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Abstract

Liquids in a confined geometry have attracted much interest
in science and technology in recent years. Confined liquid
films with a thickness in the range of a few molecular di-
ameters exhibit different mechanical properties than in the
bulk. In this work a newly designed surface forces apparatus
with two-dimensional imaging capability is presented. Due
to the unprecedented sensitivity of the two-dimensional imag-
ing technique the dynamics of the layer by layer thinning of
a confined liquid film can be investigated in great detail.
Different expulsion scenarios depending on the substrate elas-
ticity and the approach rates are presented. Applying slow
approach rates to both stiff and soft substrates results in
similar dynamics of the expulsion processes. A comparison
of the dynamics with a simple hydrodynamic model shows
good agreement. In the case of particularly thin substrates
with fast approach rates the formation of small trapped liquid
droplets and their subsequent squeeze-out was observed. Fast
approaches on thick substrates resulted in a mixed drainage
scenario.

While it is generally accepted that the viscosity of confined
liquids increases with decreasing thickness, the order of mag-
nitude is highly debated. The viscosity of a model lubricant
(OMCTS) is measured as a function of the thickness of the
confined film and found to increase by a factor of ten with



decreasing film thickness from 6 to 2 layers. This is in con-
trast to results reported by others where an increase of sev-
eral orders of magnitude was observed. Importantly, in our
experiments, a method to improve the standard preparation
procedure was used. In order to describe the increase in the
effective friction observed in our work a new hydrodynamic
model is presented. In terms of this model it is shown that the
sliding friction of liquid layers on top of the solid substrates
is approximately 35 times higher than the mutual friction
between adjacent liquid layers. The latter is independent of
film thickness and in close agreement with the bulk viscosity.
The mentioned variations in mechanical properties of thin
liquid films compared to the bulk properties arise from struc-
tural changes. Making use of recent advances in synchrotron
radiation sources and beam shaping techniques allows the in-
vestigation of the in-plane structure of confined liquids with
x-ray scattering experiments. Preliminary x-ray scattering
data from thin liquid crystalline films (8CB) are shown and
the domain structure of the liquid crystal and the anchor-
ing of the liquid crystal with respect to the mica lattice is
discussed.
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1. Introduction

1.1. Perspectives on the collapse
dynamics of liquid films

Tribology is the science and technology of interacting surfaces
in relative motion. Tribology plays a critical role in a large
number of very diverse technological areas. For example, tri-
bological studies aid in optimising the lifespan of mechanical
components in the automotive industry and help refine pol-
ishing processes in the semiconductor industry [1]. In recent
times, a detailed knowledge of tribology at the nanometer
scale has become a requirement of many industries. Nanotri-
bology as a field is concerned with experimental and theoret-
ical investigations of processes in the atomic and molecular
regime that occur during friction, adhesion, wear, and thin-
film lubrication at sliding surfaces. The latter area is the
focus of this dissertation.

The study of thin liquid films between solid substrates has
become an intense area of research over the last few decades
(see, for example [1-19]). This attention is the result not
only of their importance in technological applications but
also due to their ubiquitous existence in Nature [1]. For ex-
ample, in the human body reduced friction in our hip and
knee joints is obtained with thin liquid lubricant layers and
in plants ultrathin capillaries enable the distribution of wa-
ter [1]. In technological applications, such as microelectro-
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mechanical systems (MEMS), the drive towards smaller and
smaller devices means that the thinness of the relevant lu-
bricant layers is approaching molecular dimensions [1]. The
collapse or expulsion of these ultrathin lubricant layers from
the sliding surfaces results in excessive wear and ultimately
device failure. Thus, understanding the mechanisms that
govern the stability of these ultrathin lubricant layers are of
crucial importance.

To date, a complete understanding of the fundamental effects
of confinement and solid-liquid interaction on the structural
and mechanical properties of thin liquid films does not ex-
ist and a number of papers deal with this topic (for exam-
ple, [1-20] and references therein). The most accurate tech-
niques for experimental studies of this subject require well
defined geometries with planar substrates. Such a geometry
is realised in a surface forces apparatus (SFA) [3]. In this in-
strument, two atomically smooth surfaces are mounted onto
cylindrical curved sample holders and brought into a well-de-
fined position (Figure 1(a)). As shown in Figure 1(b), the
two surfaces form a slit pore with parallel walls at the apices.
The liquid can thus be confined to a gap of adjustable width.
When confined to atomic dimensions between opposing sur-
faces it has been shown that simple liquids adopt a layer
structure parallel to the surface (Figure 1(c)) and display
extremely unusual properties in comparison to their bulk be-
haviour. For instance, if two substrates are pressed together
the film thickness decreases continuously as long as the be-
haviour of the bulk liquid is followed. In contrast, a stepwise
decrease in film thickness is observed when the film thickness
is reduced to a few molecular diameters [3-5].

In the present contribution, a modified SFA [6,7] is con-
structed that allows a two-dimensional analysis of the dy-
namic processes in molecularly thin films in order to study
in detail the expulsion dynamics of molecularly thin lubri-
cant films upon increasing normal pressure. Furthermore,



1.2. Thesis outline

Figure 1.1: Sample geometry in a surface forces apparatus on
different length scales. (a) Crossed cylinder configuration. (b)
Parallel plate geometry with mirrors (black), atomically flat sub-
strate (dark gray) and the confined liquid (light gray). (c) The
layered structure of a molecularly thin film (dark gray: atomically
flat substrate; light gray: confined liquid molecules.)

the optical SFA set-up is combined with recent advances in
synchrotron radiation sources and beam shaping techniques
that enable more detailed investigations of the structure of
the molecules within single layers.

