the LC material. The measurements
show the behavior predicted for the two kinds of forces expected in LC materials,
long-range van der Waals and short-range exponential forces. The complete model-
independent effective interfacial potential versus temperature and film thickness is
derived from this data.

Chapter 3 gives a description of a new method for determining the interlayer
density of LC films from x-ray diffraction measurements. This method involves solving
the crystallographic phase problem in this special case where the interlayer structure
is centrosymmetric. The interlayer density and corresponding center-of-mass density
are determined and are compared with those found using a forward model.

In Chapter 4, a new quenched-fluctuation-induced surface freezing theory is com-
pared with the experimental surface freezing results presented in Chapter 2. This
theory developed by Holyst [19] is based on the Kosterlitz-Thouless 2D melting the-
ory coupled to the surface-tension-quenched fluctuations at the film’s surfaces. This
method of analysis connects the surface freezing results, described in Chapter 2, with
the interlayer structural measurements, described in Chapter 3. Chapter 4 also con-

tains a discussion of the order parameter profile during the surface freezing transition.

1.2  Liquid Crystal Films

Liquid crystals are rich and interesting systems for phase transition studies and this
section describes the molecular structure and in-plane molecular orientations of the
various smectic LC phases [3]. The thermotropic liquid crystals used in the two
experiments described here are highly anisotropic rod-like organic molecules with
thermodynamically stable phases intermediate between liquid and solid phases [4].
The structure of one of the compounds, 4-n-heptyloxybenzylidene-4-n-heptylaniline
(70.7), discussed in Chapters 2 and 3, is shown in Fig. 1.1a. The structure consists
of two rigidly linked benzene rings with hydrocarbon chains extending on either end.
In the high temperature phases, the approximately planar shaped molecules rotate

freely about the long axis and the phases can be understood in terms of the packing of



b)

Figure 1.1: 70.7 Structure and Smectic Films. a) The structure of 70.7 consists of
two rigidly linked benzene rings with a 7 member hydrocarbon chain on either end.
The molecule rotates freely at high temperatures and can be approximated as a 5 &
diameter by 30 A long rigid rod.

b) A smectic film is formed, like a soap bubble, when the LC materia] in a 2D liquid
phase is drawn across an aperture. The smectic layers form parallel to the plane of
the film surface with the in-plane order of the layers either liquid, hexatic, or solid.
Films can be made from two to thousands of layers thick.



semi-rigid rods about 30 A in length and 5 A in diameter. LC films (5], illustrated in
Fig. 1.1b, are produced by placing a small amount of LC material around the edge of
a planar aperture, heating the material to a liquid smectic phase, and drawing a wiper
across the aperture. The film is stabilized by its smectic structure and the smectic
layers form parallel to the surface of the film. The thickness of the film can be easily
changed from about 60 A to several microns by varying the amount of liquid crystal,
the wiping speed, and the temperature. Smectic phases are 1D crystals organized into
layers. The ‘alphabet soup’ of smectic phases is shown in Fig. 1.2 where the distinct
mesophases are characterized by the symmetries and orientations of the molecules.
As the temperature of the film is raised (or lowered), the film typically makes a sharp
first-order transition to a less (or more) ordered phase. However, as will be seen in
Chapter 2, there are at least four LC systems in which the phase transition starts at

the surface of the film and procedes inward one monolayer at a time.

In the study of surface freezing transitions described in Chapter 2, all four ma-
terials, 90.4, 40.7, 70.7, and 1485, are in the smectic-A phase before the surface
freezing transitions start. The smectic-A phase consists of a one-dimensional stack of
equidistant two-dimensional liquid layers with the average molecular axis called the
director, 7, normal to the smectic layers. Each surface freezing transition involves an
increase in the in-plane order of a single molecular layer. In these four systems, the
surface frozen phase is a biaxial phase in which the director makes a finite angle with
respect to the smectic layers. Optical microscopy suggests that all these surface frozen
phases are either hexatic smectic-I or smectic-F phases. The smectic-I and smectic-F
phases both have in-plane six-fold hexatic symmetry, and are distinguished by their
molecular tilt directions as shown in Fig. 1.2b.

The thickness dependent phase diagram for 70.7 is shown in Fig. 1.3. This LC
was chosen for both the x-ray diffraction and optical microscopy studies since the
thickness dependence of its phase diagram had been well studied [6, 7, 8]. As with
many LC materials, significant changes in the phase transition temperatures and even
in the phase sequence can be seen in films several hundred layers thick. Except for
the smectic-F to smectic-G transition in thin films, the transition temperatures con-
sistently increase from the bulk values as the film thickness decreases. The surface
freezing transitions observed for 64 layer thick films appear at the points marked by

triangles. Note that in this system, the surface-frozen phase is a surface stabilized
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Figure 1.2: Smectic Liquid Crystal Phases. a) The ordering of these 3D phases is as
follows: The A, C, Hex B, F, and I phases have short-range 2D liquid-like in-plane
positional order and the Cry B, G, J, E, H, and K have long-range 3D crystalline
positional and bond orientational order. The A and C have short-range 2D liquid-
like in-plane bond orientational order while the Hex B, F, and I have long-range 3D
hexatic in-plane bond orientational order. All the tilted phases have long-range tilt
orientational order. The surface freezing transitions in the four LC systems studied

here are from untilted to tilted phases.

b) Arrows indicate the molecular tilt directions with respect to the in-plane structure
for the tilted smectic phases.
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Figure 1.3: 70.7 Thickness Dependent Phase Diagram [6]. For bulk samples, the

phase sequence with decreasing temperature is (A) smectic-A, (C) smectic-C, (B)
smectic-B, and (G) smectic-G. The smectic-B phase exhibits numerous restacking
transitions which for simplicity have not been shown. In thinner films, the smectic-B
region is replaced by (I) the hexatic smectic-I and (F) the hexatic smectic-F phase.
A monolayer of surface-frozen hexatic smectic-I present on the interior smectic-C or
smectic-A is indicated by (I/C) and (I/A). A monolayer of tilted smectic-C on interior

smectic-A is indicated by (C/A). The surface freezing transitions observed for 64 layer

thick films are indicated by triangles (A). The x-ray measurements analyzed by the

direct inversion method described in Chapter 3 were performed for the films indicated
by dots (e).



tilted phase appearing at the smectic-B to smectic-C boundary. The x-ray mea-
surements and the subsequent direct inversion analysis, described in Chapter 3, were
performed on the films indicated by dots. For the x-ray measurements, two LC phases
were studied: a monolayer surface-frozen phase denoted smectic-I/C, which consists
of monolayer 2D hexatic smectic-I surface layers on a 2D fluid smectic-C interior
[6, 7, 8, 9], and the crystalline smectic-G phase. The smectic-I/C phase was chosen
to measure the effects of a monolayer surface-frozen phase on the structure of the

films. Measurements were made of the crystalline smectic-G phase for comparison.

1.3 Surface Melting and Surface Freezing

At a surface, a first-order 3D phase transition without any universal critical exponents
can be converted into a surface-induced first-order phase transition which manifests an
‘apparent criticality’ with universal critical behavior [10]. A standard first-order phase
transition is illustrated in Fig. 1.4a which shows a first-order 3D bulk transition for a
system without surfaces. As the temperature approaches the bulk melting point, 7, a
discontinuity occurs in the thermodynamic variables corresponding to first derivatives
of the free energy and the crystal symmetry of the solid abruptly changes between the
crystalline and the liquid states. Fig. 1.4b indicates the ‘apparent’ first-order critical
behavior evident in a semi-infinite system undergoing a surface melting transition.
As the temperature of the system is raised, instead of abruptly melting the system
develops a melted liquid layer on the surface of thickness, I, which grows as the
temperature approaches T,. The reduced temperature, ¢, dependence of the growth
of the melted layer thickness, {(t), depends on the dominant intermolecular forces in
the system, the detailed behavior of {(t) depends on both the range of the interactions
and on whether the interfaces are rough or smooth. Previous experimental surface
melting studies of metals and physisorbed rare gases have shown a logarithmic growth
of the thickness of the surface layer indicating the dominant interactions in these
systems are short-range exponential forces, and continuous rather than layer-by-layer
melting transitions indicating the interfaces are rough. All four LC systems shown in
Chapter 2 demonstrate layer-by-layer surface freezing originating at the two LC-vapor
interfaces. The fact that in all four LC systems the surface freezing appears layer-by-
layer indicates the interface between the frozen surface phase and the liquid interior

is smooth. The dominant interactions in these four systems exhibit the two types of



forces expected in liquid crystals: long-range van der Waals forces and short-range
exponential forces.

The Lindemann melting criterion [11] provides a simple estimate of T, based on
the ansatz that a crystal melts when the mean-squared displacement, (u?), due to
thermal motion is a significant fraction (~ 20%) of the lattice constant. Diffrac-
tion experiments directly measure the mean-squared displacement, (u?), since ther-
mal motion attenuates the diffracted beam intensities via the Debye-Waller factor,
exp(—q*(u®)/4), where ¢ is the magnitude of the momentum transfer. Some previ-
ous experiments have compared surface versus bulk scattering to relate the relative
amplitudes of the thermal motions for the surface and bulk [12]. Chapter 3 describes
a new technique for determining the spatial dependence of the thermal motions of
different layers of molecules in smectic LC films. Instead of separating the surface
layer from the interior scattering, this new technique solves the crystallographic phase
problem and allows the direct inversion of the total scattering from the film to reveal
the thermal amplitudes for each individual layer.

A naive application of the Lindemann criterion suggests that surface atoms dis-
order at temperatures below the bulk melting temperatures since a surface atom
experiences a smaller restoring force than a bulk atom. This is the basis for a phe-
nomenological model for surface melting [14]. In this model, the second layer will
melt at a slightly higher temperature, but still below T}, since the surface layer ex-
erts an intermediate restoring force. Consequently, each subsequent interior layer
melts when its local Lindemann criterion is met and the interface propagates into the
crystal as the temperature approaches Tp. This simple Lindemann model for surface
melting, which links the melting temperatures to vibrational amplitudes within solids,
is incorrect since it fails to predict the actual variations found in real systems and it
cannot account for the surface freezing found in LC systems. A thermodynamically
correct description of surface melting and surface freezing is obtained by considering
the interfacial wetting of a melt liquid (or frozen solid) on its own crystalline (or lig-
uid) substrate. In this case, both surface melting and surface freezing are predicted
to have identical universal critical behavior which depends only on the range of the
interactions in the particular system and whether the interface between the surface
phase and the interior is rough or smooth [10, 15, 16].
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Figure 1.4: First-Order Phase Transitions. a) The top panel pictures a bulk sys-
tem undergoing a 3D first-order phase transition, where at T, the system exhibits a
discontinuity and changes from solid to liquid.

b) The lower panel illustrates a surface melting transition where a melted liquid
layer of thickness, [, develops on the surface of the semi-infinite system as T — Tj,.
The thermodynamics of surface melting of a semi-infinite liquid involves competition
between the energy cost of converting the layer of solid to liquid and the energy gained
by exchanging the liquid-vapor interface with liquid-solid and solid-vapor interfaces.
The transition is predicted to be either continuous or layer-by-layer depending upon

whether the solid-liquid interface is rough or smooth.
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1.8.1 Surface Melting Mean-Field Theory

The traditional mean-field description of surface melting requires defining the effective
interfacial potential which is the free energy difference between the two states of the
system. Surface melting is a case of interfacial wetting and results from a competition
between the bulk free energy and the surface free energy of the system. Below the
bulk melting temperature, the simple thermodynamic surface melting argument goes
as follows [17]: The equilibrium state of a bulk semi-infinite system in equilibrium
with its vapor is determined by the minimum of the total free energy. If a thin
solid layer of thickness [ is converted from solid to liquid below the bulk melting
point temperature, then the free energy per unit area will increase by the phase
conversion cost, proportional to the chemical potential difference between the solid
and liquid, and will decrease by interface-interface interaction energy term which
depends upon the interfacial free-energy difference in the liquid layer now on the
surface of the system. In the surface melting process, the system replaces the original
solid-vapor interface with a liquid-vapor and a solid-liquid interface. This reduces
the free energy per unit area and depends on both the difference between these
interfacial free energies and the range of dominant interactions in the system. Since
the bulk term is zero at the bulk melting point temperature, T},, the chemical potential
difference can be expanded in terms of the reduced temperature, ¢ = ]I%l, and the
location of the interface between the surface induced coexisting liquid and solid is
given by I(t) and can be obtained by minimization the total free energy. This results
in I = I, + £In(1/]t]) for short-range exponential forces and ! ox ¢~/3 for long-range
van der Waals forces. Both types of forces are found in the LC systems studied here.

An attempt by Holyst {19] to make a specific microscopic surface freezing/melting
theory is discussed in Chapter 4. This theory relates the interlayer structure of the
film to the surface freezing behavior by considering the first stage of the Kosterlitz-
Thouless defect-mediated melting theory [20, 21] in which disclination pairs unbind
at the liquid-hexatic transition. Holyst argues that the surface in-plane ordering is in-
duced by quenched out-of-plane fluctuations caused by the surface tension and notes
that the surface freezing transitions start at the surface where the fluctuation ampli-
tudes are smallest. The direct x-ray measurements of the center-of-mass densities for
all thickness liquid films show quenched interlayer fluctuations at the surface. Holyst

tries to relate these measured quenched fluctuations to the surface freezing transition.
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Measurements of the fluctuation profile, shown in Chapter 3 using both the direct
inversion and forward model analysis methods, allows predictions of the functional
form for the surface freezing. A detailed comparison between Holyst’s theory and
another simpler phenomenological theory with the surface freezing measurements is
made in Chapter 4.

Both the simple thermodynamic description and the Landau-Ginzburg mean-field
description predict the same functional form for the temperature dependence of the
frozen surface layer but the Landau-Ginzburg theory makes explicit predictions about
the order-parameter profile {10, 13]. The Landau-Ginzburg formulation is discussed
in Chapter 4 and the order parameter profile, M (z), derived from the experimentally
determined electron density, p(z), is presented there.

1.3.2  Effective Interfacial Potential and Finite-Size Effects

The effective interfacial potential for LC films has been determined versus film thick-
ness for the surface freezing of three materials. Experimentally, it is found that after
about the first ten surface freezing transitions on each surface, the freezing transitions
for additional layers slowdown and deviate from the original power-law or logarithmic
divergence. A beautiful systematic variation of the slowdown of the surface freezing
transitions with film thickness, L, has been observed. This systematic divergence is
described by a finite-size model, t = Bexp(~I/¢) — B'L/(L — €l), which is similar
to finite-size effects found in other systems where the transition temperature shift,
AT ~ 1/L, where L is the size of the system. This finite-size behavior provides
evidence for a new effective force in these materials and a new finite-size dependent
term in the effective interfacial potential. Without taking up the question of whether
or not this finite-size model is correct, this model provides an excellent parameteri-
zation of the data which has been used to make a model independent determination
of the complete effective interfacial potential and to demonstrate the existence of a
new contribution to the effective interfacial potential which describes all LC films

measured. A second parameterization provides indistinguishable effective interfacial
potentials.
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1.4 Model-Independent Interlayer Structure Determination

The interlayer structure of freely suspended liquid crystal (FSLC) films has not been
studied until very recently [22, 23]. Surface-induced tilt angle changes [24, 25], mono-
layer surface-induced phases [9], and surface freezing, are all influenced by the surface-
tension-quenched fluctuations at the surfaces of FSLC films. The importance of sur-
face tension, finite-film thickness and the presence of monolayer surface-frozen layers
on the interlayer structure of LC films has been studied using x-ray diffraction.

Chapter 3 describes a new model-independent method to determine the inter-
layer structure by directly inverting the measured diffraction intensity. The direct
inversion analysis involves removing the instrumental broadening from the measured
diffraction intensity by deconvolution and then explicitly solving the one-dimensional
crystallographic phase problem to yield the interlayer electron density. Three facts
allow the crystallographic phase assignments for the scattering from thin FSLC films
to be made by inspection. The electron density is real, positive, and centrosymmetric
and anomalous scattering effects are negligible at the x-ray wavelength used in this
study so the scattering amplitude is real and even. The measured thin film x-ray
diffraction patterns reveal the zero-crossings or phase changing points of the scatter-
ing amplitude. Finally, the phase angles switch between 0 or 7 in a well-defined way
since the zeros in the scattering amplitude are due to the product of the molecular
form factor and the ‘N-slit’ interference factor.