1.2. Thesis outline

The outline of this thesis is the following: after this brief in-
troductory chapter some basic properties of confined liquid
films are surveyed. Included here is a detailed description of
the theoretical models used to describe expulsion processes.
Original work then begins in Chapter 3 with the develop-
ment of a unique two-dimensional imaging SFA. The novel
technique developed to prepare ultra-clean surfaces is also
discussed in this chapter. The experimental procedures and
data analysis techniques utilised in the remainder of this the-
sis are also presented here. In Chapter 4 the optical part of
the experimental set-up is described in detail. The results of
the measurements made with the two-dimensional SFA are
presented. A unique capability of the instrumentation devel-
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oped is that direct observations of the expulsion dynamics
of single liquid layers can now be made. This is a significant
result and in Chapter 5 different expulsion scenarios are stud-
ied in detail. The dynamics of the experimentally determined
expulsion processes are then compared with theoretical mod-
els. A detailed analysis of some of the experimental results
in Chapter 5 show an anomaly when compared to theory and
form the basis of the experimental work discussed in Chap-
ter 6. In this chapter detailed investigations of the structure
of the molecules within single layers is made possible with
x-ray scattering measurements. Finally, Chapter 7 ends the
dissertation by means of a conclusion. Future experiments
are also briefly proposed and discussed.



2. Theory

This chapter provides an overview of the theoretical con-
cepts underlying the experiments performed on thin liquid
films under confinement. In the beginning, the behaviour of
liquids confined between solid walls is discussed. Different
experimental techniques to investigate the confined liquids
are briefly presented. The experimental observation of the
expulsion of single liquid layers is a highlight of the work
in this thesis and thus a significant portion of this theory
chapter is dedicated to understanding a simple hydrodynamic
model [1,2] which will ultimately aid in the detailed analysis
of the dynamical processes observed.

2.1. Confined liquids

The liquid state of matter is characterised by a random po-
sitional arrangement of the molecules combined with a high
mobility. Solid walls confining the liquid to a finite volume
impose constraints primarily on the arrangement of the mole-
cules. In the vicinity of walls, however, constraints on the po-
sitional order also hinder place exchanges and thereby tend
to reduce the molecular mobility. In Nature, liquids are fre-
quently confined in random porous media, such as rocks.
Technological confinement geometries are frequently more
two-dimensional, e.g. in lubrication applications. In both
cases, the combination of the geometric confinement and the
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interaction of the solid substrates with the liquid affect the
behaviour of the liquid and can lead to significantly different
properties than observed in the bulk phase.

2.1.1. The breakdown of continuum theories

The structure of the solid state depends essentially on the
minimum of the potential energy of the interaction between
the particles, such as the Lennard Jones interaction for sim-
ple non-polar liquids. In the liquid state, the average separa-
tion between adjacent molecules is similar to the solid state.
However, random thermal motion allows for frequent site ex-
changes. No coherent long range order exists. In Figure 2.1,
we plot the probability of finding a second molecule at a dis-
tance r from a reference molecule in the origin for a bulk
liquid. This distribution is isotropic. The deep minimum
between zero and the particle diameter o is due to the hard
short range repulsion arising essentially from geometric over-
lap. The first maximum corresponds to a shell of nearest
neighbours surrounding (on average) the reference molecule.
After a next minimum, which is due the repulsive interaction
with the molecules in the first shell, there is another shell of,
now, second-nearest neighbours. Due to the random molecu-
lar motion discussed above, the amplitude of the second shell
is much smaller than the first one, and the same applies even
more for the third shell. Eventually, the probability drops to
the value corresponding to the bulk liquid density.

Let us now consider the forces acting between two solid sur-
faces across a liquid-filled gap. At large distances, the forces
can be described by continuum theories such as the DLVO
theory [21,22]. This theory describes the electromagnetic in-
teractions between particles or solute molecules in a liquid
medium, i.e. mainly van der Waals and electrostatic forces.
At sufficiently small separations the van der Waals attraction
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Figure 2.1: Using x-ray and neutron scattering experiments the
liquid density profile of bulk liquids is obtainable (taken from [3]).

always exceeds the double-layer repulsion since it diverges as
a power law whereas the double-layer interaction remains fi-
nite or increases comparatively slowly giving rise to an overall
attractive force. Experimentally, the DLVO theory is known
to fail for liquid films with a thickness comparable to the
molecular dimensions. In this range, the forces between two
(sufficiently, i.e. atomically, smooth) surfaces in simple lig-
uids are observed to vary between attraction and repulsion
with a periodicity matching some dimension of the confined
liquid molecules [5,8,23]. In this regime the molecular nature
of the intervening liquid must be taken into account. The
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Figure 2.2: (a) The liquid density profile at a vapour-liquid
interface. (b) The liquid density profile at an isolated solid-liquid
interface. (c) Liquid density profile in a confined system with two
solid-liquid interfaces separated by a distance D. (Taken from [3]).

exact separation at which these forces become oscillatory de-
pends on the properties of the liquid as well as that of the
surfaces. These deviations from the predictions of continuum
theory are referred to as solvation effects and the oscillatory
forces as solvation forces [4]. Oscillatory forces and large pe-
riodic density variations between two smooth solid surfaces
approaching each other in a simple liquid were first predicted
in the late 1970s [24-26]. The origin of the oscillatory forces
is closely related to the density oscillations described above.
Theoretical studies and particularly computer simulations in-
dicate that while liquid density oscillations are not, expected
to occur at a liquid-vapour (Figure 2.2(a)) or liquid-liquid
interface the situation is very different at a solid-liquid inter-
face (Figure 2.2(b)). Computer modelling of fluids at solid
surfaces show that the oscillatory solvation force originates
from the ordering of molecules in layers when the liquid is con-
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fined by the surfaces (i.e. "molecular layering") [27]. This
organisation into discrete layers in the liquid is not necessar-
ily a result of some complicated substrate-liquid interaction
but can result simply from the presence of a hard wall bar-
rier. The short-range repulsive potential forces the liquid
molecules to stay at a minimum distance. Even for a single
ideal planar wall, the same effect as described above for the
bulk liquid gives rise to a one-dimensional density oscillation
perpendicular to the surface (see Figure 2.2b). The density
modulation perpendicular to the surface typically decays to
zero within a few molecular layers and the value of the bulk
density is then observed [25,26]. In a confined system the
density modulations caused by each interface interfere with
each other (Figure 2.2(c)). The overlap of density oscillations
gives rise to the oscillatory solvation forces.

2.1.2. Experimental probes of confined liquids

The properties of a confined liquid can be investigated using
different techniques. For random porous media with large
amounts of confined liquid, techniques such as calorimetry, di-
electric spectroscopy [28], nuclear magnetic resonance [29,30],
as well as scattering techniques revealed important informa-
tion. The focus of the present thesis, however, is in on well-de-
fined pore geometries, which have mainly been studied using
the surface force apparatus (SFA) and the atomic force mi-
croscope (AFM) (see for example [8-12,31-34]). The SFA
was developed in the late 1960s [35, 36] to measure forces
between surfaces in air and is now commonly used to study
both the static and dynamic properties of liquids confined be-
tween two molecularly smooth surfaces. Typically two solids
with atomically flat surfaces are immersed in a liquid and
the force between the two surfaces is measured as a function
of the distance. As with AFMs and most other force-mea-
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Figure 2.3: A schematic diagram illustrating a typical experi-
mental SFA set-up.

suring devices, the SFA determines forces from the deflec-
tion of a spring. The displacement is measured using op-
tical, electrical, capacitive or strain-gauge techniques. The
most common technique is optical multiple beam interferom-
etry, which allows for a resolution of approximately 0.1 nm.
Thus the SFA allows the measurement of the normal and lat-
eral forces between surfaces in liquids at separations that are
precisely controlled and measured in the Angstrom range.
The force measurement itself is closely linked to the thick-
ness measurements: The base of the force-measuring spring
(see 2.3) is moved by a calibrated translation device. Any
deviation between the relative displacement of the two sur-
faces (as determined from the interferometry measurement)
and the displacement of the translation device is due a bend-
ing of the spring induced by forces acting between the two
surfaces. The force resolution thus achieved is typically in
the range of micro Newtons. A schematic diagram of the
experimental arrangement of a SFA is shown in Figure 2.3.
Typically, the surfaces have a radius of curvature on the or-
der of 1cm. The introduction of the atomic force microscope
in the mid 1980s provided a new method for measuring ul-
tra-small forces between a probe tip (that can be as small
as one atom or larger than 1 um) and a surface [37]. A use-
ful way to consider the AFM is the "small ball on a weak
sping model" illustrated in Figure 2.4(a) [38]. This model

10
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Figure 2.4: (a) The "small ball on a weak spring model" useful
for understanding the key features of an AFM. (b) A schematic
diagram of a typical AFM set-up.

emphasises the central features of the AFM as a mechanical
sensor for probing interaction forces. In contrast to the SFA
the measured quantity is not the separation of the two inter-
acting surfaces but the interaction force. This is achieved by
measuring the deflection of the spring - usually by detecting
the deflection of a laser beam that is reflected from the de-
flected cantilever spring (2.4(b) [38]). As in the case of SFA,
the mechanical system can be represented by a weak mechan-
ical spring with one of the interacting surfaces attached to
it. In practice, the spring consists of a small cantilever made
from Si or SiN with a length and width on the order 100
pm and 10 pm, respectively. The surface attached to this
cantilever is typically a sharp tip etched from the same ma-
terial with a radius of curvature at the apex between 10 and
100 nm. A detailed account of the implementation of AFM
can be found elsewhere [39] and a typical set-up is shown
in Figure 2.4(b) [38]. In the context of force measurements
in liquids, the sharp tip is frequently replaced by a colloidal
sphere with a much larger radius (e.g. 10 pm) [32,34,40-42].

11
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One problem that arises in these measurements is that the
actual separation of the two surfaces has to be inferred indi-
rectly from the force curve. Compared to SFA measurements,
this can lead to a substantial uncertainty.

2.2. Dynamics of expulsion processes

In this section we present models for the squeeze out of liquid
films in three different regimes. We begin with a purely hydro-
dynamic description assuming infinitely stiff walls. Next we
take into account the finite elasticity of the substrates which
leads to elastohydrodynamic effects. Finally, we analyse the
squeeze out dynamics of molecularly thin films, which are
affected by the discrete layer structure. This regime was de-
scribed previously by Persson et al. [1,2], whose work we are
going to summarise briefly.

2.2.1. Hydrodynamic drainage

Figure 2.5: A rigid circular disk is pushed against a flat rigid
surface. An incompressible liquid in between can be described
using the Navier-Stokes equation. Taken from [17].

Consider the situation shown in Figure 2.5, where a flat cir-

12
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cular disk is pushed with a force F' towards a flat surface in
a fluid. Both surfaces are assumed to be rigid and the liquid
behaves as a Newtonian fluid. For an incompressible liquid
the velocity field ¢(Z,t) and the pressure field P(Z,t) are ob-
tained by solving the continuity equation and the Navier-S-
tokes equation:

V=0 (2.1)

ov

5 +7-Vi= —%vpﬂjv?ﬁ. (2.2)

Here, p is the mass density and v = n/p is the kinematic
viscosity. In general one has Re < 1 for squeezing, where
Re is the Reynolds number, which is given by Re = voh/v.
Here, vg is a characteristic velocity and h is a characteristic
separation between the solid walls. Thus the liquid flow can
be regarded as laminar. Under these conditions Equation 2.2
reduces to the Stokes equation:

VP =nV3i (2.3)

In classical hydrodynamics this equation is solved using the
no-slip boundary condition. With this boundary condition
the pressure distribution for the situation shown in Figure
2.5 is given by:

3nh
13
where h = dh/dt is the approach velocity of the disk to the
plate and P,y is the external applied pressure. With these de-
finitions, the approach velocity during the squeezing process
is negative, h <0. As a consequence, the pressure P in the
film is larger than the external pressure for r < R and sep-
arating the plates (2 > 0) may lead to cavitation. Using
0o = F/7R? the thickness h(t) of the liquid layer at the time
t is determined by

P = Pext - (R2 - 7.2), (24)

1 1 4o
@ R20) 3R (25)

13
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Thus, in this purely hydrodynamic description the film thick-
ness decreases continuously with time. Similar calculations
have also been performed for a sphere plane geometry, which
has attracted a lot of interest in recent years [34,43-45].
Both, AFM and SFA experiments revealed that the classical
no-slip boundary condition is frequently violated between the
molecular and the submicrometre range [43,46].