With the help of the above observations the direct inversion analysis consists of
six steps: 1) Adding a ¢, = 0 patch to the experimental data in the unmeasured
region near ¢ = 0 to produce an extended measured intensity, M(q.), which begins
at ¢; = 0. 2) Removing the instrumental broadening from M(q,) to produce the
intrinsic intensity, I(g;). 3) Making scattering corrections and taking the square-root
of I(q.) to give the magnitude of the scattering amplitude, |S(q.)|. 4) Hand phasing
|S(g:)| to give the scattering amplitude, S(g.). 5) Back-transforming S(q.) to give
the electron density, p(z). 6) Removing the molecular form factor from p(z) to give
the center-of-mass density, CM(z).

Forward model analysis creates a model for the interlayer density, which is then
Fourier transformed and squared to calculate the model scattering intensity. This
model scattering intensity is convolved with the measured resolution function and

a non-linear least-squares fit is made to the measured scattering intensity. The fit
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involves varying parameters in the model interlayer density. The direct inversion
method, as described above, makes a model-independent determination of the inter-

layer structure by directly inverting the measured diffraction intensity.

Both the forward modeling and the direct inversion analysis techniques have some
inherent questions and problems associated with them. In the case of the forward
model, the following questions may be asked: What are the measurement errors and
is the resulting x? from the fit a reasonable value? Even if the model fits with a
reasonable x?, is it correct? Is this model a unique parameterization of the measured
intensity? Are the model parameters correlated? The direct inversion method has
inherent ‘noise’ associated with extracting a signal in the presence of measurement
errors using Fourier transforms which is discussed in detail in Chapter 3. In the
case of the FSLC film data analyzed here using both techniques, the diffraction in-
tensity could not be measured all the way to ¢, = 0 due to occlusion of the x-ray
beam by the LC film holder. This means that any Fourier components in the density
with reciprocal length scales between 0 and ¢, (Where g, is the magnitude of
the smallest scattering vector measured) are not accounted for in the forward model
best-fit parameters or the direct inversion density. The direct inversion analysis is
particularly sensitive to this problem since fast Fourier transform algorithms are used
which require data all the way to g, = 0. The direct inversion analysis substitutes the
forward model intensity into this region, but as will be seen, the shape of the substi-
tuted model intensity does have an effect on the resulting density. By applying these
two techniques to the same data, it is hoped that they will provide complementary

information about the interlayer structure of these films.

Comparisons are made of the interlayer structure versus film thickness extracted
from the diffraction intensities using these two methods. The forward modeling results
have been reported elsewhere [22, 26]. Comparisons are made in Sec. 3.9 between
the densities obtained from the forward model and those obtained using the direct
inversion analysis. The electron densities and the center-of-mass densities from both
the direct inversion and forward model analysis have many similar features: The
center-of-mass densities for thick smectic-G films have uniform height and the center-
of-mass distribution of each layer have equivalent FWHM’s throughout the film. The
center-of-mass densities for the smectic-I/C films show enhanced density at the surface

of the film. For all films, the density modulations are well described by ‘Gaussian’
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layers with surface enhanced order in sharp contrast to the usual uniform sinusoidal
density wave models for bulk smectics. There are also some interesting differences
between the forward model and direct inversion results: The forward model center-
of-mass densities are flatter in the smectic-G phase than the direct inversion center-
of-mass densities. And, in general, the direct inversion FWHM’s of the interlayer

positions are wider than those resulting from the forward model analysis.



Chapter 2

SURFACE FREEZING TRANSITIONS OF
LIQUID CRYSTAL FREE FILMS

Liquid crystals are beautiful and mysterious;

I am fond of them for both reasons.

- P.G. de Gennes

2.1 Introduction

There has been considerable recent interest in the influence of surfaces on the general
properties of matter, and on phase transitions, in particular. Many experiments have
studied the surfaces of materials to determine if the surface order is the same as the
structure found in the bulk. In this study, polarized-video-microscopy has been used
to study the influence of intermolecular forces on surface freezing transitions in freely
suspended liquid crystal (LC) films of four LC materials: 90.4, 40.7, 70.7, and T4S5.
Theory predicts that the form of the divergence of the surface freezing (SF) transition
temperatures indicates the dominant intermolecular forces in the system. LC films
are held together by some combination of steric, van der Waals, hydrogen-bonding,
and chemical-bonding forces; the most important being either the long-range van der
Waals interactions or the short-range exponential interactions [27, 28]. In addition
to discovering that these four LC materials undergo layer-by-layer surface freezing
transitions, the measurements have been used to determine the dominant forces in
these four systems. The power-law growth with reduced temperature, ¢, of the frozen
surface layer thickness, | = 1,471/3, characteristic of long-range van der Waals forces,
was found in 90.4 and these results were previously briefly reported [29]. This thesis
presents the first report of surface freezing with layer-by-layer logarithmic growth.
The surface freezing transitions in 40.7 and 70.7 are described by the logarithmic
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form, I = [, + £In(1/]t]), characteristic of short-range exponential forces. Surface
freezing transitions in 1455 exhibit growth of the frozen surface layer consistent with

both van der Waals and exponential forces.

These results show that FSLC films exhibit two of the four universality classes
of surface freezing; layer-by-layer power-law growth and layer-by-layer logarithmic
growth [29, 30]. Surface freezing (SF) is a novel phase transition, originating at
the LC-vapor interface, in which the film undergoes a series of first-order monolayer
freezing transitions all the way to the center of the film. In general, the SF transi-
tion is expected to be either layer-by-layer or continuous depending upon whether the
transition occurs above or below the roughing temperature. All four liquid crystal sys-
tems discussed here exhibit layer-by-layer surface freezing indicating that the frozen
layer-vapor interface is smooth. For all film thicknesses studied, the layer-by-layer
transitions continue until the entire film is frozen.

After the first ten SF transitions, as the SF continues to the center of the film,
there is a systematic slowdown of the appearance of additional surface-frozen layers
from the original power-law or logarithmic divergence. To study this slowdown, the
film thickness-dependence of the SF transitions have been measured in two systems,
90.4 and 70.7, for freely suspended films 17 to ~ 1000 layers thick. A beautiful
systematic variation of the SF with the thickness of the film has been observed. This
variation can be explained with a single complete effective interfacial potential for
all the film thicknesses studied. The finite-size influenced surface freezing is found
to obey the relation t = Bexp(—~1/€) — B'L/(L — el) where L is the thickness of the
film and 1.2 < € < 1.6. This result is similar to finite-size effect results found in
other systems, with a characteristic size L, where the shift in transition temperature
AT ~ 1/L. Whether this model is appropriate remains an open question, but this
finite-size parameterization allows a model-independent construction of the complete
effective interfacial potential for these films and provides evidence for a new effective

force not seen before in LC films.
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2.2 Phase Transitions and the Primary Intermolecular Forces in LC Films

2.2.1 The Effect of Surfaces on Phase Transitions

Over a century ago the suggestion was made that melting should start at the surface
since the surface is a “natural defect” in the order of the crystal [31]. Surface melting
has been proposed to explain a number of puzzles in nature such as, why liquids can
be super-cooled but not super-heated, how ice skating is possible, and how crystals
grow and sinter. The reduction of the melting temperature for an uncoupled 2D layer
on the surface of a 3D system is not surprising from dimensionality considerations
alone since the shifts in the triple point temperature often follows the rule that Top ~
2/3T3p. However, in quasi-two-dimensional systems like liquid crystals, the transition
temperature shifts are not expected to be as large.

The influence of a surface on first- and second-order phase transitions can be seen
both theoretically and experimentally by comparing the phase diagrams of bulk and
semi-infinite systems [32]. A standard first-order phase transition in a bulk system
appears as a discontinuity in the thermodynamic variables as the temperature ap-
proaches the bulk melting point T, and the crystal symmetry of the solid abruptly
changes. The bulk order parameter makes a discontinuous jump at the transition
temperature, T, with no critical exponents. In a semi-infinite systems with second-
order bulk transitions, universal surface critical behavior has been observed, and
in semi-infinite systems with first-order 3D phase transitions without any universal
critical exponents there can be a surface-induced first-order phase transition which
exhibits an “apparent criticality” [10]: The surface order parameter diverges contin-
uously approaching the transition temperature as |T — T,}#’, with a universal critical
exponent, ', which depends only on the spatial dimensionality of the system, and
on the form of the microscopic interactions. When a surface phase wets the interior
phase, a surface layer can intervene between the bulk phase and the vapor, and an in-
terface delocalization transition can occur as T — T,. This leads to a surface-induced
phase transition where the thickness of the liquid layer diverges as the bulk transition
temperature is approached. The functional form for the growth of the interfacial layer

thickness depends on the form of the dominant interactions in the system.

For a second-order phase transition in semi-infinite system, it has been shown that

while the bulk order parameter diverges at the critical temperature, T, according to




|T — T.|P as T — T. from below, the surface order parameter also has a power-law
divergence, |T'—T,|?, but with a different surface critical exponent, f,, than the bulk
exponent, 3. From direct hysteresis measurements, the surface freezing transitions
described in this thesis are clearly first-order phase transitions.

Surface melting is the formation of a stable liquid on the surface of its solid at
a temperature below the bulk melting point and surface freezing is the formation of
a stable solid on the surface of its liquid at a temperature above the bulk freezing
point. Surface freezing and surface melting are predicted to have identical universal
critical behavior which depends only upon the range of the interactions and whether
the interface is smooth or rough [10, 15, 16]. If an intermediate disordered phase
wets the interface between the ordered phase and vapor, then it is possible that this
intermediate phase will intervene between the bulk and the vapor interfaces in a tran-
sition called surface-induced disordering (SID). On the other hand, if an intermediate
ordered phase wets the interface between the disordered phase and vapor, then it is
possible that this intermediate phase will intervene between the bulk and the vapor
interfaces in a transition called surface-induced ordering (SIO). Conventional surface
melting, an example of SID, occurs when the liquid phase wets the solid-vapor in-
terface and conventional surface freezing, an example of SIO, occurs when the solid
phase wets the liquid-vapor interface. For both surface melting and surface freezing,
the relative magnitudes of the solid-vapor, solid-liquid and liquid-vapor interfacial
energies determine whether SIO or SID transitions can occur. In the surface freezing
experiments described in this chapter, the surface and interior phases are neither
liquid nor solid; both are smectic LC phases with either 2D liquid or 2D hexatic
intralayer order. Liquid crystals surface freeze rather than surface melt since a more
ordered surface LC phase forms on the less ordered LC interior. A microscopic under-
standing of why some surfaces melt below the bulk melting temperature and other
surfaces freeze above the bulk melting temperature is not presently available; the
thermodynamic model shows this must depend on the microscopics of the interfacial

free-energies of the system.

2.2.2 The Dominant Intermolecular Forces in Liquid Crystals

Aside from the discovery of surface freezing at the LC-vapor interface, the next most

important result from this study is the determination of the dominant forces in the
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four LC systems studied. The two most important forces in liquid crystal systems
are long-range van der Waals forces and steric short-range exponential forces 27, 28).
The temperature dependence of the LC surface freezing transitions reveals which of

these two simple forces are dominant between the molecules in the film.

The attractive van der Waals forces between electrically neutral non-polar molecules
is due to their quantum mechanically induced fluctuating dipole moments. At small
separations, r, this interaction potential has, to leading order, the form V(r) oc r—¢
[33, 34]. To calculate the interactions between a surface frozen layer and the un-
derlying bulk, all the van der Waals forces in the semi-infinite system are summed
resulting in an attractive potential V'(I) o 12, where [ is the separation of the two
interfaces !. For unretarded van der Waals forces, the thickness ! of the surface frozen
layer is predicted to follow a power-law divergence, I  t~'/3, where, t = |T — T,|/ T,

is the reduced temperature.

The other forces expected to be important in these systems are short-range and
have the exponential form, f(l) o exp(—1/¢), with the corresponding potential V(1)
exp(—1/£). In contrast to the exponential forces in metals, which are due to screening
of the long-range interactions by the conduction electrons, the exponential forces in
liquid crystals are due to steric forces [27]. For LC’s dominated by their short-range
exponential interactions, the divergence of the surface frozen layer is predicted here
to be logarithmic , I = I, + £In(1/]¢]) [10, 15]. Since both forces should be present,
in a system originally dominated by exponential interactions there is predicted to
be a crossover from the exponential short-range forces to the long-range dispersion
forces [36] when the frozen surface layer grows larger than a few exponential decay
lengths. As will be discussed later, no evidence is found for this crossover form below

300Acorresponding to the first ten surface freezing transitions.

~ Results from the four liquid crystals studied show that these systems represent
both classes of layer-by-layer surface-induced ordering transitions: systems with long-

range van der Waals and systems with short-range exponential forces.

! Assuming the sharp-kink approximation at the interface and that all the forces are pair-wise
additive [35].
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2.3 Principles of Surface Freezing

The discussion of surface freezing in this section is organized to answer the following
three important questions: 1) Why does the surface layer freeze? 2) How does the
frozen surface layer grow? 3) Why do the transitions occur layer-by-layer instead of

continuously?

2.3.1 Why Does the Surface Layer Freeze?

Traditional surface melting is the formation of a thin film of surface melted liquid at
temperatures below the bulk melting point, T, on some faces of the crystal surface.
Traditional surface freezing is the formation of a thin film of surface frozen solid at
temperatures above the bulk melting point. Both the thermodynamic [17], Landau-
Ginzburg, [10] and density-functional theory [37] result in the same functional form
for the temperature dependence of the thickness of the frozen or melted surface layer,
but the essential ideas are most easily seen by considering the simple mean-field
theory which is presented in this section for surface freezing in the same terms as the
simple thermodynamic surface melting description [17].

The equilibrium state of a bulk semi-infinite system in equilibrium with its vapor
is determined by the minimum of the total free energy. This free energy per unit
area is composed of the bulk term, pN/A, and a surface term, v, where p is the
chemical potential and v is the surface tension. Surface freezing is a case of interfacial
wetting which results from a competition between the phase conversion cost and the
interfacial energy gain of the system. If the solid (or more ordered phase) wets its own
liquid-vapor interface (or its own less ordered interior phase-vapor interface), then the
system can lower its total free energy whenever the interfacial energy gain, A~, is
greater than the phase conversion cost. Here Ay = 41, — vsu + 7s is the interfacial
free energy savings of the system produced by replacing the liquid-vapor interface by
a solid-vapor and a solid-liquid interface. The result of replacing the original solid-
vapor interface with a liquid-vapor and a solid-liquid interface is shown in Fig. 2.1.
The phase conversion cost, when a thin solid layer of thickness [ is converted to liquid
below the bulk triple-point temperature, increases the free energy per unit area by

the amount,

6FConuersion = (,U[ - ;us)l (21)
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Figure 2.1: Thermodynamics of Surface Freezing. The thermodynamics of surface
freezing of a semi-infinite liquid involves competition between the energy cost of
converting the layer of liquid to solid and the energy gained by exchanging the liquid-
vapor interface, having an interfacial energy v;,, with the combination of a liquid-solid
and a solid-vapor interface having an energy s + s, neglecting interactions. The

simple effective interfacial potential, 6F, is the sum of the phase conversion cost and
the interfacial free energy difference.