2.2.2. Elastohydrodynamics

For a more realistic description, the surfaces usually cannot
be regarded as perfectly rigid. The pressure distribution in
the liquid during the approach deforms the surfaces elasti-
cally and this deformation then influences the flow field in
the liquid. Consider for example a soft sphere that is pushed
against a plate. In the case without liquid the contact region

Figure 2.6: a) Pushing a soft sphere against a rigid plate results
in a flat and circular contact region. b) The sphere is elastically
deformed when it is pushed against the plate in a surrounding
fluid. Taken from [17].

will be circular and flat with radius R. If P, is the the av-
erage external pressure, the pressure distribution within the

14
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contact area is given by the Hertz solution (see for e.g. [3]):

3 7\ 2
P=riy1- (%) 2.6
oy (5 (26)
Pushing the sphere against the plate in a liquid, the pressure
in the center of the contact region is larger by a factor of 4/3
compared to Equation 2.6), thus

P=2P)/1— (%)2. (2.7)

For a detailed description both the elastic and the hydrody-
namic equations have to be solved simultaneously. However,
qualitatively the difference between the hydrodynamic (Equa-
tion 2.7) and the elastic pressure gives rise to an elastic de-
formation of the sphere. This may lead to trapping of liquid
droplets (see Figure 2.6b)). The stability and squeeze out be-
haviour of liquid films in this regime have been investigated
by [47,48].

2.2.3. Layer by layer squeeze out

In order to describe the dynamics of single collapsing layers,
this section provides a summary of the findings of B.N.J Pers-
son et al. [1,2,17]. An understanding of these results forms
a solid ground work for the understanding of the results pre-
sented in the latter chapters of this dissertation.

The Persson Tosatti (PT) model considers liquid films with
a layered structure. Experimentally, this layered structure
has been observed for atomically smooth substrates at a sep-
aration of a few molecular diameters [3-5, 8, 11-14, 49, 50].
Applying an external pressure on the confining walls results
in a step-wise decrease of the film thickness.

To describe the dynamics of these expulsion processes we

15
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Figure 2.7: Schematics of the expulsion process n =2 — 1.

now consider the situation in Figure 2.7, where the expulsion
process n = 2 — 1 is schematically shown. In terms of the
PT-model the squeeze out of liquid layers is described as a
two stage process. For a transition from thickness n — (n—1)
first a small area of reduced film thickness nucleates. Once a
critical nucleus is formed it spreads and grows over the con-
tact area.

Due to a thermal fluctuation a small circular hole nucleates
in the two-dimensional liquid layer. After the nucleus has
formed the system can gain energy by elastic relaxation of
the substrates. The energy required to create this hole can

16
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be written as
U(R) = 27 RT + mR*py — aR?, (2.8)

where R denotes the radius of the island with reduced film
thickness (n — 1). The first term describes the free energy
related to the unsaturated bonds of the molecules at the pe-
riphery of the hole. Here, I" represents the line tension. The
second term in Equation 2.8 denotes the change in interface
free energy. The pressure pg is usually called the spreading
pressure [51-53]. The last term gives the elastic relaxation
energy, with a ~ P?/E (where E is the elastic modulus of
the confining walls). The probability of the nucleation of a
hole is given by the Boltzmann distribution and thus is tem-
perature dependent:

_U(Re)
w = Wpe kpT (29)

where in this equation R, is the critical radius for which U(r)
is maximal. Typically the critical radius R, ~ 10 —15 A and
is thus too small to be visualised optically. The value of the
nucleation barrier U(R,) is accessible via measuring the aver-
age force required to induce a layer expulsion process depend-
ing on the load rate. For these kinds of experiments atomic
force microscopy has been used by H.J. Butt et al. [34,44,45].
After the formation of a hole the area with reduced film thick-
ness (n-1) spreads quickly across the whole contact region.
Assuming the film to be in a liquid like state and to be incom-
pressible, the basic equations to describe the motion of the
lubrication film are the continuity equation (Equation 2.1)
and the Navier-Stokes equation (Equation 2.2). For a two
dimensional mass density pap the latter can be written as

il + VT = finwLVVzﬁfﬁﬁ. (2.10)

ot P2D

Here the last term is a "drag force", which was introduced
to describe the friction between the liquid layer and the sub-

17



2. Theory

strate. It can be shown on dimensional grounds, that both
the non-linear term on the left hand side and the viscosity
term on the right hand side can be neglected [2], which leads
to oF 1
U -

5 s Vp —7u. (2.11)
Let us assume a circular shaped contact region with radius R
and a circular nucleus at the centre of the contact area. Ne-
glecting boundary instability effects [18,54,55] the boundary
line between the area with thickness n and (n-1) remains cir-
cular with a growing radius r(t). For p;(r) being the pressure
at the moving boundary line and for py being the spreading
pressure at the edge of the contact area (r = R) one ob-

tains [2]
1A, [40] _ it o)
dt Ao pP2DT]

where A(t) = 7r? denotes the area of film thickness (n-1) and
Ap = mR? is the contact area. If P(r) is the normal stress
acting in the contact area (under the assumption of circular
symmetry) and a is the thickness of one liquid layer, it can
be found that [2,56]

(2.12)

p1 = po + P(r)a. (2.13)

For a constant normal stress Py Equation 2.13 becomes posi-
tion independent and after integration one obtains

A(t) A(t) t
n|—=|-1)=—-— 2.14
2 (% . 219
where 7 denotes the time of the complete expulsion process of
one liquid layer. An analytical solution can also be obtained

for a Hertzian pressure profile (see Section 5.1.1) [57]. Setting
A(T) = Ap results in

. P40 (2.15)

~ dm(pr —po)’

18
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In order to estimate the friction coefficient 77 one can use
Equation 2.13 including a constant normal stress Py

4T Pya

m. (2-16)

n=
For the case that the nucleation does not occur in the centre
of the contact region but slightly off-centred, the assumptions
made above are no longer valid. Thus one has to turn to
numerical simulations. Here, it is assumed that the pressure
in the contact area is constant and the non-linear and the
viscosity term in Equation 2.10 are neglected. Furthermore,
by assuming that the change of the velocity field is very slow,
one can also neglect the time derivative and Equation 2.10
can be written in a simplified form

Vp + p2pnv = 0. (2.17)

It follows that

T=Vé with ¢=-——L_ (2.18)
pP2D1N

and using the continuity equation (Equation 2.1) it finally
yields a convenient starting point for numerical treatment
[56,58]

V23 = 0. (2.19)