24

Since the interfaces are maintained a distance / apart, and the interfacial energy
saving, A7, is reduced by the summation of the intermolecular forces over the sys-
tem. For a system with short-range exponential forces, V() = Xexp(—I/¢), with

characteristic length £, the interfacial free energy difference per unit area, is given by,

6Flnterface = ('7111 + Vst — ’)’su)(l - ’\e—llf)' (22)

For a system with long-range van der Waals forces, V(1) = AI*~", where n = 3, the

interfacial free energy difference per unit area is given by,

6F1nterface = (7lu + Vst — 7311)(1 —'/\ll—n)' (23)

In both cases A is a constant of order 1. Since the phase conversion term is zero at
the bulk melting temperature, T, the chemical potential difference can be expanded
in terms of the reduced temperature, t = |T — T,|/T,, and the conversion energy is
given by Ctl to convert the liquid layer of thickness I to a metastable solid phase layer
[38] (C is a constant). In this, the simplest of models, all temperature dependence
has been lumped into this linear in ¢ phase conversion term. The total free energy
difference between the two states, 6F, is also the simple effective interfacial potential,

Vsimple(l) = 6F[l], and is given for a system with short-range exponential forces by,

OF = 5FConuersion + 6FInterjace = Ctl + ('Ylu + vs1 — ')’su)(l - /\e~1/5) (24)

and for a system with long-range van der Waals forces by,
OF = Ctl+ (o + st — Ysu)(1 = A7), (2.5)

Two graphical representations of the simple effective interfacial potential are given
in Fig. 2.2 for a semi-infinite system. The simple effective interfacial potential shown,
corresponds to Eq. 2.5 and governs the growth of the frozen surface layer during the
first ten surface freezing transitions in 90.4 films which are dominated by long-range
van der Waals forces. This potential is the sum of two terms, the phase conversion cost
and the interface-interface interaction energy. The position of the interface is given by
the minimum of this potential; note that as ¢ — 0 the surface frozen layer thickness

grows, | — oo. The growth of the surface frozen layer can be either continuous
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(top panel) or layer-by-layer (bottom panel) depending upon whether the effective
interfacial potential displays the molecular periodicity of the material. If the interface
is to rough, the average position of the interface is not well defined, and the growth will
appear continuous. If the interface is smooth enough that it is well defined, the surface
freezing will jump from minimum to minimum of the effective interfacial potential
[39] and the transitions will appear layer-by-layer. Surface freezing transitions in all
four LC systems described in this chapter exhibit this layer-by-layer growth of the
frozen surface phase.

The Landau-Ginzburg theory and its explicit connection with the order-parameter
profile of the film is discussed in Sec. 4.7; the predicted order parameter profile is
also compared with the interlayer density profile extracted using the direct inversion

analysis described in Chapter 3.

2.3.2 How Does the Frozen Surface Layer Grow?

The location of the interface between the surface-induced coexisting liquid and solid
is given by {(t) which is the functional relationship between the reduced temperature,
t, and the thickness of the frozen surface layer, I. The functional form of /() depends

on the intermolecular forces in the system and can be obtained by minimization,
§F /6l =0, giving

t=pfe¢ (2.6)
for short-range exponential forces, and
t=al™ 2.7

for long-range van der Waals forces. These simple equations fit the first ten transitions
in the four materials studied very well. Inverting these relations, the thickness, I, of
the surface frozen layer, in terms of the reduced temperature, ¢, is given by I = I/ +
£1n(1/|¢]), for short-range exponential forces, and by | = I,t~%, with v = 1/n = 1/3,
for long-range van der Waals forces. The value of the exponential force coefficient 8
has not been predicted by theory but the van der Waals coefficient, I,, is given by
lo = [(2A9X)/(CT.n(0(Ag))/(8T)))Y/3, where n is the surface density of the liquid
phase and Ap = p, — p; is the solid-liquid chemical potential difference. For a system

governed by van der Waals forces, the exponent v = 1/3. For exponential force
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Figure 2.2: Simple Effective Interfacial Potential. A schematic illustration of the
simple effective interfacial potential, §F, correct for the first ten SF transitions in
thicker films. §F is the sum of the interface-interface interaction, 6 Finter face = Ay(1-
Al~2), and the phase conversion energy, 6 Fconyersion = Ctl. The effective interfacial
potential will be smooth (top panel) if the system has a rough interface and surface
freezing transitions will be continuous. For a smooth interface (bottom panel), §F
will display the molecular periodicity of the system and the system will exhibit layer-
by-layer surface freezing transitions. For all four liquid crystal systems discussed in
this chapter, the interface is smooth and the transitions appear layer-by-layer.
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systems, the characteristic length, ¢, should be about one molecular layer, ¢ ~ 1,
since the exponential forces describe short-range steric interactions. The values of v
and ¢ produced from the data analysis fits are compared to these predicted physical
constraints to determine whether the fit is physically reasonable.

For surface freezing in a finite film of total thickness L, the derivation of #(l) is
somewhat different than the standard semi-infinite derivation since the finite system
has two solid-vapor interfaces and two solid-liquid interfaces as shown in Fig. 2.3.
By symmetry, there will be frozen surface layers on both film-vapor interfaces. The

results from the summation of the intermolecular forces throughout the film then

give,
Inter face— Inter face— Inter face—
t=| NearVapor | +| FarVapor |+ | Interface |, (2.8)
Term Term Term

again using the sharp kink approximation, and assuming pair-wise additive inter-
molecular forces throughout the film. For exponential forces, where V(1) = X exp(~1/¢),

t= ,@e_% — Be” © + B O , (2.9)

and for long-range non-retarded van der Waals forces, where V() = Al'~",
t=al™—a(lL -+ (L-2)"" (2.10)

with n = 3. In these two equations, the first two terms correspond to the interface-
near vapor and the interface-far vapor interactions, respectively. The third term
corresponds to interactions between the two interior interfaces. For the first ten
transitions of 64-layer films, the two interior interfaces are always very far apart,
> 1200A, and the interior interface-interior interface interactions and the interior
interface-far vapor interface terms are very small. The interaction coefficients o and
a' vary as the refractive index difference (the density difference, to first order) between
the interacting phases, so a >> o' {33, 34]. For these reasons, the second and third
terms in Eq. 2.9 are expected and found experimentally to be negligible for all four
materials for films thicker than about 30 layers. Therefore, Eq. 2.6 for short-range
exponential forces and Eq. 2.7 for long-range van der Waals forces provide a good

description of the first ten surface freezing transitions in films with thickness L > 30
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Figure 2.3: Thermodynamics of Surface Ireezing in Films. Surface frozen layers of
thickness ! form on both surfaces of the liquid crystal film during the surface {reezing
transition. Therefore, a film with total thickness L has two frozen surface layer-
unfrozen interior layer interfaces, called interior interfaces, and two frozen surface
layer-vapor interface, called vapor interfaces. The effective interfacial potential in-
volves the interaction of each interface with the other three, as shown in Eq. 2.9
and 2.10 but only the interior interface-near vapor interface interactions are impor-
tant for films thicker than about 30 layers. In the simple thermodynamic picture of
surface freezing, if the frozen surface layer wets the initially unfrozen vapor inter-
face, the system will surface freeze when the interfacial energy gain is greater than

the phase conversion cost. For smooth interfaces, the surface freezing transition is
layer-by-layer.
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layers. For films thinner than L ~ 30 layers, the interior interfaces are sufficiently
close that it is necessary to take into account their interaction.

The thermodynamic theory presented above is equivalent to the mean-field de-
scription [10] and ignores fluctuations. This is valid if the physical dimension of the
system is greater than the upper marginal dimensionality. When the dimensionality
of the system is larger than the upper marginal dimensionality, the properties and
phase transitions are not affected by thermal fluctuations and the critical exponents
will have mean field values. If the dimensionality is equal to the upper marginal di-
mensionality, then there are logarithmic corrections to the exponents near the phase
transition. The upper marginal dimensionality, d*, satisfies the hyper-scaling relation,
vd® = 2 — a, with classical values for the critical exponents, v and o. For surface
melting at interfaces in three dimensions governed by van der Waals forces [35, 40],
d* =2 and classical exponents are expected. For surface melting governed by short-
range exponential interactions, d* = 3 [41] and logarithmic corrections very near the
transition temperature are expected. A search for these logarithmic corrections in the
short-range exponential force LC systems is planned. The four LC systems described
in this thesis seem to exhibit mean-field behavior, although the observed finite-size

effects may be partially due to scaling corrections.

2.3.3 Why Do the Transitions Occur Layer-by-Layer Instead Of Continuously?

The character of surface melting and surface freezing transitions also depends on
whether the interface between the surface phase and the interior phase is rough or
smooth. For conventional surface melting, this depends upon whether the solid-
vapor interface is above or below the roughening temperature, T,. If T > T,, then
the interface is rough, and the growth of a wetting layer at this interface is predicted
to be continuous [16] since the roughness washes out the natural atomic periodicity
in the effective interfacial potential. For T < T, the solid-vapor interface will be
smooth and the transition is predicted to proceed layer-by-layer. In the four LC
systems studied here, surface freezing always occurred layer-by-layer indicating that
the effective interfacial potential retains the natural periodicity of one molecular layer
[39]. This provides indirect evidence that the layers in these systems are well defined;

direct x-ray evidence for the relatively high quality of the layering is given in Chapter
3.
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Surface melting and surface freezing are special cases of interfacial wetting [16, 42)
in which the surface melted or frozen layer wets its own solid/vapor or liquid/vapor
interface, respectively. Wetting behavior can be nonwetting, incomplete wetting ,
or complete wetting. Most LC surface freezing transitions are nonwetting since the
entire film freezes abruptly. Many FSLC films exhibit incomplete (monolayer) wetting
in which the two surface monolayers freeze about ten degrees above the bulk freezing
transition temperature and the rest of the interior layers freeze at the bulk transition
temperature. Monolayer incomplete wetting has been studied for crystalline smectic-
B monolayers on smectic-A films [43, 44] and for smectic-I monolayers on smectic-C
films [9]. In all four LC systems studied here, the surface frozen phase is surface
stabilized, since it does not appear in the bulk phase diagram. The surface freezing
transitions in these systems all proceeded in a layer-by-layer fashion until the entire
film was frozen. Technically, this surface freezing still corresponds to incomplete
wetting, because the surface frozen phase is not in the bulk phase diagram; the surface
stabilized phase for a semi-infinite system would always have a finite thickness. The
importance of surfaces in stabilizing non-bulk phases has not been fully appreciated.
LC systems are typically described by their bulk phase diagrams which only provide a
partial description of their behavior. It is still an interesting and unsolved question as
to why all the surface freezing transitions in these four systems have surface-stabilized,

bulk-thermodynamically-unstable, surface-frozen phases.

The relation between wetting, roughening and surface ordering is apparent both
in the surface freezing of LC films and in the layering transitions observed in rare-
gas films adsorbed on uniform homogeneous substrates [31, 42]. Physisorbed rare
gas layers on graphite [45] exhibit layering during the formation of liquid or solid
layers with increasing chemical potential. If the temperature remains constant and
T < T, where T; is the triple point temperature, then adsorption isotherms exhibit
either continuous or stepwise increases in surface coverage as the pressure of the 3D
gas is increased. If the two components of the system wet one another, then the
system grows all the way to bulk. The mode of growth, either continuous or layer-
by-layer, depends on whether the interface is rough or smooth; whether the system is
above or below the roughening temperature, 7. In the layer-by-layer growth mode,
the isotherm steps locate liquid-vapor or liquid-solid transitions. At higher temper-

atures, after a substantial number of distinct layer steps, the sharp steps disappear
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when passing through the roughening transition which occurs near 0.8 T; [46]. In
very thick LC films, a roughening transition might be induced by increased capillary
wave amplitudes at the surface of the film and enhanced thermally induced smectic
fluctuations near the center of the film. Layer-by-layer transitions have been observed
in LC films from 17 to about a thousand layers thick and no evidence has been seen

for a crossover to continuous growth indicating a roughening transition.

2.4 Four Classes of Surface Freezing and Surface Melting

The classification of systems according to their intermolecular interactions and the
character of the their interfaces, produces four universality classes of surface freezing
and surface melting: systems can be either dominated by long-range van der Waals
forces or short-range exponential forces and the transitions can proceed either layer-
by-layer or in a continuous manner. These four possible classes of universal surface
freezing and melting behavior are then: (1) continuous power-law, (2) continuous log-
arithmic, (3) layer-by-layer logarithmic, and (4) layer-by-layer power-law. Table 2.1
lists these four universality classes and provides examples of each class. The LC
systems studied here fall into two classes: 90.4 exhibits a layer-by-layer transition
with power-law growth and 40.7 and 70.7 exhibit layer-by-layer transitions with
logarithmic growth. The surface freezing of 14S5 is consistent with both classes of
layer-by-layer transitions. This is the first report of logarithmic and power-law layer-
by-layer growth at the LC-vapor interface which continues until the entire (albeit
finite) film is frozen.

2.5 Finite-Size Effects

Freely-suspended-liquid-crystal (FSLC) films are wonderful systems in which to mea-
sure finite-size effects since they are substrate-free and the thickness of the film can
be continuously changed from two to thousands of molecular layers. In fact changes
in structure and in the phase transitions have been noticed during the crossover from
two to three dimensions (6, 43, 44, 51].

The effect of finite system size on phase transitions has been extensively studied
theoretically {32, 47, 48, 49, 50, 52, 53]. For a second-order phase transition in a

finite-size system, scaling relations describe the modification of the bulk critical ex-
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Table 2.1: The Four Classes of Surface Freezing and Melting. Illustrated below are the
four universality classes of surface freezing and surface melting and some experimental
examples. The experimental techniques used to study the various systems are: Proton
back-scattering [64], heat capacity [68], neutron diffraction [69], polarized microscopy
[29, 30], and x-ray diffraction [65, 78, 79]. The four systems studied here, 90.4,
40.7, 70.7, and 14S5, exhibit surface freezing transitions which occur layer-by-
layer. Examples of both long-range van der Waals and short-range exponential force
systems have been discovered. The results for 14S5 are consistent with either long-

range van der Waals or short-range exponential force models.

Power-Law Logarithmic
Continuous Ne/Gr, Ar/Gr [68] | Pb [110] [64]
Pb [65] 0,/Gr [69]
90.4 [29] 40.7 [30]
Layer-by-Layer 70.7 {30]
14S5 [30] 14S5 [30]
8CB [78]
12CB [79]
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ponents very near the critical point. As the critical point is approached for a wetting
transition, the correlation length increases and the thickness of the wetting layer di-
verges with the longitudinal correlation length until cut off by the finite-size limit
imposed by the film thickness [52]. For first-order bulk transitions in a finite-size
systems, the thermodynamic singularities are rounded and finite-size scaling theory
[49, 53] describes the crossover from the analytic behavior in finite systems to the
singular behavior in bulk. Only recently has the finite-size scaling (FSS) behavior of
the wetting transition been calculated for first-order transitions [47] and transition
temperature shifts have been predicted for first-order transitions in short-range expo-
nential and long-range van der Waals interaction systems where additional densities
(e.g. impurities) are required to fully describe the system [48].

For systems undergoing a first-order transition in a confined geometry, the transi-
tion temperature is shifted from that found in the unconfined bulk. In the liquid-gas
system, the chemical potential u(L) at which the transition occurs in a film of thick-
ness L is given by the Kelvin equation [54], u(L) — p(c0) = (2A7)/(LAp), where
#(o0) is the chemical potential for the infinite system at saturation, Ay is the liquid-
gas surface energy difference, and Ap is the density difference at the transition. A
similar result has also been proposed to explain physisorption of rare gases in capillar-
ies [54]. In addition, an analogous relation has been derived for the shift in transition

temperature for thin LC films at the nematic-isotropic transition [55],

Tni(L) = Tni(oo) <1 - &gﬂ) (2.11)
0

where [, is the latent heat per unit volume. This temperature shift functional form,

AT o 1/L, has been derived for general first-order transitions [56]. Previous ex-

periments studying finite-size effects in LC materials have primarily studied confined

nematics in porous silica [57] and porous membranes [58]; both systems exhibit shifts

in the transition temperatures and pore-size dependent effects.

Although no theories have been proposed for the finite-size effects in first-order
surface freezing transitions in smectic films, the analogy with the systems described
above would suggest a transition temperature shift, AT, with the form AT « 1/L.
In the case of a film initially in a liquid phase with total thickness L, before surface
freezing, the thickness of the liquid region is equal to the total thickness of the film.