The difference from Equation 2.14 is the absence of the ex-
plicit time dependence. This quasistatic approximation as-
sumes that the flow field rearranges much faster than the
motion of the boundary line. As it can be seen the veloc-
ity potential ¢ can be regarded as an electrostatic potential.
Mathematically now the problem is similar to finding an elec-
trostatic potential bewteen two conducting cylinders at differ-
ent potentials given by ¢g = —po/p2p7 and ¢1 = —p1/p2p7).
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3. Experimental system
and procedures

One of the main tasks of the work in this thesis involved
the setting-up of a two-dimensional imaging surface forces
apparatus (SFA). This consisted of both setting up all the
devices necessary to perform the experiments and also of
writing the programs necessary to control the experiment
and analyse the data. One of the first SFA was developed
by J.N. Israelachvili [59]. With their instrumentation, forces
were measured as a function of surface separation. The latter
was determined using multiple beam interferometry, which is
also the key for the two-dimensional imaging technique in our
SFA. The difference between the conventional set-up and our
two-dimensional imaging SFA derives from the illumination
of the samples. To obtain a two-dimensional transmission
image we have used monochromatic light with a wavelength
on the wing of a transmission peak to illuminate the contact
region of the surfaces.

In the beginning of this chapter the experimental set-up and
all the components used for the measurements on thin liquid
films will be presented. Since the sample preparation is of
critical importance for successful experiments, the steps in-
volved will be described in detail in this chapter. To date, the
preparation procedure and the related cleanliness has been a
controversial issue. Here, we have introduced an additional
preparation step into the standard procedure in order to ob-
tain ultra-clean surfaces. In addition to the discussion of the
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3. Experimental system and procedures

equipment set-up and the preparation of the samples, the
experimental procedures and the analysis techniques of the
experimental data will also be presented.

3.1. Experimental set-up

Figure 3.1 shows a schematic sketch of the experimental set-up
of the two-dimensional imaging SFA. The key components of

Figure 3.1: Schematic diagram of the two-dimensional imaging
experimental set-up (M: mirror, L: lenses, HE: heat exchanger).

the experiment are a white light source, a grating monochro-
mator, a CCD-camera and the SFA-cell which is contained
within a temperature-controlled box. To reduce vibrations,
all the components except the lamp and its power supply
are mounted on an optical table. The complete set-up is
controlled via custom written LabView® programs. In the
following sections all components will be described in detail.
A list of the equipment used, including the relevant technical
specifications, is provided in Appendix A.
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3.1. Experimental set-up
3.1.1. Optics

A special feature of the experimental technique used in this
thesis for the investigation of thin liquid films under con-
finement is the capability of two-dimensional imaging with
a thickness resolution better than 1 nm. Recording two-di-
mensional images of the contact area in transmission allows
a detailed investigation of the dynamics of the expulsion of
single molecular layers. From the dynamics it is then possible
to determine the friction coefficient of these single molecular
layers with unprecedented sensitivity.

The sample system in SFA experiments consists of several op-
tical layers shown schematically in Figure 3.2. In the contact

Figure 3.2: A schematic diagram of a typical SFA multi-layer
system.

area the mica substrates are flattened elastically (see also
Figure 2.3). The outer layers of this multi-layer system are
silver layers with a thickness of 40-45 nm. These silver lay-
ers act as mirrors with a transmission of approximately 4%
and a reflectance of approximately 95% [60]. The mirrors are
evaporated on the backside of thin sheets of mica. In the case
of the measurements with a liquid, a liquid film is confined
between the two mica layers. Thus, the sample geometry in
SFA experiments is equivalent to a Fabry-Perot interferome-
ter and multiple beam interferometry techniques can be used
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3. Experimental system and procedures

to determine the thickness of the confined film. In the fol-
lowing, the mathematical principles used to describe optical
properties of our multi-layer system will be explained [61].

Consider a plane wave of monochromatic light, propagating
in a medium with refractive index n; incident on a trans-
parent plate with refractive index ny at the angle 6. At the
top surface of the plate this wave is divided into a reflected
wave and into a wave transmitted into the plate. The latter
wave is incident at an angle 6’ on the bottom surface and
is subsequently divided into a transmitted wave leaving the
plate and into a reflected wave, which propagates back into
the plate. This process of division of the wave continues as
indicated in Figure 3.3. These multiple reflections result in

Figure 3.3: Reflection of a plane wave in a plane parallel plate
[61].

a series of interfering beams with diminishing amplitudes on
each side of the plate [61]. The reflection and transmission
coefficients of a beam of light propagating from a medium 1
into medium 2 are given by:

ny — Ng
T = ——— 3.1
= (3.1)
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2721
tio=——""—=1+r 3.2
2= 12 (3.2)
respectively. In the case of a medium with a complex refrac-
tive index, such as for the silver mirrors used in the SFA
experiments, the reflected light wave will experience a phase

change ¢, where
12 = arg(riz). (3.3)

Increasing the number of optical layers to a system consisting
of a medium with refractive index n;, and thickness d; con-
fined between two media with refractive indices n, and n.,
the equations for the reflection and transmission coefficients
of the system become more complex:

i(Qk‘dbnb)
e = TCLb + 7ﬂbce i (3.4)
1+ roprpce’2kdons)
tabthe i(kdpny)
fae bbe€ (3.5)

= T ’I"abrbcei@kdbnb)

where k is the wavenumber in these equations. Obviously,
as the optical system is extended to include more and more
layers the analytical formulae become increasingly complex.
In order to calculate the wavelength dependent transmission
through the optical multi-layer systems used in the SFA ex-
periments (Figure 3.2), the so-called matrix method was ap-
plied [61,62]. The advantage of this method is that optical
layers can be removed or added to the system with relative
ease. The principle of this method is that each optical layer
in the system can be described with a characteristic matrix
M;, which contains all its optical properties and relates the
fields at the upper and the lower boundary. The transmission
and reflection of a system consisting of IV layers can then be
calculated using the characteristic transfer matrix M:

() =m( ) 35)
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3. Experimental system and procedures
The characteristic matrix of the whole system is given by:
N
M = [[M.. (3.7)
i=1

Consider a linearly polarised wave impinging on a system as
shown in Figure 3.4. At the upper surface of the plate one
has:

Er=Eg+E1=Eu+E.; (3.8)
and
Hy = G—O(Ei — Ey1)ng cos 01 = \/a(EtI — ) cos O
Ho Ho
(3.9)

The electric and the magnetic field in nonmagnetic media are
related through the index of refraction and the unit propaga-
tion vector:
H=,/%kxE. (3.10)
Ho

At the lower boundary the fields are given by:

En =LEn+ B = Em (3.11)
and
€0 €0
Hy = | — (B — Ey)ng cos b1 = | — Egins cos Oy
Ko Ho
(3.12)

A wave travelling through the medium with n; undergoes a
shift in-phase given by ko(2n1dcos6;11) and will be written
as kho in the following. We thus obtain

EiII = Eﬂe_ikoh and E,«H = E;H€+ikoh. (313)
Equations 3.11 and 3.12 can now be written as:

Ey = Ege” ol 4 Eljetihoh (3.14)
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Figure 3.4: Magnetic and electric fields at the boundaries of a
thin dielectric film (taken from [62]).
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and
Hy = (Eﬂe_ikoh + E;,He'Hkoh)1 le—onl cos 0;11. (3.15)
Ho
Solving these last two equations and substituting into Equa-
tions 3.8 and 3.9 yields:
E1 = Eqpcoskoh + HH(i sin koh)/pl (316)
Hy = Enprisinkgh  +  Hypcos kgh (317)

pP1 = Ei COSs ‘9iII~ (318)
V to

Similar results are obtained for a wave with E being in the
plane of incidence, but then p; has to be written as:

= ,/efo/cos Oit1- (3.19)
Ho

Thus, the matrix in Equation 3.6 is given by:

cos(koh) %sin(/ﬁ h)
M, (d) = { ipsin(lofoh) COS(kOZ)' ]

where py is given by

(3.20)

Using Equation 3.7 it is now possible to calculate a charac-
teristic matrix for any multi-layer system. The reflection and
the transmission coefficients of the multi-layer system can be
obtained from its total characteristic matrix as follows:

. (m11 + miapp)pa — (ma1 + ma2pp) (3.21)

(m11 + mi2pB)pa + (M1 + maspp)
2
t= PA (3.22)
(mi1 +mi2ps)pa + (Mma1 + Mma2ps)

with

pA = 1/e—AcosQA and PB = 4 /E—BCOSHB (3.23)
Ha UB
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characterising the outer layers A and B of the system. Includ-
ing the mathematical operations described into custom-writ-
ten MatLab programs, the transmission through the layer
systems used in our experiments can be calculated easily. For
the calculations of the transmission presented in this work,
the relatively thick glue layers were assumed to be the outer
medium (with ng,e = 1.5). The complex refractive index for
the evaporated silver mirrors was taken from [63].

One technique to determine the thickness of a medium con-
fined between the two mirrors is the so-called FECO-tech-
nique (Fringes of Equal Chromatic Order). Here, the sam-
ples are illuminated from below with white light and the
transmitted wavelengths are analysed using a spectrograph.
Knowing the refractive index of the medium between the Ag
mirrors the thickness can be calculated from the measured
transmission peaks. The procedures for these calculations
will be explained in more detail in Section 3.2.4. In con-
trast to the FECO-technique, we illuminate our sample sys-
tem from below with monochromatic light generated by a
monochromator. Adjusting the monochromator to a wave-
length at which the system shows transmission then allows
two-dimensional images to be taken from the contact area.
The white light source used in the experiments is a bright
300 W xenon arc lamp with an intensity spectrum shown
in Figure 3.5. Using a set of silver mirrors and lenses the
parallel white light is focussed to the entrance slit of a 1/8
m grating monochromator. The refraction grating used fea-
tures 1200 lines/mm. The monochromator is equipped with
entrance and exit slits which can be adjusted to six fixed val-
ues between 0.05 and 3.16 mm in width. The light at the
exit of monochromator has a triangular shaped intensity dis-
tribution AX around the central wavelength A\g. The width
of the wavelength distribution depends on the width of the
slits and can be varied in the range of AX = 0.28..10.00
nm. Using a lens, the divergent light at the exit of the
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Figure 3.5: Intensity spectrum of the Xe-arc-lamp recorded with
the CCD-camera used.

monochromator is made parallel and fed with another mir-
ror through the sample system mounted in the SFA-cell. In
order to determine the thickness of the single layers from
the wavelength of the transmitted light it is of crucial im-
portance to know the wavelength of the monochromatic light
as accurately as possible. Thus a Hg-Ar-lamp is used to
calibrate the monochromator. The lines at A\1=435.833 nm
and A\5=546.074 nm from the Hg-Ar-lamp spectra were used
for the calibration. A digital CCD-camera with 1360x1024
pixels and 12 bit resolution is used to record the transmitted
light. The maximum frame rate at full frame acquisition is 10
frames/s. Operating the camera in a 2x2 binning mode the
maximum frame rate can be increased to 20 frames/s. To
collect the light transmitted through the samples the cam-
era is equipped with long distance microscope objectives (5x
magnification: NA=0.13, WD=22.5 mm; 20x magnification:
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NA=0.35, WD=20.5 mm). This results in a maximum lat-
eral resolution of 0.98 pixel um~! for the 5x magnification
and 4.17 pixel um~! for 20x magnification which is beyond
the optical resolution.

3.1.2. The SFA-cell

The central feature of all the experiments performed in this
thesis are custom designed experimental cells. Two unique
cells have been developed, each taking into account the spe-
cific requirements of the experiments being performed. SFA1
was designed exclusively for use in the optical experiments
concerning the collapsing dynamics of single liquid layers.
SFA2 was designed specifically with structure analysing x-ray
scattering experiments in mind. A description of the features
of both cells follows in the remainder of this section.