After the formation of surface frozen layers of thickness I on each vapor interface,
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the thickness of the interior liquid layer is L — 2. The transition temperature shift,
proportional to the thickness of the intermediate liquid region of the film would then
be AT o 1/(L — 2l). This would modify the simple effective interfacial potential
described above by adding an additional “finite-size term”. The resulting modified
effective interfacial potential, called the “complete” effective interfacial potential, is
given by Vo = Ctl + Ay(1 — Aexp) — I/€)) — (B'/2)In(L — 2I) for a system domi-
nated by short-range exponential forces. The three terms in Vi correspond to the
phase conversion cost, the interface-interface interaction, and the finite-size shift,
respectively. This form of the complete effective interfacial potential results in a
transition temperature shift proportional to the reciprocal of the liquid thickness and
changes with each surface freezing transition as the thickness of the interior liquid
layer changes. Minimizing this free energy, and solving for the reduced temperature,
yields ¢t = Bexp(—1/€) — #'/(L — 2l) for short-range exponential interactions, and
the analogous derivation yields ¢t = al™™ — /(L — 2I) for long-range van der Waals
forces.

The form of the finite-size temperature shift, AT, must also be modified if the
overall film thickness changes due to the SF transitions. For the LC materials mea-
sured, the surface freezing transitions are from untilted to tilted phases and the total
film thickness does change due to the molecular tilt of the tilted phase. As shown in
detail in Sec. 2.9, the results from all three LC systems where the finite-size effects
were studied are fit very well with a phenomenological finite-size temperature shift
AT, with the functional form AT o« 1/(L — el). Here ¢ is a temperature and film
thickness-independent fitting parameter. The ¢(l) relations are now, for short-range

exponential forces, given by,

L B'L
t=fe ¢ — —— 12
Be” ¢ AT (2.12)
and for long-range van der Waals forces
o L
t=oal™ - I —oT (2.13)

The corresponding complete effective interfacial potential, V¢ (I), for a system domi-

nated by short-range exponential forces is now,

!

Vo = Ctl+ Ay(1 — Ae™¢) — ﬂTL In(L — el) (2.14)
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and for long-range van der Waals force systems,

Vo = Ctl + Ay(1 — M=) — ﬂ?L In(L — el). (2.15)

The experimental results indicate that 8’ ~ 0.3 and that € ~ 1.2 for all thickness
40.7 and 70.7 films. For these materials, € is less than the value predicted by the
simple confinement model where £ = 2.

2.6 Previous Experimental Results

The termination of translational symmetry imposed by a surface often causes con-
siderable spatial order in both solids and liquids. This termination of the spatial
periodicity also induces a surface potential and produces special electrical properties
at the surfaces and interfaces of metals and semiconductors. Numerous metal and
semiconductor interface reconstructions and e.g., the order-disorder surface transi-
tion in CuzAu [59], are well known examples of surface-induced order (SIO) in the
transverse direction, whereas the layering of rare gases physisorbed at crystal-vapor
interfaces [45] and liquid metals [60] are examples of SIO in the longitudinal direc-
tion. A general successful microscopic theory which describes how surfaces induce
both transverse and longitudinal order does not exist.

The influence of surfaces on phase transitions has generated much interest with
numerous experimental observations of both surface melting and surface freezing.
Numerical simulations [18, 85] demonstrate the importance of surfaces in initiating
both disordering and ordering. The surfaces of 3D crystals show enhanced order
rather than disorder far below the melting temperature, but as the temperature is
raised, many surfaces disorder before the bulk. The importance of the surface in
nucleating melting is clearly demonstrated in work studying coated metal particles
[61] where melting of the internal material is inhibited and the coated materials can

be heated well above the normal melting temperatures.

2.6.1 Surface Melting

The suggestion that melting begins at a surface came from early observations of the
melting of ice [31]. Ellipsometric [62], regelation [63] and polarized reflectivity [33]

studies contain reports of the presence of a liquid layer on some facets of ice below 0°
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C, but detailed atomic measurements of the growth of the liquid layer have not been
made.

Surface melting has been predicted to occur in many systems and a number of
experiments [33, 62]—[71] have attempted to measure the thickness of the melted
layer below the bulk melting transition temperature. Recent studies of the surface
melting of Pb crystals [64, 65, 66, 67] and of rare gases physisorbed on graphite
(68, 69, 70] give clear experimental demonstrations of the influence of surfaces on
phase transitions. Surface melting studies of the [110] Pb crystal surface using pro-
ton backscattering [64] and LEED [67] show a logarithmic temperature dependence
of the melted layer thickness, a screening length of about three atomic distances,
and an atomically sharp liquid-solid interface, but no layer-by-layer steps. This re-
sult was supported by thin-film Pb TEM studies [66]. However, more recent x-ray
diffraction studies of bulk Pb [65] show a power-law functional form for the growth
and anisotropy [67, 71] between surface melting on the [110] and the [001] Pb di-
rections. Calorimetric studies of thick physisorbed films of both Argon and Neon
[68] on graphite foam below the triple point show a continuous power-law behavior,
! o t7%/3, for the growth of melted layers. The interpretation of these results has
been complicated by ellipsometric isotherm [72] measurements, which indicate that
capillary condensation occurs for intermediate coverages in these high surface area
graphite substrates. Neutron diffraction experiments of thin O, films [69] on graphite
have reported a logarithmic divergence of the surface melted layer and quasi-elastic
neutron scattering measurements of methane on MgO [70] have also indicated the
presence of a liquid layer below T,. Consequently, the functional form of the sur-
face melting in these systems remains somewhat controversial since both logarithmic
[64, 69] and power-law [65, 68] behavior has been reported. Note that these systems
show continuous surface-melting transitions which indicates they have either rough
interfaces or some other system inhomogeneities. A further complication is that,
unlike free standing LC films, the physisorbed systems all involve a solid substrate.
Consequently, the analysis of their behavior is complicated by questions about the
polarizability of the substrate [33] and about surface-induced longitudinal ordering

of the overlayer.
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2.6.2 Surface-Induced Order and Surface Freezing in Liquid Crystals

Liquid crystals surface freeze rather than surface melt and exhibit surface enhanced
positional, orientational, and longitudinal order at LC-solid and LC-vapor interfaces
[73]. Orientational anchoring [74, 76], nematic ordering [74, 75, 77}, and smectic
layering in bulk (78, 79, 80] and in FSLC films [29, 82] have all been studied.

Considerable work has been done studying the surface ordering at bulk LC-
solid interfaces. Studies of the anisotropic substrate-molecule interactions and sur-
face treatments have shown that various forms of orientational order are induced
[74, 76, 83] at the substrate surface and that this order is usually different than that
found away from the surface. Surface orientational and anchoring configurations in
nematics [73] have also been studied and are technologically important due to the
requirement for controlled molecular alignment at the surfaces of LC display devices.
Longitudinal ordering at the LC-solid interface is often observed since smectic align-
ment is sterically favored. It has also been well established that the orientational
wetting properties do depend on the alkyl chain length [84]. Logarithmic growth of
nematic ordering [77] and of smectic layering [79] has been found at solid-isotropic
interfaces. X-ray reflectivity studies of (10-12)CB on alkylsilane-coated Si (100)[79]
showed induced homotropic orientation at the surface and layer-by-layer growth of
the smectic layering into the isotropic phase, but with fewer layering transitions than
the same system at the LC-vapor surface.

The SIO of the LC-vapor interface in bulk samples has also been studied exten-
sively both theoretically and experimentally [9, 26, 30, 73, 85]-[90]. Lattice mod-
els [85], density functional theories [87], and generalized mean-field [88] theories for
surface-induced smectic order predict partial wetting at the isotropic-vapor inter-
face. Polarized microscopy experiments [80] have demonstrated smectic order at the
vapor interface of LC droplets. Landau-de Gennes theory [74] has predicted and
ellipsometry experiments [89] have measured the presence of nematic order at an
isotropic-vapor interface. X-ray reflectivity measurements [78, 90} of the isotropic-
vapor interfaces of (9.5 - 12)CB and (12 - 16)OCB show partial wetting by smectic-A
layers, and 12CB exhibits layer-by-layer logarithmic growth of smectic-A layers into
the bulk isotropic phase. X-ray reflectivity studies [90] of mixtures of 9CB and 10CB
observed smectic order at the nematic-vapor interface which decays exponentially into

the bulk. Finally, layer-by-layer formation of smectic layers has even been reported
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during the compression of LC monolayers on water [91].

In this chapter, results are presented for four LC systems that exhibit layer-by-
layer surface freezing with logarithmic and power-law growth of the frozen surface
layer [29, 30]. Freely-suspended liquid crystal (FSLC) films [6, 9, 25, 43, 44] often ex-
hibit monolayers of non-bulk tilted phases at the LC-vapor interface. The appearance
of ordered phases on films is not surprising since the transition from a untilted to a
tilted smectic phase increases the areal density at the surface and because the surface
tension quenches the layer fluctuations [22]. Incomplete wetting has been observed
previously for crystalline smectic-B monolayers on 2D-liquid smectic-A films [43, 44],
tilted 2D-liquid smectic-C monolayers on 2D-liquid smectic-A films [25], and tilted
hexatic smectic-I monolayers on tilted 2D-liquid smectic-C films [9]. Some very recent
heat capacity studies of thin films have also shown monolayer [81] and a few layers
[82] of surface freezing transitions. A new feature in the four LC systems described
in this chapter is that the surface freezing transitions continue in a layer-by-layer
manner all the way to the center of the film.

2.7 Experimental Apparatus and Method

The experimental apparatus consists of a temperature-regulated film oven mounted
in a vacuum chamber. Uniform thickness circular LC films were illuminated with
polarized white light and the specular reflected light passing through a second po-
larizer was monitored with a video camera. Due to a radial temperature gradient
provided by the film oven, the monolayer freezing transitions appeared as interfaces
moving radially outward from the center of the film as the temperature of the film
was lowered.

The experimental apparatus is shown schematically in Fig. 2.4. The 10 mm diam-
eter LC films were created using a spring loaded stainless steel wiper which was drawn
across the 0.13 mm thick stainless steel film holder. The film holder was mounted
axially passing through the center of the 55 mm diameter by 125 mm long film oven.
The oven was mounted on a rotatable vacuum seal inside of a vacuum chamber.
During most experimental runs, the chamber was first evacuated and then backfilled
with 300 torr of dry N, gas to inhibit film degradation, to maintain a strong thermal
link between the film and the oven, and to prevent Rayleigh-Benard convection of

the N, since it disturbs the film temperature. The film oven was heated using two
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Figure 2.4: Experimental Apparatus. Two illustrations are shown of the experimental
setup. The film is illuminated by polarized white-light and viewed by a video camera
through a crossed polarizer. The liquid crystal ilm oven provides a radial temperature
gradient, so the surface freezing transitions originate at the center of the 10 mm
diameter film and move radially outward as the temperature of the oven is lowered.
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50 ohm foil heaters. Control and sense thermistors were located directly under one
of the heaters and on the film support plate, about 10 mm from the film, respec-
tively. The sensitivity of these thermistors was 900 Q/degree at 60° C. The oven and
sample temperatures were continuously monitored using 5 1/2 digit voltmeters in-
terfaced via IEEE488 to an IBM AT computer. The temperature stability, provided
by a home-built computer-controlled proportional-integral-differential temperature
controller [125], was maintained to better than +1 mK /hour. This temperature con-
troller was interfaced via its single-board computer, to the R$232 port of the IBM

AT computer used to control the experiment and monitor the temperature.

Optical access to the film was provided through a Plexiglas window mounted on
the flat top of the vacuum chamber and through a slot cut in the top of the film
oven. A semi-circular optical rail (see Fig. 2.4), mounted on top of the vacuum
chamber, allowed adjustment of the video camera and the light assembly . The
film was illuminated by an air cooled 240W quartz-halogen lamp focused onto the
film by an 85 mm focal length lens. To prevent excessive film heating, the infrared
was filtered out using a heat reflecting mirror and two heat absorbing filters. A
polarizer was placed before and after reflection from the film. The video images from
the specularly reflected light were magnified by about a factor of 50 with a zoom
lens. The images are computer-contrast enhanced by a frame grabber board and
image enhancement software to increase visibility since the optical contrast change
corresponding to a single molecular layer transition is very small. The signal from the
camera is contrast-enhanced using a saw-tooth look-up table; this table expanded the
dynamic range of the intensity by a factor of about five before it was written on video
tape. The saw-tooth look-up table mapped the 8-bit digitized camera intensity onto
the 0-255 scale of output intensity by folding over the input intensity five times: the
inputs from 0-50 were mapped onto outputs from 0-255 and the inputs from 51-100
were mapped on to 254-0, etc. To obtain the maximum sensitivity, the camera had to
be aligned with the specular reflection direction and the film oven had to be rotated
axially to uniformly illuminate the film. The incident light was roughly polarized,
and the output polarizer was slightly uncrossed to maximize the light intensity at the

camera without saturation.

The liquid crystals used in this study are rod-like organic molecules which have

phases intermediate between liquid and solid [4]. The distinct LC mesophases are
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characterized by the symmetries and orientations of the LC molecules (see Chapter
1). All the phases studied here are smectics, meaning they are 1D crystals with
the LC molecules organized into layers. LC films which have been formed across a
planar aperture [5] are stabilized by their planar smectic structure and form with
the smectic layers parallel to the film surface. Liquid crystal films with thicknesses
from about 60 A to several microns can be produced easily. All the surface freezing
transitions studied here probably began in the smectic-A phase, which consists of
2D liquid layers with the average molecular axis normal to the layers. The surface
freezing phase transition involves a change in the in-plane order of the LC molecules
and the surface frozen phase in all four cases is a tilted phase in which the molecular
axis makes a finite angle with respect to the smectic layers. Because the tilted liquid
crystal phases are very birefringent, monolayer freezing transitions can be observed
optically through crossed polarizers [6]. The present identification of the surface
phases as either smectic-I or smectic-F phases, which are both hexatic phases with
six-fold symmetry distinguished by the molecular tilt direction relative to the near
neighbor directions, was based on the observed textures. In-plane x-Tay scattering

measurements are planned to determine all these surface frozen phases.

During the experiment, the computer-enhanced film image is displayed on a mon-
itor and simultaneously recorded on video tape. The film temperature was also
recorded on the video tape by encoding it on the audio channel using a homemade
1200 baud modem. The modem details are described in Appendix A. Subsequent
re-analysis of the data used the video-taped images and temperatures. During the
experiment, the temperature of the oven was typically lowered by 0.5 mK/sec. As
the temperature of the oven was lowered, the surface freezing transitions appeared as
waves of enhanced contrast starting at the center of the film and preceding radially
outward. Fig. 2.5 shows a computer-enhanced image of a surface freezing transition.
A video tape of representative surface freezing experimental data has been submitted
with this thesis. The actual experimental data was obtained by recording the tran-
sition temperature as each layer froze. A key driven computer program was used to
record the temperature of each surface freezing transition by playing back the video
tape and visually observing the freezing waves. Data for films thicker than 100 layers
usually had one or two regions of very poor optical contrast which produced gaps of

some transitions where the surface freezing transitions could not be observed. These
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data sets were splined to replace the missing transitions. During the data-taking
process, these small breaks in the data were obvious and the spline simply replaced
the missed transitions. Care was taken to make sure this procedure did not modify

the results or the best-fit parameters.

2.7.1 Temperature Profile of a LC Film

The film oven provided a small radial temperature gradient, with the center of the film
being the coldest and the circular support of the film being the warmest, and equal to
the temperature of the oven. The equilibrium temperature profile of the film can be
understood by solving the heat equation subject to the boundary conditions that the
edge of the film is at the oven temperature, T,,e, and that the sum of the heat flows
from radiation, gas, and film conduction are zero in equilibrium. After linearization,
the equilibrium temperature profile is given by T(r, 2) = Thyen — Alo(ar)Cosh(az),
with the first zero of the Bessel function, J,, at ar, = 2.405 and the film radius,
7, = 5 mm. For a 64-layer film, the temperature difference in the z direction between
the surface layer and the center layer is negligible, AT, = 6 x 10~ K, since the film
is so thin, 1800 A. Both the pressure of the N in the oven and the intensity of the
light source influenced the magnitude of the radial temperature gradient. We found
that the optimal pressure was about 300 torr: the N, gas started to have Rayleigh-
Benard convection creating film convection at higher N; pressures, and equilibration
times were too long if the pressure was much lower. At 300 torr N,, the radial
gradient, 0T /dr, was about 10 mK/mm near the center of the film (where the surface
freezing measurements were made). Fig. 2.6 displays the experimentally measured
temperature profiles of a 64-layer 70.7 film at 79° and 69° C. These temperature
profile measurements were made by noting the SF interface position as the oven
temperature, Tiy.n, Was stepped below the phase transition temperature. As can be
seen in Fig. 2.6, the temperature profile is steeper in the intermediate region (between
the center and the edge of the film) and flatter near the center of the film. The LC
film met the circular film holder at r = 5 mm. The temperature difference between
the holder and the center of the film for phase transitions at 79° and 69° was 0.73°
and 0.5°, respectively. Preliminary analysis indicates that this small change in the
profile with oven temperature, due to the coupling of the LC film via the N, with

the vacuum chamber wall at T,,,,,, does not affect the surface freezing and finite-size
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Figure 2.5: Image of a Surface Freezing Transition. The upper panel shows a mag-
nified and image-enhanced picture of a 90.4 surface freezing transition (the circular
region in the center of the film) in a 64-layer film. Surface freezing transitions in these
birefringent liquid crystal phases appear as a region of enhanced contrast since the
transition is from a untilted to a tilted phase. The stripped texture results from the
various tilt domains of earlier surface freezing transitions. The lower panel shows a

color picture of a 64-layer 70.7 film during the smectic-I/A to smectic-1/C transition.
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results reported here.

2.7.2 LC Film Thickness Determination and Material Degradation

The LC film thickness was determined by comparing the thickness calculated from
the film color [6] and from the total number of observed surface freezing transitions.
For FSLC films with thicknesses in the range of 25 to 200 layers, the color of the
film when viewed with reflected white light is one of the best ways of determining
the thickness. The expected color of a film of thickness, /, can be computed from the
intensity reflection coefficient, I5(l), for wavelength, A, given the layer spacing, the
index of refraction, and the angle of incidence [92]. Fig. 2.7 is a plot of the C. I. E.
coordinates and the film color for the liquid crystal 70.7 [6, 93]. After some practice,
turquoise-blue films, L ~ 64 layers thick (+1 layer), could be made reproducibly
and film thickness nonuniformities within one layer could be detected. After 200
layers, it is difficult to determine the thickness from the color alone and film thickness
determination was made by counting the total number of surface freezing transitions.
The number of surface freezing transitions and the film color corresponded quite
well for thinner films. Multiple SF measurements made on the same 64-layer film
produced the same value for the total number of surface freezing transitions to within
+5 % and agreed with the thickness of the film calculated from the color to within
the £10 % accuracy of the color method. Fig. 2.8 shows apparent variations in
film thickness found from counting the number of surface freezing transitions during
multiple measurements of the surface freezing from a blue 64-layer and a very thick
whitish L ~ 480-layer 90.4 film. All of these data sets display nearly the same
number of SF transitions and the film appeared the same color visually both before
and after these measurements. For thick films, multiple measurements of the number
of surface freezing transitions of a film gave a value for the total number of transitions
which varied by about £10 %. This value was used as the total film thickness, L, in
the fits.

Fig. 2.8 also shows transition temperature variations for multiple measurements
of the surface freezing from the same film. The numbers next to each data set
indicate the time sequence of the repeated measurements. The 64-layer film exhibited
some small variations in shape of the SF transitions with repeated measurement, but

the largest feature was the uniform shift of all the SF transition temperatures to
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Figure 2.6: Radial Temperature Profile of the Film. The experimentally measured
radial temperature profile of a 64-layer 70.7 film determined for temperatures around
the first two surface freezing transitions by stepping the oven temperature away from
the transition and measuring the interface position. Note that the profile for the
smectic-I/C to smectic-2I/C at 69° is much steeper and about 0.3° shallower than
that found for the smectic-A to smectic-I/A transition at 79°.
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Figure 2.7: Chromaticity Diagram for Film Thickness Determination. The C. L. E.
chromaticity diagram with the thickness curve calculated for the liquid crystal 70.7
[6, 93). The dots along the curve are the film thicknesses noted every four layers.
Near the minimum in X corresponding to the color blue, the film thickness could be
accurately determined to within a single layer. The surface freezing results were from
films with this turquoise-blue color, L ~ 64 layers thick.
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Figure 2.8: Transition-Temperature Variations. Repeated measurements from a sin-
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of transition temperature with time due to material degradation. The numbers indi-
cate the order of the data sets with 1 being the first data taken on the film. The data
sets for both films consisted of successive heating and cooling temperature ramps

The apparent thickness change may be due to deteriorating optical contrast during

the repeated data runs. No change in film color, indicating thickness change, was
noticed between runs.
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lower T as the film aged. The variations displayed here did not affect the critical
behavior and only resulted in different T, values for each data set. For the 480-layer
film, the measured surface freezing layer thickness versus temperature decreased with
time; runs 1, 2, 3, and 4 were taken starting at 0, 80, 200 min, and 12 hours later,
respectively. This decreased SF rate was probably due to film degradation. First-
order transition temperature shifts to lower temperature with film age have been
observed previously in the LC homologue 70.7 [6]. All the data sets analyzed in this
thesis for the 64-layer and finite-size studies were first run data sets taken on freshly
made films. The size of the transition temperature variations shown in Fig. 2.8 for
the 480-layer film do not significantly change the finite-size model fitting parameters
and are also much smaller than the systematic decrease versus film thickness in SF
rate shown in Fig. 2.17. For all thickness films in the finite-size study, the variations
between different thickness films were much larger than the variations seen between

multiple measurements of the same thickness film.

For the nO.m’s, it is well established that the transition temperatures slowly de-
grade with time due to the spontaneous decomposition of the liquid-crystal molecules.
The resulting impurities lower the transition temperature, but typically do not affect
the critical behavior aside from the shift in temperature. To test for the possible
effects of impurities, we deliberately produced large temperature shifts by keeping
some samples for weeks, but no change in the critical behavior was observed. It is
interesting to note for the n0.7 homologue series the tilted smectic-C phase appears
between the smectic-A and the smectic-B phase in the phase diagram beginning with
50.7. This is the region of the phase diagram where surface freezing is observed in
40.7 and 70.7. Since surface freezing is observed in both 40.7 and 70.7, it would
be interesting to look for surface freezing in 50.7 and 60.7.

Tentative identification of the phase of the surface frozen layers was done by com-
paring the observed tilt domain patterns to those from known phases [94]. The texture
of the smectic-I and smectic-F phases are different than all the untilted phases and
can be distinguished from smectic-C phases because they do not shimmer. Multiple
surface freezing measurements were taken for all four materials, and only uniform
single-thickness films with clearly visible surface freezing transitions originating at
the center of the film were used.
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Figure 2.9: Schematic Representation of 90.4 Surface Freezing. The figure illustrates,
for simplicity, the behavior of a ten-layer film; the actual film thickness studied was
64 layers. Surface freezing in a 90.4 film involves a transition from an uniform
untilted smectic-A phase at high temperature to a stratified film with monolayers
of tilted smectic-I on each surface. As the temperature is lowered, the film makes
sequential layer-by-layer transitions to a film with one monolayer, two monolayers,
three monolayers, etc. of surface frozen smectic-I on each vapor interface. This
layer-by-layer surface freezing continues until the whole film is smectic-I. At a lower

temperature, the film makes a sudden first-order transition to the smectic-F phase.
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2.7.3 Surface Freezing Observations: 90.4

Fig. 2.9 illustrates, for simplicity, the process of surface freezing in a ten-layer 90.4
LC film; the actual film thickness studied was 64 layers. The vertical axis on the
right of the illustration indicates the temperatures and phases of the film. At high
temperatures, the entire film is in the smectic-A phase. As the temperature is lowered
the film becomes stratified. At the first surface freezing transition both surfaces of
the film surface freeze producing a monolayer of smectic-I at each film-vapor interface
while the center of the film remains smectic-A. As the film temperature is lowered
further, the film makes a second surface freezing transition at each of the internal
interfaces producing two monolayers of smectic-I on each surface of the stratified
film. The thickness of the surface layer grows layer-by-layer as the temperature is
lowered until the entire film is surface frozen. The film then remains smectic-I for
a small temperature interval before there is an abrupt first-order transition to the
smectic-F phase. The film is observed to make a transition to the smectic-G phase
with further lowering of the temperature. The appearance of the smectic-F and
the smectic-G phases, occur at about the same transition temperatures they do in
bulk 90.4 [29, 30]. The bulk phase sequence [95] for 90.4 is Isotropic—Smectic-A-
Smectic-F-Smectic-G. In 90.4, the surface freezing transition is surface-induced and
the surface frozen smectic-I phase is a surface-stabilized phase: the smectic-I phase
does not appear in the bulk phase diagram.

The inset of Fig. 2.10 shows the surface freezing transition temperatures for the
first few layers on both film surfaces for a blue 64-layer 90.4 film. In this figure,
the temperature at which each surface freezing transition occurs is plotted versus the
transition number. Above 76.1° C the entire film is in an untilted and untextured
smectic-A phase. At about 76.1° C a pair of transitions occur corresponding to the
freezing of the two outside layers of the film. This pair of transitions, ~ 5 mK
apart, corresponds to transitions on the two outside surfaces of the film. In this
way the film is stratified with monolayer surface frozen tilted hexatic smectic-I layers

on each surface and untilted liquid smectic-A in the interior of the film?. The first

? This identification of the surface phase as a Smectic-I is based on the observed texture which
indicates either a smectic-I or a smectic-F phase. Since the surface frozen phase to smectic-F
transition is observed in the film at the same temperature as the bulk smectic-A to smectic-F
transition, we infer indirectly that the surface phase is a surface-induced smectic-I. In-plane x-ray
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surface freezing transition appears as a textured region, corresponding to different
tilt domains, moving radially out on the originally untextured smectic-A film.

The small time separation between the freezing of the top and bottom surface
corresponds to an apparent transition-temperature difference of ~ 5 mK. Observa-
tions of surface freezing for all four systems studied indicated a small time separation
between the transitions from the top and bottom surfaces for the first few transi-
tions. The experimental evidence for freezing inward from the surface consists of the
optical observation of overlapping tilt domains; adjacent frozen layers at the center
of the film would not have overlapping domains. Freezing inward from the surface is
also the theoretically expected behavior and is consistent with recent direct interlayer
X-ray observations of frozen smectic-I surface layers in films of the homologue, 70.7
[9, 22, 26] described in Chapter 3.

At about 70.3° C, a second pair of transitions occurs in 90.4 films corresponding to
an additional monolayer of surface frozen smectic-I on each surface. These subsequent
layer transitions appear as waves of slightly increasing contrast spreading radially
outward from the center of the film. The second, third and fourth freezing transitions
also appear as well resolved pairs of transitions from the top and bottom of the film
with similar ~ 5 mK apparent transition-temperature separations. After about the
fourth pair, the temperature separation between adjacent pairs becomes comparable
to the separation within the pairs. The layer-by-layer freezing continues until the
entire film is smectic-I. For films that were measured to be 64 layers thick, 64 Bk
surface freezing transitions were observed. The entire film remains smectic-I from
69.2° to 68.8° C where there is an abrupt first-order transition to smectic-F. The
transition to the smectic-F phase looks very different than the surface freezing waves;
it appears as a slowly moving interface spreading out from the center of the film.

Fig. 2.10 shows the number of frozen surface layers at a single vapor interface
versus the reduced temperature, t, for six different turquoise 64-layer 90.4 films.
Only the first ten surface freezing transitions at a single vapor interface are shown.
The surface freezing transitions have been assumed to alternate between the top and
the bottom interfaces in the film so that the data set shown consists of every other
transition corresponding to transitions at one vapor interface. The SF results for all

four materials were independent of which set of transitions were chosen. As will be

measurements to verify this assignment are planned.
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Figure 2.10: 90.4 Surface Freezing: Linear Plot. A plot of the number of frozen sur-
face layers at each vapor interface versus the reduced temperature, ¢, for six different
turquoise 64-layer 90.4 films. Only the first ten surface freezing transitions (on each
interface) are shown. The layer-by-layer surface freezing transitions continue untjl
the entire film is frozen. The first ten transitions are fit quite well by the power-law
form I = I,t~¥, with exponent v = 0.373, consistent with v =~ 1/3 expected for a
system dominated by long-range van der Waals forces. The solid line indicates the
corresponding power-law fit. The data from the six films agree very well, with most
points indistinguishable. The inset shows both the top and bottom surface freezing
transition temperatures for the first six pairs of transitions in a single film. The first
four frozen surface layers on each surface occur as clearly resolved pairs, indicating

that the top and the bottom layers freeze at very nearly the same temperature.
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discussed in detail below, for 90.4 films, the first ten transitions are fit quite well by
the simple power-law form [ = [,¢¥, with the measured exponent v ~ 1/3 consistent

with behavior expected for a system dominated by long-range van der Waals forces.

2.7.4 Surface Freezing Observations: {0.7

Surface freezing transitions were also observed in many different thickness 40.7 films.
The phase diagram for 40.7 [95] indicates the bulk phase sequence is: Isotropic—
Nematic-Smectic-A-Crystalline-B. The thickness dependent phase diagram for 40.7
has not been measured yet. For 40.7 films, the entire film is smectic-A above about
50.6° C and the film appears untextured. At 50.6°, a pair of surface freezing tran-
sitions appear as regions of increased contrast emerging from the center of the film
indicating that the two outside layers have frozen. With this pair of transitions, the
film becomes stratified with a tilted hexatic monolayer of either smectic-I or smectic-
F, appearing at each of the two vapor interfaces®. As the temperature is decreased,
the next few transitions also appear as well resolved pairs due to SF transitions at
the top and bottom of the film. As in 90.4, after about the fourth pair, the tempera-
ture separation between adjacent pairs becomes comparable to the separation within
pairs. Again, the layer-by-layer surface freezing continues until all the layers of the
film are surface frozen into the hexatic phase. At 48.5° C, a transition to the untilted
smectic-B phase occurs. This transition generally appears first near the center of the

film as a uniform untextured region which slowly moves radially outward.

2.7.5 Surface Freezing Observations: 70.7

Surface freezing transitions were also observed in 70.7 at the smectic-I/C to smectic-
B phase boundary. The bulk [95] and thickness-dependent [6] phase diagram are well
known for 70.7. The thickness-dependent phase diagram shown in Fig. 1.3, displays
large shifts in the phase boundary transition temperatures versus film thickness for
the smectic-I-smectic-B, smectic-B-smectic-I/C, and smectic-I/C-smectic-I/A phase
transitions. For films 64 layers thick, the phase sequence is Isotropic-Nematic—
Smectic- A-Smectic-C/A -Smectic-I/A-Smectic-C-Smectic-B-Smectic-G. Thé surface

3 This identification of the surface phase as a smectic-I or smectic-F is based on the observed texture
which indicates a non-shimmering (not smectic-C) tilted phase.
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freezing transitions for this film are shown in Fig. 1.3. Surface freezing waves were
not seen in previous studies of 70.7 FSLC films, although the smectic-I monolayer
surface phases have been studied on the smectic-A and smectic-C phase [6, 9]. As
the L = 64-layer 70.7 films are cooled, a pair of surface freezing transitions occurs
at about 79°C and the film makes a transition from the smectic-C/A phase, a phase
having monolayer tilted smectic-C surface layers on the liquid smectic-A interior, to
the smectic-I/A phase, a phase with monolayer 2D hexatic smectic-I surface layers on
the smectic-A interior. This pair of surface freezing waves appear as sharp textured
circular interfaces emerging from the center of the film. At about 72°C, the interior
of the film makes a first-order transition to the smectic-C phase. The film is now in
the smectic-I/C phase with a monolayer of smectic-I on each surface of the film and
the interior in the smectic-C phase. The second pair of surface freezing transitions
occur at about 69.4° C, and surface freezing transitions continue as the film is cooled
further. Again, these surface freezing transitions appear as pairs of transitions corre-
sponding to the top and bottom surfaces of the film, until the transition temperature
separation between pairs becomes a few mK and the pairs are no longer distinguish-
able. The SF transitions continue until the film is completely smectic-I. The film
remains smectic-I until 68.6°C, when an untextured patch of untilted smectic-B phase

appears near the center of the film and slowly grows out to cover the film.