Figure 3.6: Schematic sketch of SFA1 (S: sample holder, C:
cantilever)

A schematic sketch of SFA1 is shown in Figure 3.6. The
chamber itself is manufactured from stainless steel and has a
diameter of 120 mm and a height of 45 mm. In contrast to the
conventional design, we tried to reduce the mechanical loop
between the two mica surfaces by attaching the upper sample
directly to the top wall of the cell via a leaf spring. The spring
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constant of this cantilever is kecantitever = (110 £ 10) N/m.
The lower sample support is mounted rigidly onto the centre
plate also made of stainless steel. The centre plate is pressed
against three micrometer screws via three steel springs. The
spring constant of these springs (Kspring = 1.215 kN/m) is
much higher than that of the cantilever. The micrometer
screws are used for the coarse approach of the two surfaces.
Furthermore, it is possible to align the surfaces with these
screws. For an additional lateral translation of the centre
plate, two further micrometer screws are provided in the side
wall of the cell. The centre plate is pressed against these
screws again with two springs. The fine approach of the
surfaces is controlled via magnetic forces. For this purpose
the upper sample support is equipped with strong permanent
magnets (NdFeB). A magnetic coil placed on top of the cell
generates a magnetic field acting on the permanent magnets.
Thus the fine approach of the upper sample is controlled via
the applied current to the coil, which in turn is provided by
a remote-controlled power supply. The conversion factor for
the current set-up is 1.926-1072 N/A. Due to the current lim-
itation of the magnetic coil this results in a maximum force
of 50 mN. For our measurements it is of critical importance
that the samples do not perform a rolling motion on each
other. Thus the set-up is such that the force is generated at
the flexible end of the cantilever, the spring leaf bends and
the surfaces are brought into contact by increasing the exter-
nal force. Once the surfaces are in contact, the spring leaf
no longer deforms and an increasing external force results di-
rectly in an increasing pressure within the contact area.

In SFA1 the light is fed through thin glass windows in the
top and the bottom wall of the cell. Two additional windows
in the side walls allow the samples to be viewed thus sim-
plifying the alignment and the injection of the liquid. The
liquid is injected with a thin needle and a syringe through a
rubber septum in the side wall. To ensure controlled condi-
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tions a temperature sensor is installed close to the position
of the lower sample inside the centre plate. The electrical
connection is via a plug in the top wall. Additionally, two
valves in the side wall allow the cell to be flushed with dry
nitrogen. During the experiments with octamethylcyclote-
trasiloxane (OMCTS), a small container with P>Os acting as
drying agent is placed in the SFA chamber.

SFA2 was designed for experiments investigating the in-plane
structure of the molecularly thin lubricant layers. This can
be achieved with x-ray scattering experiments. With a thick-
ness in the range of a few nanometers the scattering signal
of the liquid films is quite small. Therefore it is necessary to
optimise the signal to noise ratio. For this purpose the whole
set-up was placed in a vacuum pot. For the investigation of
the liquid films it is not possible to evacuate the chamber
volume, as this would result in the evaporation of the liquid
and thus the chamber volume for SFA2 was designed as small
as possible. Figure 3.7 shows the design of SFA2. The upper
sample in cell SFA2 is rigidly mounted to the top plate, and
the bottom surface is mounted onto a piezo-tube. The piezo
has a four segment electrode on the outside and thus can be
used for both fine approach and applying shear forces (by
bending the piezo). The piezo is computer controlled via a
DAAD-board in combination with a high voltage amplifier
with five independent channels (ElbaTech). It can be dis-
placed +8 pm in the horizontal and 4+1.5 ym in the vertical
direction and is mounted on a rotation stage which allows
the alignment of the lower surface with respect to the up-
per sample within a range of £5°. The wall of the sample
chamber is a ring made of teflon. The gap between the ring
and the top of the piezo-tube is sealed with a flexible rubber
membrane. The top plate is pressed against three microm-
eter screws with springs. The fine screws allow alignment
and coarse approach of the surfaces. One of the micrometer
screws is motorised with a pico-motor and can be controlled

33



3. Experimental system and procedures

Figure 3.7: Schematic sketch of SFA2 (S1, S2: upper and lower
sample, RM: rubber membrane, P: piezo (length: 2.5”, @: 0.5,
Staveley Sensors)).

with the computer. One step of the motor corresponds to
an approach of the surfaces by 5 nm. In order to change
the area of contact on the surfaces the top-plate, including
the sample chamber, is mounted on an x-y-translation stage,
which allows for a lateral translation by £3 mm of the top
plate relative to the piezo tube. The temperature can be
measured with a Pt100 resistor, which is placed inside the
top-plate close to the sample position. To ensure dry con-
ditions within the sample chamber again a container with
drying agent P>Os can be inserted.

SFA2 was used for x-ray scattering experiments at the ESRF
in Grenoble described in detail in Section 6.1. As already
mentioned above, the cell was mounted in a vacuum pot to
reduce the air scattering. Thus, the method of temperature
control described in Section 3.1.3 is not possible. In order to
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allow temperature control two heating resistors are mounted
to the top plate. This allows at least a change and stabili-
sation to temperatures higher than the environmental tem-
perature. The heat resistors are connected to a computer
controlled power supply and the temperature is controlled in
combination with the Pt100 resistor via a purpose-written
LabView® program with an integrated PID-control loop.
Two different types of sample supports were used for the ex-
periments in this thesis. One type of sample support involves
gluing the samples onto cylindrical lenses made of quartz
glass with a radius of curvature of Rjenses = 2 cm. The lenses
are clamped into supports made of stainless steel, whilst the
support for the upper sample has permanent magnets. The
advantage of the cylindrical lenses is the relatively easy clean-
ing procedure and sample mounting. An alternative way to
assemble the samples was also used and is as follows. In-
stead of the cylindrical lenses, conventional microscope cover
slides with a thickness of approximately 80 ym can be used,
which are clamped on stainless steel sample holders. These
sample holders can be easily and affordably manufactured
with different radii of curvature. For the set-up described
here sample holders with radii of curvature of Ry = 5 cm
and Ry = 7 cm were made. Here again, the support for the
upper sample is equipped with magnets. As well as being
affordable to produce, these sample holders offer further ad-
vantages in the preparation procedure. The origin of these
advantages lies in the flat geometry that is obtainable when
the mica surfaces are glued onto the thin glass sheets. This
flat geometry makes it possible for the surfaces to be chem-
ically patterned, i.e. with micro-contact printing and also
means that the samples are amenable to further characteri-
sation techniques, for e.g. with AFM. Furthermore the thin
glass sheets can be used for x-ray scattering experiments,
which will be explained below.
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3.1.3. Temperature control