2.7.6 Surface Freezing Observations: 1455

Surface freezing was also observed in 1455 films. Bulk T4S5 has a well studied phase
diagram [96] with a bulk phase sequence of Isotropic-Smectic-A-Smectic-B in the
temperature region of interest. For L ~ 64-layer royal blue films above 73.9° C, the
entire film is in an untextured smectic-A phase. As the film is cooled, at about 73.9°
textured patches on the untextured smectic-A appear. As the film is cooled further,
transitions appear as waves with slightly overlapping domains expanding outward
from the center of the film. As with the other materials, the first few transitions

* This identification of the surface phase as a smectic-I is based on the observed texture with
indicates a tilted phase. From the optical observation of the texture alone, this phase could
also be smectic-F, but previous x-ray measurements have confirmed the existence of smectic-1/C
for thin 70.7 films [9]. In-plane x-ray diffraction measurements are planned to check this phase
assignment for thicker films.
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appear as pairs corresponding to transitions from the top and bottom surfaces of the
film. The SF transitions continue until at 69.5° a transition is made to the smectic-B
phase. The smectic-B transition is seen as a distinct boundary of an untilted phase
which slowly moves out to cover the film. The tilted surface freezing phase remains
unidentified, but is assumed to be either smectic-I or smectic-F since the phase does
not appear to shimmer like the smectic-C phase. X-ray experiments are planned to

identify the phases in all four of these LC systems.

2.8 Surface Freezing Results for L ~ 64 Layer Thick Films

In this section, SF results are presented based on measurements of the first ten surface
freezing transitions in L ~ 64 layer thick films of four different LC materials: 90.4,
(4-(n-Nonyl)oxybenzylidene-4-(n-Butyl)aniline), 40.7 (4-(n-Butyl)oxybenzylidene-4-
(n-heptyl)aniline), 70.7, (4-(n-heptyl)oxybenzylidene-4-(n-heptyl)aniline) , and T4S5
(4-n-pentylbenzenethio-4-n-tetradecyloxybenzoate). In all four systems, the surface
freezing transitions appear to continue until the entire film is surface frozen. Only
the first ten transitions on each vapor interface will be considered in this section; the
thickness dependence is discussed in Sec. 2.9. This film thickness (about 64 layers)
was chosen because the color for this thickness films determines the relative film
thickness very precisely. As will be shown, for the first ten SF transitions in these
intermediate thickness films, the two interior interfaces remain sufficiently far apart
that the interior interface-interior interface interactions can be neglected. The finite-
size effects will be discussed in Sec. 2.9. In this section, careful measurements of the
surface freezing transition temperatures at each vapor interface for the first ten layers
will be used to answer the following question: What are the dominant forces acting
in each of these LC systems?

Long-range van der Waals and short-range exponential forces are expected to be
the two forces present in LC systems, and the surface freezing transitions should be
described by either Eq. 2.7 or 2.6. For the first ten transitions in these intermediate
thickness films, L ~ 64 layers, the interior interface-near vapor interface interaction
dominates over interactions due to the other interface-interface interactions. The
experimental criterion adapted here for a van der Waals long-range force system is
that the three free-parameter fit to Eq. 2.7 of the first ten layer transitions agree with

the predicted exponent v = 1/n = 1/3. The corresponding experimental criterion
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for an exponential short-range force system is that the three free-parameter fit to
Eq. 2.6 must result in a physically reasonable value for the characteristic range of
the interaction, { ~ 1 molecular layer. The van der Waals force prediction that
the exponent v = 1/3 within the experimental errors is very explicit. Since the
exponential force model does not make very precise predictions for the magnitude
of £, fits with 0.1 < ¢ < 1 layer will be considered acceptable indicators of steric
short-range exponential force systems.

2.8.1 90.4 Results

Fig. 2.10 shows that the first ten SF transitions from six different I ~ 64-layer
90.4 films are well described by the solid line indicating the best-fit van der Waals
power-law form, | = [,t=*, for the number of surface layers, I, versus the reduced
temperature, ¢. Only the first ten layer transitions are shown but the layer-by-layer
freezing continues until the entire film is frozen. The 6 independent data sets agree
well; once they are corrected for their T, shifts most of the points are indistinguishable
in the linear plot. The transition-temperature variations shown in the figure are
random, there is no systematic variation for different films, and the random variation
of each point is about +8 mK. The surface freezing data from each film shown in
Fig. 2.10 was fit separately to the power-law form, | = I,t=", to determine the free
parameters l,, T, and v. The average best-fit parameters were then calculated from
the 6 independent determinations. The solid line indicates the best-fit power-law
for the combined data set with corresponding parameters 1, = 0.24 + 0.01 and v =
0.373 £ 0.015. A theoretical calculation of I, can be made knowing the Hamaker
constants for the system [34]. Future measurements of these Hamaker constants for
90.4 will allow an independent determination of I, which can be compared with the
above value. The critical exponent determined from the power-law fit is consistent
with the exponent, v = 1/3, predicted for simple van der Waals forces at the three-
standard-deviation level [29]. The log-log plot in Fig. 2.11 of the same data plotted
in Fig. 2.10, shows that this data is described very well by this best-fit power-law
form over about three decades in reduced temperature.

An attempt has been made to describe the 90.4 data using the exponential form,
t = Pexp(—I/€), predicted for short-range exponential forces. The solid line in

Fig. 2.12 shows the best-fit exponential and power-law forms fit to the surface freez-
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Figure 2.11: 90.4 Surface Freezing: Log-Log Plot. Log-Log plot of the number of
frozen surface layers on each vapor interface versus the reduced temperature, ¢, for
six different 64-layer 90.4 films. Only the first ten surface freezing transitions are
shown. The layer-by-layer surface freezing transitions continue until the entire film
is frozen. The first ten transitions are fit quite well by the power-law form I = I, i,

with the exponent v ~ 1/3 expected for van der Waals forces. The solid line indicates
the power-law best-fit.
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Figure 2.12: 90.4 Surface Freezing. Plots of the number of frozen surface layers
on each surface versus temperature for six different 64-layer 90.4 films. The upper
panel indicates the results from a fit to the van der Waals force power-law model,
[ = 1t7". The best-fit parameters are v = 0.373 and I, = 0.24. The lower panel
displays the fit to the short-range exponential force model ¢t = Be~"/¢. The best-fit
parameters are § = 43.3 and { = 0.54. Each data set was fit separately to determine
the model parameters and the solid line in each panel displays the best-fit parameters
to the respective model for the combined data set. The exponential model displays
significant deviations from the data. These deviations are much larger than the
random errors and indicate that model does not fit. The size of the random errors
are indicated by the spread of the overplotted data from the six different films. Note
for some points these errors are smaller than the circles in the plot. The power-law
fit agrees within the random errors and has v = 0.373 in reasonable agreement with

v = 1/3 expected for van der Waals interactions.
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ing data from the six different 64-layer 90.4 films. The best-fit parameters for the
exponential form are § = 5.41+0.8 and £ = 0.8240.06. However, the small deviations
visible in Fig. 2.12 show that the exponential force model is not consistent with the
data quantitatively, because these deviations are much larger than the superb repro-
ducibility of the data for this system. The data for 90.4 was the most reproducible
of the four systems studied here.

Hysteresis measurements were made for the first few surface freezing transitions
in 64-layer 90.4 films to check the reversibility of the surface freezing transitions and
the order of the phase transition. Multiple measurements of the transition temper-
atures for waves one through eight indicate a first-order transition with a 40 mK
shift of the transition temperature between heating and cooling. Multiple measure-
ments were required to remove the overall transition temperature drift due to material
degradation. To make these measurements, the light intensity was strobed quickly
to modulate the film temperature without changing the temperature of the oven or
the film holder. These experiments demonstrated that the observed hysteresis is due
to the film and not to the oven. The surface freezing appears reversible as long as
the film has not made a transition to the smectic-F phase; many waves move back in
from the edge of the film as the temperature is raised. However, after the film makes
the smectic-F transition, only a few waves are visible when the film is reheated into
the smectic-I phase. The first eight SF transition temperatures measured heating the
film were nearly indistinguishable from those measured cooling the film except for
the overall ~ 40 mK temperature shift. After the eighth transition, ‘on heating’ SF

measurements were difficult due to the nearby smectic-F phase.

2.8.2 40.7 Results

Fig. 2.13 shows data from the first ten surface freezing transitions from five different
L ~ 64-layer thick 40.7 films. As shown, the first ten surface freezing transitions
are fit acceptably well by the exponential force form and marginally by the power-
law form. Each data set shown was fitted separately to both the exponential and
power-law forms to determine l,, v, 3, €, and T,. The solid line in each panel indicates
the best-fit values of the power-law and exponential models to the combined data
sets. For the power-law model, ¢t = al~™", the corresponding best-fit parameters are
n=1.81+0.14 and a = 1.62 £ 0.10. Unlike 90.4, fits to the power-law model result
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in an exponent, v = 1/n = 0.56 + 0.04, which is not consistent with the predicted
van der Waals exponent, v = 1/3, within the experimental errors indicated by the
spread of the data from the separate data sets. The short-range exponential force
model, ¢t = Be~'/¢, gives an acceptable fit with best-fit parameters 8 = 5.4 + 0.8
and { = 0.82 4 0.06. This value for { is acceptable since the characteristic-length
predictions for a short-range force only constrain € to be about one layer. By the
criteria adopted above, 40.7 is therefore an example of a LC system dominated by
short-range exponential forces and this discovery shows that LC systems exhibit both

types of expected forces; long-range van der Waals (90.4) and short-range exponential
(40.7) forces.

2.8.3 70.7 Results

Fig. 2.14 shows the number of frozen surface layers at each vapor interface versus
temperature for three 64-layer thick 70.7 films. The two panels display the results
from fits to both the long-range van der Waals and short-range exponential force
models. The first ten surface freezing transitions in 70.7 films are fit very well by
both models. Each data set shown was fit separately to both models to determine
the respective model parameters and the solid line in each panel of Fig. 2.14 indicates
the best-fit parameters from the combined data set. The best-fit parameters for the
van der Waals force model, ! = I,t77, are [, = 1.45 and v = 0.16 £ 0.02 and for the
exponential force model, t = fexp(—I/¢) are f = 6.8 +2.9 x 10? and ¢ = 0.24 +0.02.
Although the data fits both models equally well, the best-fit power-law exponent is
inconsistent with the predicted exponent v = 1/3 for a system dominated by van der
Waals forces. Within the experimental errors, indicated by the spread in the data
from the different data sets, the simplest form of the van der Waals force model, with
v = 1/3, is not consistent with the data. The exponential force model gives a good
fit with a physically reasonable characteristic length. Again, by the criteria adopted
above, 70.7 is also an example of a LC system dominated by short-range exponential

forces.

2.8.4 1455 Results

Fig. 2.15 shows the data for the number of frozen surface layers versus temperature
on each vapor interface for four different L ~ 64-layer 14S5 films and fits of the data
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Figure 2.13: 40.7 Surface Freezing. Plots of the number of frozen surface layers on
each surface versus temperature for five different L ~ 64-layer 40.7 films. The top
panel displays the fit to the van der Waals force model, I = [,t7%, to the data with
the best-fit exponent v = 0.56. The bottom panel displays results from the fit to
the exponential force model, ! = I/ + £log(1/|t|). Each data set was fit separately to
determine the model parameters and the solid line displays the best-fit parameters
to the respective models from the combined data set. The van der Waals power-
law model shows larger deviations from the data than the exponential force model,
but these deviations are not large enough to exclude this model on goodness-of-fit
alone. However because the exponent, v, is inconsistent with the expected van der
Waals exponent of, v = 1/3, the simplest form of the van der Waals force model is
not consistent with the data within the experimental errors indicated by the spread
in the data from the different data sets. The exponential force model does give an
acceptable fit and physically reasonable characteristic length, ¢ = 0.8 layers. The

dominant forces in 40.7 are therefore short-range exponential forces.
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Figure 2.14: 70.7 Surface Freezing. Plots of the number of frozen surface layers on
each surface versus temperature for three different 64-layer 70.7 films. The upper
panel displays the fit to the long-range van der Waals force model, I = [t~, with
the best-fit exponent v = 0.16. The lower panel displays the fit to the short-range
exponential force model, I = I} + £log(1/|t|) with £ = 0.2 layers. Each data set was
fit separately to determine the model parameters and the solid line in each panel
displays the best-fit parameters to the respective model from the combined data set.
Both the van der Waals and exponential force models give acceptable fits to the
data. However, the best-fit exponent v is not consistent with the predicted van der
Waals exponent of v = 1/3. Since the exponential force model gives a good fit with
a physically reasonable ¢ the dominant interactions in 70.7 are due to short-range
exponential forces.
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Figure 2.15: 14S5 Surface Freezing. Plots of the number of frozen surface layers on
each surface for four different L ~ 64-layer 1455 films. The upper panel displays the
fit to the long-range van der Waals force model, [ = [,t~*. The lower panel displays
the fit to the short-range exponential force model, I = I/ + ¢ log(1/]t]). Each data set
was fit separately to determine the model parameters and the solid line in each panel
displays the best-fit parameters to the respective model from the combined data set.
Both the van der Waals and exponential force models give good fits to the data with
Physically reasonable best-fit parameters: v = 0.36, and € = 0.53 layers. The 1455

data is therefore consistent with either model for the dominant force.
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to both the long-range van der Waals and short-range exponential force models. The
parameters from the van der Waals force model are @« = 8.03 £ 0.16 and v = 1/n =
0.36 = 0.03, while the parameters from the exponential model are = 53 & 3 and
¢ = 0.53 £ 0.01. As can be seen, both models fit the data equally well. Because
the exponent for the power-law model is consistent with the predicted van der Waals
exponent, this model is physically acceptable. However, the 14S5 data also agrees
with the values of ¢ which are physically acceptable for a short-range exponential
force model system. So from this data we cannot conclude which model is correct.
In fact, a combination of both models is also allowed. After ten layers on each vapor
interface surface freeze, the optical contrast becomes so poor in 14S5 films that it is
difficult to see the subsequent SF transitions. Although, many more transitions are
faintly evident, the optical contrast does not allow extended measurements of the SF

transition temperatures or of the total number of transitions in these films.

Previous x-ray [44] and shear mechanical measurements [43] gave early indications
of surface ordering in thin 1455 films but the identification [44] of the surface phase
as an untilted crystalline-B phase below 72° could not be confirmed optically in our
experiments since the crystalline-B is not birefringent. The surface freezing transition
in L ~ 64-layer films is from an untilted to a tilted surface phase. The existence of
this tilted phase has not been reported previously but the specific phase assignment
of the untilted surface phase is not important to the determination of the dominant
forces in this system. 1455 is a thermally stable material with a wide bulk smectic-
A range 86.6° to 66.5° C. The thickness dependent phase diagram has not been
studied. For two-layer films, the 2D crystalline-B phase remains when heated to
77.7° C, then melts to smectic-A by a first-order hysteretic phase transition (10°
above bulk T,). For three and five-layer films, transitions are seen from crystalline-
B to a 2D hexatic at 72°, and a strong first-order transition from 2D hexatic to
smectic-A at 75° C. For the smectic-A phase at 75° C, resolution limited x-ray peaks
are observed corresponding to uncorrelated monolayer crystalline surface layers and
interlayer order was not observed until T = 68° C. An identical phase sequence was
proposed for 12-layer films but mechanical oscillator measurements were impossible
for this thickness. X-ray scattering data for a 200-layer film exhibits peaks [44]
perhaps indicating the presence of the tilted surface frozen phase seen in the surface

freezing of L ~ 64-layer films.
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2.8.5 Summary of Surface Freezing Results and Fits to Other Models

To summarize, four different LC systems, 90.4, 40.7, 70.7, 14S5, have been discov-
ered which exhibit layer-by-layer surface freezing. From measurements of the first ten
surface freezing transitions in L ~ 64-layer FSLC films of these four LC materials, the
dominant forces acting in each system has been determined. Data from these four sys-
tems has been fit to simple models for surface freezing dominated by the two simplest
forces expected to be present in LC’s: long-range van der Waals forces and short-
range exponential forces. The observed power-law growth, I = [,t=¥, of the thickness,
[, of the of the frozen surface region, with v = 1/3, in the first system studied, 90.4,
indicated that the dominant interactions in that system are due to long-range van der
Waals forces [29]. After finding this SF system, a search was made for SF transitions
in other LC materials. This search resulted in the discovery of the three other LC
systems which also exhibit layer-by-layer SF transitions described in this thesis. Both
40.7 and 70.7 were found to exhibit the logarithmic behavior, ! = I/ + £In(1/t)),
with physically reasonable characteristic range, £, consistent with systems dominated
by short-range exponential forces; 14S5 was found to be consistent with either van
der Waals or exponential force models with physically reasonable values of both v
and £. All four systems exhibit layer-by-layer SF transitions. These results show
that LC systems have SF transitions with both of the characteristic surface freezing
universality classes expected for the forces in these systems: layer-by-layer surface
freezing dominated by van der Waals and by exponential forces. Table 2.2 displays

the best-fit parameters for each of these two force models for these four LC systems.

For all four LC systems, after about ten layers, there is a systematic and pro-
gressive deviation of the data from the divergence expected for either long-range van
der Waals or short-range exponential forces. As the SF transitions continue into the
interior of the film, the experimentally measured thickness of the frozen layer on the
each surface grows slower with decreasing temperature than these simple models pre-
dict. This deviation, first seen in 90.4, has been studied versus the film thickness
for 40.7 and 70.7. For [ >> 10, the surface freezing transitions clearly depend on
the thickness of the film: the transitions in thicker films diverge more rapidly with
decreasing temperature than do the transitions in thinner films. A phenomenological
parameterization of these finite-size effects is presented in Section 2.9 where it is also

shown that the finite-size effects for all thickness films can be described with a model-
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Table 2.2: Best-Fit Power-law and Logarithmic Model SF Parameters. Results from
fits to both the power-law, | = lt~v (t = o™, v = 1/n), and logarithmic, | =
I, + &1n(1/t]) (t = Be~'/¢), SF models for all four Liquid Crystal materials. These
are the best-fit parameters from fits made to the first ten surface freezing transitions
in L ~ 64-layer films.

LC Power-law Logarithmic

«@ n v B f

90.4 | 6.78 - 0.05 | 2.68 4-0.02 | 0.373 + 0.015 43.3+0.5 0.53 £0.01
40.7 1 1.62+£0.10 | 1.81 £0.14 | 0.56 £ 0.04 54+0.8 0.82 + 0.06
70.7 1 9.39£0.05 | 6.0£0.7 0.17+0.02 | 6.8+2.9 x 102 | 0.24 4 0.02

14S5 || 8.03 £0.16 | 2.76 £ 0.07 | 0.36 + 0.03 33 +3 0.53 £0.01
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independent effective interfacial potential. The same parameterization also fits the
data from the 64-layer 90.4 films quite well. These film thickness effects demonstrate
the existence of a new contribution to the effective interfacial potential in LC films.
Before discussing these finite-size results, we discuss fits to other crossover models for

the intermediate thickness films.

For the two LC systems dominated by exponential forces, 40.7 and 70.7, a
crossover [36] to van der Waals forces is expected at large distances since the exponen-
tial forces decay more rapidly than the power-law van der Waals forces. The range and
precise functional form of the crossover depends on the detailed forms of both forces.
The simplest model for this crossover is given by the sum, ¢ = a3 + Bexp(—=1/¢)
and has three free parameters. The resulting x? values for fits to this model for the
first ten SF transitions in these two systems is not decreased from the x? values found
for the original exponential force model and, in addition, the parameter ' requires
the limit: B < 0. The conclusion from these fits is that there is no evidence for
power-law terms in these two systems. Since the dominant LC interactions have both
power-law and exponential forms, the 90.4 data was also fit with the same crossover
form, t = al™3 + Bexp(—1/¢). Again these fits showed that x2 was not decreased and
that the parameter 8 requires the limit: 8 < 0. The conclusion from these fits is that

the contribution of the exponential terms is negligibly small in 90.4.

Ajdari, Peliti and Prost [97] and Li and Kardar [98] have recently shown that
the orientational fluctuations in the smectic phase should give rise to a fluctuation-
induced long-range force which can be comparable in size to the usual van der Waals
force. This new force, caused by thermal fluctuation-induced dipole-dipole interac-
tions, has the form, V/(I) o< [=1. If this force were the only force acting then fits made
to the variable exponent power-law model, I = I,t=*, would check for its existence and
yield an exponent v = 1/2. Fits tol = I,t™" indicate that the data for the first ten SF
transitions in 64-layer 40.7 films is consistent with v = 1/2 at the two-sigma level!
The power-law exponents from 90.4 and 14S5 also may have a small contribution

due to this force since the best-fit exponents for both systems have v > 1/3.

For larger intermolecular separations, the nonretarded van der Waals interactions
become retarded and, to lowest order, there is a crossover to V(r) o r=7. Fits were
made to test qualitatively for this crossover to the retarded van der Waals form,

t = o'l™*, which is expected for thick films dominated by retarded van der Waals
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forces. The functional form of this crossover must vary with distance and be ¢ = al-3
at small [, and t = o/l at large I. The detailed form of this crossover, where a = a(l)
and o' = o/(l), is not known so fits were made to a simpler model, ¢ = al~3+a/I~* with
« and o free parameters independent of I. This crossover form could not account for
the slowing down seen after the first ten SF transitions in 90.4. The conclusion from
these fits is that no evidence for retardation was found for the first ten transitions
(below 300A) in either 90.4 or 1455 films or past ten layers (above 300 A) for 90.4.

A recent model by Holyst [19] for surface freezing proposes that surface freezing is
produced by the surface tension quenching of the layer fluctuations. The calculated
behavior for this model has a “surface freezing like” behavior in thin films, but does
not agree quantitatively with the experimental results. This theory is described and

1s compared with the experimental data for 70.7 in Chapter 4.

2.9 Finite-Size Effect Results

2.9.1 Finite-Size Effects in 90.4

The deviation from the predicted growth after about the first ten SF transitions was
first observed in the original SF study of 64-layer thick 90.4 films [29]. Fig. 2.16 shows
that after about the first ten layers freeze at each vapor interface, the data deviates
from the power-law form. In this figure, the dashed line indicates the continuation of
the best-fit power-law form fit to the first ten surface freezing transitions. The data
for all 32 layer surface freezing transitions can be fit by a phenomenological model,
t = al™ + @'I%, which is the solid line shown in Fig. 2.16. The best-fit parameters
area =6.79+£0.46, n = 2.68 £0.17, and B’ = 9.0 £3.5 x 10~6. The critical exponent
determined from this phenomenological model, » = 1/n = 0.373 £ 0.24, is in good
agreement with the predicted van der Waals exponent at the two-standard-deviation
level. Kroll and Gommper [47] calculated that the slowdown for the SID transitions
in a system dominated by short-range forces with a two-phase coexistence region is
t = fetc— B'l. The analogous model for SIO would correspond to t = al~" — '
for a system dominated by long-range van der Waals forces. A linear shift at large {
is also consistent with the 90.4 data, but then a crossover would be required from a
constant shift at small / to a linear shift at large I. The'total shift produced in 90.4 by

the cubic term, I3, for thirty frozen surface layers is about 0.2° C. As will be discussed
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below, all the SF transitions in 90.4 are described very well by the finite-size model
in Eq. 2.13. In addition, this finite-size model also fits very well all of the thickness
dependence of the 40.7 and 70.7 data for films ranging from 17 to about a thousand
layers thick.

2.9.2 Finite-Size Effects in 40.7 and 70.7

As first seen in 90.4, after about ten transitions the surface freezing transitions in
40.7 and 70.7 films also fall off from the original steep logarithmic divergence. The
SF transitions in many different thickness 40.7 and 70.7 films were measured for
four reasons: to study the deviations from the simple force models, to understand
the reason for the slowdown of the divergence, to look for possible universal behavior
among different LC materials, and to understand the influence of the proximity of
two internal interfaces near the center of the film. It was found that for I >> 10,
the surface freezing transitions clearly depend on the thickness of the film with the
transitions in thinner films diverging more rapidly with ! from the original logarithmic
divergence than the transitions in thicker films; the growth of the SF tail is steeper for
thick films than it is for thin films. Figure 2.17 shows data from nine representative
40.7 films with thicknesses ranging from 17 to ~ 1000 layers thick. The logarithmic
divergence which fits the first ten transitions of films thicker than about 30 layers
is plotted with a dashed line. After about ten layers, all these films deviate from
the logarithmic divergence - after the first ten transitions, the SF transitions in films
with increasing thickness, L, exhibit a systematically increasing slope AI/AT.

The data from 90.4, 40.7, and 70.7 does not fit the simple van der Waals or
exponential force models after the first ten SF transitions and these deviations are
film thickness dependent. Consequently a crossover to a new thickness-dependent
term in the effective interfacial potential is required. Fig. 2.18 to 2.20 show nine
representative 40.7 data sets with film thicknesses of 17, 27, 41, 64, 141, 207, 337,
477, and 983. The solid lines, which pass through each data set are the best-fit finite
size models given by Eq. 2.12, t = Bexp(—1/¢) — 8'L/(L —€l). These same solid lines
are plotted in Fig. 2.17 but are difficult to see because of the agreement. This finite-
size model fits this data very well with a single set of parameters for all thickness
40.7 films. The best-fit parameters for the fits shown are 3 =5+1,¢£ = 0.84 + 0.07,
B'=0.3%0.2, and € = 1.1£0.4. To obtain these parameters the surface freezing data
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Figure 2.16: 90.4 Crossover After Ten Transitions. Plot of the number of frozen
surface layers (on each surface) versus the reduced transition temperature in the
crossover region for 90.4. The dashed line indicates the power-law form | = [t-,
which fits the transitions near the surface, but progressively deviates from the data as
the freezing continues inward. The solid line indicates the phenomenological crossover
form t = al~™ + B3, which fits all the freezing transitions. Inset: A T— T, plot of the
contributions of the two terms close to T,; the dashed lines indicate the power-law

[=" and cubic P contributions. The solid line indicates the combined crossover form.
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Figure 2.17: Overplot of 40.7 Surface Freezin
data from 9 different 40.7 films with thicknesses I = 17,27, 41,64, 141, 207, 337,477,
and 983 layers. The solid lines through each data set is the best-fit finite-size model
for exponential short-range forces, t = Bexp(~1/¢) - B L/(L —€l). Note the growth

of the tail is faster for thick films than for thin films. The dashed line indicates the

continuation of the logarithmic form which fits the first ten
films.
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Figure 2.18: 40.7 Finite-Size Effects: Thin Films. The surface freezing data from
40.7 films with thicknesses L = 17,27, and 41 layers. The solid line is the best-fit
finite-size model with exponential short-range forces, ¢ = Bexp(~1/€)— B LI(L —¢l).
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Figure 2.19: 40.7 Finite-Size Effects: Intermediate Thickness Films.

The surface

freezing data from 40.7 films with thicknesses [ = 64,141, and 207 layers. The

solid line is the best-fit finite-size model with exponential short-range forces, ¢ =
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Figure 2.20: 40.7 Finite-Size Effects: Thick Films. The surface freezing data from
40.7 films with thicknesses L = 337,477, and 983 layers. The solid line is the best-fit
finite-size model with exponential short-range forces, t = 3 exp(—1/€)—B'L/(L —el).
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Figure 2.21: 70.7 Finite-Size Effects. The surface freezing data from 70.7 films with
thicknesses L = 21,64, and 155 layers. The solid line is the best-fit finite-size model
with exponential short-range forces, ¢ = Bexp(—1/€) - F'L/(L - &l).
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Figure 2.22: 90.4 Finite-Size Effects. The surface freezing data from a 64-layer

90.4 film. The solid line is the best-fit finite-size model with van der Waals forces,
t=al™ - pL/(L-Eel).
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Figure 2.23: Finite-Size Model Pieces. The contribution of the two terms in Eq. 2.12,
t = Bexp(~1/€) — B'L/(L - €l), describing the finite-size model fit to the 141-layer
40.7 film. The slowdown after the first ten transitions is fully accounted for by the
thickness dependence of the second term, #'L /(L — €l). The contribution of the first
term, Sexp(—I/€), is negligible after the first ten surface freezing transitions.
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from each film shown was fitted separately to the finite-size model and the average
best-fit parameters were then calculated from the nine independent fits. Figure 2.21
shows the data and the fits for the three representative 70.7 films with thicknesses
of 21, 64, and 155 layers. The solid line indicates the best-fit finite-size model given
by Eq. 2.12, which again fits the data very well with a single set of parameters for
all thickness 70.7 films: § = 10 £6 x 10%,¢ = 0.22 4 0.03, 8’ = 0.3 £ 0.1, and
€ = 1.2+ 0.3. This finite-size model fits this data very well with a single set of
parameters for all thickness 70.7 films. For both systems, equally acceptable fits
were also obtained using a different phenomenological parameterization with two
exponential length scales, t = Bexp(—1/¢) + Bexp(—4l/L). The best fit parameters
from this parameterization were § = 5+ 1,£ = 0.85 £+ 0.07, and B = —0.04 + 0.02
for 40.7, and were 8 = 10 £ 5 x 10?%,£ = 0.22 +0.03, and B = —0.08 £+ 0.05 for 70.7.
This “two exponential” model is equivalent to Eq. 2.9 with the ¢ in the third term
different from the £ in the first two terms. Fig. 2.23 shows the contribution from both
terms in Eq. 2.12 for the 141-layer 40.7 film. The first term is negligible, less than
5 x 107°, after ten layers for all thickness films and all materials. The results are
similar for the two terms in the two-exponential model. Fig. 2.22 exhibits the data
from a 64-layer 90.4 film and the solid line, which is the best-fit finite size model with
long-range van der Waals forces, given by Eq. 2.13. This model fits the data very
well with best-fit parameters: a = 6.7,n = 2.71, #' = 0.096, and ¢ = 1.6. Although
questions remain as to whether this finite-size model has a physical justification,
this model provides an excellent parameterization of the surface freezing and can be
used to make a model-independent determination of the complete effective interfacial

potential for these systems as will be described in Sec. 2.10.

2.9.8 Summary of Surface Freezing Finite-Size Effects

To summarize, the finite-size effects in 90.4, 40.7 and 70.7 can be described quite
well by a simple model which assumes that the temperature shift of the transitions
near the center of the film varies as AT = §'L/(L — ¢l) for all three materials. The
parameter ¢ is found to be less than that expected for standard finite-size effects
where AT ~ 1/(L — 2l) with ¢ = 2, but this finite-size model is still quite similar to
the transition temperature shifts found in other systems due to confinement. The fact

that € < 2 might be partially accounted for by the film thickness changes caused by the
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molecular tilt. In FSLC films, the surface tension and the solid surface frozen layers on
both vapor surfaces of the film may play the analogous roles in reducing the transition
temperature as the curvature of the interface plays in capillary condensation. The
finite-size data is also consistent with a model with two exponential forces, the second

exponential force having a length-scale ¢’ = L/4.

2.10 Model-Independent Effective Interfacial Potential

Since more than one model fits the finite-size data, an important question is: Which
model is physically correct? Without answering this question, the excellent parame-
terization of the data provided by both of these models can still be used to make a
model independent determination of the complete effective interfacial potential and
to demonstrate the existence of a new contribution to the effective interfacial poten-
tial in LC films. As described in Sec. 2.3, the complete effective interfacial potential
determines the thickness of the surface frozen layer, [, as the temperature approaches
T,. Fig. 2.2 displayed the qualitative features of the simple effective interfacial po-
tential which describes the first ten transitions in L ~ 64-layer films. The complete
effective interfacial potential, V¢(1), given by Eq. 2.14 for systems with short-range
exponential forces like 40.7 and 70.7, must include a new film thickness-dependent
finite-size term, Vv (I, L) = (8'L/z)In(L — €l), which is responsible for the finite-size
effects. The complete effective interfacial potential,

Phase Interface- New
Ve(l) = Conversion + Interface + Finite-Size
Cost Interaction Term
= Ctl + Ay(l-Ae¥) - ELIn(L—cl) (2.14)

contains three terms corresponding to the phase conversion cost, the interface-interface
interactions, and the new finite-size term, respectively. This potential arises from the
parameterization provided by Eqgs. 2.12 and 2.13. The resulting best-fit parameters
can be used to construct a model-independent determination of the complete effective
interfacial potential for all thickness films. F ig. 2.24a, b, and c, show the complete
effective interfacial potential constructed from the fits for a 100-layer 40.7 film using

the best-fit parameters. The complete effective interfacial potential is plotted for
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Figure 2.24: Complete Effective Interfacial Potential. The complete effective interfa-
cial potential, Vo = Ctl+ Ay(1 — Aexp(—1/€)) — (B'L/e) L In(L — el), which describes
the finite-size effects in 100-layer thick 40.7 films. This complete effective interfacial
~ potential is the sum of the phase conversion cost, Voonversion = Ctl, the interface-
interface interaction, Vinterface = Av(1—Aexp(—1/€)), and the new finite-size energy,
Wn(l,L) = (B'L/e)LIn(L — €l). In all four LC systems studied, the surface freezing
transitions appear layer-by-layer and therefore the complete effective interfacial po-
tential is corrugated with the spatial periodicity of the LC layer spacing. Only the

envelope of V(l,100) is shown; the periodic structure has been omitted for clarity.
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= 1.0, 0.3, and 0, along with the three terms in Eq. 2.14. The minimum of the
complete interfacial potential determines the position of the interface which is located
in Fig. 2.24 at | = 2,15, and 50 (the center of the film), respectively. Minimization of
this complete effective interfacial potential results in Eq. 2.12. Fig. 2.24 shows that
at a reduced temperature of ¢ ~ 1, the potential is narrow and well defined and as
t — 0 the potential flattens into a broad minimum. The “repulsion” which slows
down transitions near the center of the film is due to the new finite-size term which,
in the simplest case assumed here, is independent of temperature. Fig. 2.25 shows
the thickness dependence of the complete effective interfacial potential calculated for
L = 60,120, 180,240, and 300 layer films. The shape of Vi for the first few transi-
tions in thicker films is linear which results in a simple renormalization of the “bulk”
transition temperature, T,, and in this region only the first two terms in Eq. 2.14,
corresponding to just the simple effective interfacial potential, are required to de-
scribe the first ten transitions in intermediate thickness films. The value of T, cannot
be determined independently because the frozen surface phase does not appear in
the bulk phase diagram. Transitions near the center of very thick films also exhibit
a similar slowdown produced by the curvature of the complete effective interfacial
potential at large [.

2.11 Surface Freezing Interfacial Velocities

The speeds of the surface freezing interfaces or ‘waves’ during SF have been measured
for films of 90.4, 40.7, 70.7, and T455. Measurements were made by marking the
position of the interface for each video frame time step of 1/30 sec. All waves measured
had center nucleation points to simplify the possible complications due to the radia]
temperature gradients of the films. Fig. 2.26 shows measurements of the interface
diameter versus time for waves two, three, and four (70.3°,69.6° and 69.4°) from a
64-layer 90.4 film during a constant temperature ramp of 0.5 mK/sec. A constant
radial interface speed is seen for measurements from the center out to 2.5 mm for 5 mm
diameter films. No discernable increase in the interface speed is seen at the initial
appearance of the transition. A ‘jump’ in the interface speed might be expected
If a large nucleation barrier is present since the films must be supercooled before
making the transition. Any possible ‘jump’ during nucleation is less than 0.1 mm and
corresponds to less than 1 mK of under-cooling. All waves exhibit the same constant
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Figure 2.25: Thickness Dependence of the Complete Effective Interfacial Potential.
The film thickness dependence of Vi from the complete effective interfacial potential
for a 40.7 film with thicknesses L = 60, 120, 180, 240, and 300 layers. For the first
ten transitions in thicker films, Vjy is linear and simply shifts T, which is a fitting
parameter in the model. T, cannot be determined independently since the frozen
surface phase does not appear in the bulk phase diagram.
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speed of 2.9 mm/sec at this cooling rate from 0 to 2.5 mm diameter. Additional
experiments are needed with different ramp rates to confirm that the waves are not
following the ramped temperature profile of the film. Work is planned to measure
the wave velocity versus ramp rate to confirm that these surface freezing transitions
are first-order using the linear-interface-velocity criterion [99). The other materials
also do not exhibit an initial ‘jump’ and have similar constant wave speeds indicating

that the interface is perhaps just following the temperature profile of the film.

2.12 Surface Freezing Summary and Conclusions

Surfaces, in systems with a large surface to volume ratio and accordant interfacial
energies, can have important influences on the character of the system’s phase transi-
tions and can convert a first-order 3D phase transition without any universal critical
exponents into a surface-induced first-order phase transition like surface freezing.
Even in bulk systems, the presence of the ubiquitous surface cannot be neglected
since it may be the nucleation point of phase transitions. The fact that liquids may
be easily under-cooled but crystals cannot be overheated indicates that melting is ini-
tiated at the crystal surface, whereas freezing in most materials requires overcoming a
the kinetic barrier of nucleation. In this chapter, surface freezing has been described
in terms of the interfacial wetting of the surface of a ‘liquid’ FSLC film by the frozen
‘solid’ LC phase. An additional feature of FSLC films, which will be discussed further
in Chapter 4, is that the surface also provides the natural nucleation point for freezing
due surface tension-quenched fluctuations [22]. Freezing may begin at the point in
the system where the fluctuations are the smallest, which, for FSLC films, is at the
surface.

At a liquid-vapor interface, thermally-induced fluctuations or long wavelength
capillary waves disorder the surface and the liquid-vapor interface is not smooth. If
the interfacial fluctuations are not sufficient in amplitude to disorder the natural pe-
riodic layering of the sample on the scale of a few layers, the growth of the wetting
layer will be layer-by-layer. The fact that the SF transitions in these FSLC films are
layer-by-layer indicates that, as shown in Chapter 3, the 4 A mean-squared displace-
ment of the layers is not sufficient to destroy the smectic ordering which has a 30 A
layer spacing. For surface melting or freezing at the free vapor interfaces of a thick

sample, small amounts of roughness at the interface might grow as the disordered
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Figure 2.26: Wave Speeds of Surface Freezing Interfaces. The wave diameters versus
time for the 90.4 surface freezing transitions beginning at 70.3, 69.6, and 69.4°. C are
plotted here. All waves appear to have about the same constant speed suggesting
that the interfaces are simply following the radial temperature profile of the film.
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layer becomes thicker, and if so, can eventually wash out the layer-by-layer growth
[100] as the natural periodicity in the effective interfacial potential becomes washed
out. This crossover to continuous growth has not been observed in LC films up to
about a thousand layers thick. For thin films, the magnitude of the interfacial rough-
ness is limited by the thickness of the film and as long as the film is thin enough, the
interface will be effectively smooth. It is interesting to note that all surface melting
transitions seen so far are continuous which indicates rough interfaces or significant
system heterogeneity, whereas all surface freezing transitions are layer-by-layer indi-
cating smooth interfaces.

The focus in this chapter has been the two simplest forces which are known to exist
in liquid crystal systems, attractive van der Waals forces and steric short-range ex-
ponential forces. However, it is really not clear why some materials exhibit dominant
exponential forces whereas others exhibit dominant van der Waals forces.

In conclusion, near the surface of intermediate thickness films, the layer-by-layer
surface freezing transitions of 90.4 have the power-law form expected for surface
freezing governed by van der Waals interactions, while 40.7 and 70.7 exhibit the
exponential form expected for surface freezing governed by exponential interactions.
This is the first demonstration of layer-by-layer surface freezing governed by exponen-
tial interactions. After about the first ten SF transitions, the layer-by-layer surface
freezing transitions exhibit a slowdown, dependent upon the film thickness. This
slowdown is described nicely by a finite-size model which is similar to models used to
describe transition temperature shifts due to confinement. The data is also fit by a
model with two exponential forces. Which of these models is correct remains an open
question, but a model-independent construction of the complete effective interfacial
potential has been made using these two models to parameterize the surface freez-
ing behavior in these LC systems. From this complete effective interfacial potential,

the shape of the repulsive potential responsible for the finite-size slowdown has been

deduced.



Chapter 3

DIRECT INVERSION OF THIN FILM X-RAY
DIFFRACTION:
SOLUTION OF THE PHASE PROBLEM IN
ONE-DIMENSION

If we know the nature of the periodic variation
of the medium we can analyse it by Fourier’s
method into a series of harmonic terms. The
medium may be looked on as compounded of a
series of harmonic media, each of which will
give the medium the power of reflecting at one
angle. The series of spectra which we obtain
for any given set of crystal planes may be con-
sidered as indicating the existence of separate
harmonic terms. We may even conceive the
possibility of discovering from their relative
intensities the actual distribution of the scat-
tering centres, electrons and nucleus, in the

atom.

- W. H. Bragg (1915)

3.1 Introduction and Summary of Results

This chapter describes a new method developed to directly invert interlayer x-ray

diffraction data from thin centrosymmetric films resulting in a model-independent




92

determination of the electron and center-of-mass densities. An experimental demon-
stration of this method is presented for freely-suspended liquid crystal (FSLC) films
- of 70.7 with thicknesses from three to fifteen layers in both the smectic-G phase and
the smectic-I/C phase. The direct inversion analysis involves first removing the in-
strumental broadening from the measured diffraction intensity by deconvolution, and
then obtaining the interlayer electron density by explicitly solving the one-dimensional
crystallographic phase problem. The phase problem can be solved for thin FSLC films
since the phase assignments can be made by inspection using three facts: 1) The
electron density is real, positive, and centrosymmetric and therefore the scattering
amplitude is real and even. 2) The measured thin film diffraction pattern reveals the
zero-crossings or phase changing points of the scattering amplitude. 3) The phase of
the primary and subsidiary maxima in the scattering pattern switch between 0 or =
in a well-defined way since the zeros are due to the product of the molecular form
factor and the thin film ‘N-slit’ interference zeros. Since the molecular tilt angle is
known from the position of the molecular form-factor zeros in the measured scatter-
ing intensity, the center-of-mass density can be derived from the electron density by
a second deconvolution, removing the broadening due to the 70.7 molecular density.
The direct inversion densities are thereby obtained without refinement and without

significant unphysical electron density outside the LC film region.

The LC film densities obtained using the direct inversion method are compared
with those obtained by forward modeling: a model interlayer density is fit to the mea-
sured scattering intensity [22, 26]. In the forward model, the model density assumes
the LC molecules are aligned in layers, each positioned with their long axis tilted at
an angle with respect to the layer normal direction. The molecular center-of-mass
distribution in each layer is parameterized by a Gaussian distribution which indicates
the amplitude of the thermally excited, long wavelength hydrodynamic fluctuations of
the layers. This model for the interlayer density was Fourier transformed, convolved
with the instrumental resolution and then fit to the measured scattering intensity
by varying the various parameters for the molecular tilt angles and layer fluctuation
amplitudes. The forward model results indicate that the crystalline smectic-G films
have a uniform tilt, large fluctuation amplitudes, and very small interlayer fluctuation
profiles. In contrast, the fluid smectic-I/C films exhibit both layer fluctuation and

molecular tilt angle profiles which have systematic variations with film thickness. For




93

both phases, the Gaussian fluctuation width, o;, is smallest at the surfaces of the film
and reaches a maximum at the film center. For the smectic-I/C films, the tilt angle
is maximum on each surface and minimum at the center of the film.

Detailed comparisons are made in Sec. 3.11 between the densities obtained from
the forward model and those obtained using the direct inversion analysis. To summa-
rize the main results, the electron and center-of-mass densities from both the direct
inversion and forward model analysis have many similar features: The center-of-
mass densities for each layer of thick smectic-G films have uniform height and width
throughout the film. In contrast, the center-of-mass densities for the smectic-1/C
films show enhanced surface density and/or quenched fluctuations of the surface lay-
ers attributable perhaps to the influence of the monolayer hexatic smectic-I layers
on each surface and/or surface tension quenched fluctuations. The electron density
modulation produced by the individual smectic layers is not simply the pure sinu-
soidal density wave usually proposed for bulk smectic-A samples. There are also some
differences between the forward model and direct inversion results: The direct inver-
sion center-of-mass densities are not as flat in the smectic-G phase and, in general,
the width, o;, of the interlayer fluctuations are wider than those resulting from the
forward model analysis.

3.2 Motivation

There are three main motivations and justifications for this study: 1) The crystal-
lographic phase problem is of long standing interest. The direct inversion method
described here provides an unusual experimental demonstration of the solution of
this problem for thin centrosymmetric films. 2) There is intrinsic interest in under-
standing the structure of films in the intermediate crossover range between two and
three dimensions. The direct inversion method provides a model-independent deter-
mination of the structure of such films and is an independent test of the structure
derived from forward modeling. 3) The direct inversion method provides a way of
seeing where the important information which determines the interlayer structure is
hidden in the associated x-ray diffraction pattern.

The direct inversion method is used to extract the film structure and study the
evolution of this structure during the crossover from two to three-dimensions [2].

Aside from intrinsic interest in the structure of FSLC films, these films are good sys-
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tems to study dimensional crossover since they are substrate free and their thickness
can be easily varied from two to thousands of molecular layers. Previous structural
studies of FSLC films have focused on the intralayer order of the films, but the evo-
lution of the interlayer order has just now begun to be studied in detail (22, 23].
The direct inversion and forward modeling techniques have been used to answer the
following questions about FSLC films: What is the interlayer structure of these LC
films? How important are the inherent smectic fluctuations to the interlayer structure
of these films? How does the structure of the film change with film thickness? How
does the surface tension, the presence of frozen surface layers, and the finite-size of
the film influence the structure? What is the interplay between the Landau-Peierls
instability and the surface tension in FSLC films?

3.3 X-ray Diffraction Pattern from Thin Smectic Films

LC phases have symmetries and order intermediate between isotropic liquids and
fully ordered crystals [3]. Because of this “intermediate dimensionality”, the effects
of thermal fluctuations on the smectic-A phase, in particular, is very unusual. For
a 3-dimensional (3D) crystal, the kinematic x-ray scattering intensity consists of a
lattice of delta function Bragg peaks, at reciprocal lattice vectors corresponding to
the long-range order of the 3D crystal. These Bragg peaks are connected by crystal
truncation rods (CTR’s) which reflect the Fourier transform of the surface termination
shape-function. The smectic-A phase, which has divergent fluctuations on all length
scales, exhibits a scattering pattern characterized by algebraic singularities instead
of Bragg peaks. The smectic-A phase is at lower marginal dimensionality and has
quasi-long-range layer order. Thermal fluctuations in bulk smectic-A material cause
a slow algebraic decay of the interlayer density-density correlation function. In the
thermodynamic limit, these divergent thermal fluctuations are predicted to destroy
the long-range layer order in this periodic one-dimensional system (101, 102], but the
logarithmic growth of the thermal fluctuations with the size of the system is so slow
that it has been difficult to observe the destruction of this long-range order directly
[103].

Bulk smectic-A’s have a highly localized x-ray scattering pattern dominated by
singular algebraic peaks with wave vectors, ¢, = 27n/d, set by the layer spacing,

d, of the LC molecules. These materials are so highly disordered that the interlayer
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diffraction pattern exhibits at most only a few harmonics and for many materials the
second harmonic is very weak or unobservable: 1(002) < 2x10-71(001) [104, 105, 106}.
Therefore, for these LC’s the electron density, p(z), has only a few significant Fourier
components, p(z) = po+p1 5in(goz) + p2 sin(2¢,z) with p, < 10~3p;, and the sine wave
density modulation is very pure. This has led to suggestions that the smectic phase
contains only ‘statistical layers’ [107). However, the measured FSLC film densities
described in this chapter show that distinct smectic layers exist in these films. The
nearly sinusoidal density is not due to statistical layering, but is a result of long-
wavelength hydrodynamic fluctuations which disorder the layers and decrease the

scattering intensity with increasing momentum transfer, gq.

The diffraction pattern of thin FSLC films is rich with information spread out in
reciprocal space due both to the finite-size broadened diffraction peaks and to the
‘N-slit” subsidiary maxima. The scattering from finite thickness smectic-A LC films
is quite different from bulk smectic-A since the layer fluctuations are limited by the
size of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>