For experiments requiring controlled temperatures it is possi-
ble to mount the cell inside a thermally insulated box. This
box is made of 10 mm thick PVC plates. The inside of the
walls are covered with 15 mm thick plates of Styrofoam.
Fast temperature changes are possible owing to the small
volume of the box (0.2 x 0.3 x 0.2 m?). The front wall of the
box is equipped with an entrance window for the monochro-
matic light. The microscope objective penetrates into the
box through a hole in the top wall. The gap between the ob-
jective and the PVC plate is sealed with a rubber membrane.
Inside the box a liquid-air heat exchanger with a low noise
fan is mounted. The temperature and flow of the liquid, a
mixture of monoethylene glycol and water, is controlled via
an external computer operated thermostat. The temperature
in the reservoir of the thermostat with this liquid mixture can
be adjusted within the range of -30...90°C. The thermostat
has an internal proportional-integral temperature controller.
It can be controlled either by the reservoir temperature or
by an external temperature measured with a Pt100 resistor,
as mounted in both SFA cells. A stable temperature, with
fluctuations of less than 10 mK, can be obtained for hours at
a time. The thermal response time differs significantly in the
two SFA cells. SFA1 consists of thick steel walls, which re-
sults in a large heat capacity. Furthermore, the thermal con-
tact to the centre plate, where the Pt100 resistor is mounted,
is only by air and the points where the plate is in contact with
the micrometer screws and the springs. Thus the thermal re-
sponse time is very long and a change of temperature by 1°C
requires 2 to 3 hours for equilibration. In comparison, SFA2
with a much smaller sample volume, is stabilised within ap-
proximately 20 minutes for a temperature step of 1°C, if the
feedback is set to the sample temperature.
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Figure 3.8: Thermal response of SFA2 to a temperature change
of 1°C. (closed circles: temperature of thermostat reservoir; open
circles: temperature close to sample position; line: setpoint). In-
set: Long-time temperature stability of SFA2 measured at sample
position.

3.2. Experimental procedures

3.2.1. Sample preparation

To study the behaviour of thin liquid films in confined geome-
tries in the nanometer range, atomically smooth surfaces are
required. The contact area in SFA experiments has a diame-
ter of up to 100 ym. Thus for reliable experiments it is nec-
essary to prepare samples with an atomically smooth surface
over rather vast distances (=~ 1 cm?). The only material that
provides such high surface quality is mica. Mica is a generic
term for a wide range of hydrous aluminum silicate minerals
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characterised by a sheet like structure. Depending on its com-
position it possesses, to varying degrees, the ability to be split
into thin sheets. Mica forms flat quasi-hexagonal crystals and
the cleavage is parallel to the basal plane. Depending on the
chemical composition mica can be classified into a wide range
of different types. The only natural micas of commercial im-
portance are phlogopite and muscovite [64]. The substrates
used for the work presented in this dissertation were obtained
from muscovite mica (KoAly(AL5SigO20)(OH)4) exclusively.
The basic building unit is a sheet in which each tetrahedrally
coordinated cation shares three of its coordinating oxygens
with adjacent tetrahedrally coordinated cations. The struc-

Figure 3.9: Diagram to illustrate the layer structure of mica.
The illustration shows a view perpendicular to the plane in which
the tetrahedral sheets lie in the mica structure (the (001)-plane).

ture of mica is built of these tetrahedral layers (T-layers),
which are stacked with the non-bridging oxygens of one layer
pointed towards the non-bridging oxygens of the next layer
(see Figure 3.9). Between these two T-layers the non-bridging
oxygen atoms form a layer of 6-fold octahedrally coordinated
sites (O-layer) and thus these three layers form a T-O-T-layer
package [65]. Adjacent T-O-T-layers are stacked with their
non-bridging oxygens facing towards each other. Since the
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non-bridging oxygens are all bound to two tetrahedrally co-
ordinated cations, they are essentially satisfied when it comes
to bonding and contribute little electron density for bonding
cations, that lie between two adjacent T-O-T-layer packages.
These cations are called interlayer cations and are in large
(12-fold) sites with very weak bonds to the adjacent T-lay-
ers. These weak bonds to the interlayer cations are the reason
for the very good cleavage of mica on their (001)-planes. In
the case of di-octahedral muscovite, where only two of the
three octahedral sites are occupied, the interlayer consists of
potassium cations.

Mica is a birefringent material. The (001) cleavage plane
contains the § and v axes as shown in Figure 3.10 However,

Figure 3.10: Crystallographic axes of mica. The refractive in-
dices along the axes are n, = 1.552, ng = 1.582 and n., = 1.587,
respectively. [66]

mica is a natural material and the refractive indices can be
found in a range of n, = 1.552...1.570, ng = 1.582...1.670
and n, = 1.587...1.611 [64]. The dispersion can be taken
into account by the parameter b, that one obtains for the
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wavelength dependent refractive index [67]:

n(\) =n+ A% (3.24)

The parameter can adopt values between b = (4.76...5.89) -
1073, where X is expressed in micrometres in Equation 3.24.
The usual mica cleaving procedure consists of several succes-
sive cleaving steps (see Figure 3.11) and is performed in a lam-
inar flow box to minimise contamination. A large (~ 10 x 10
cm?) and thick sheet of as-received mica is cleaved until a
sheet, several square centimeters in area and of the order of
a few microns thick, is obtained. Using a thin and sharp pin,
the mica sheet is initially cleaved along its edge and then
is subsequently cleaved carefully by hand. Immediately af-
ter cleaving the mica down to a thickness of roughly 10 ym
the thin mica sheet is cut into pieces of (1 x 2 cm?) with a
glowing wire [68—70]. The custom-built cutting set-up used
in our experiments consisted of a thin (0.1 mm in diameter)
Pt/Ir-wire (80%/20%) attached to an x-y-translation stage.
To cut the mica a current is applied until the wire glows
bright red. For storage and for the following preparation
steps the mica substrates, obtained by the process described
above, are placed on a freshly cleaved thick mica sheet, the so-
called backing sheet. The backing sheets with the adhered
mica substrates are then placed in to a vacuum chamber,
where thin silver mirrors are deposited by thermal evapora-
tion. After the silver deposition the substrates are removed
carefully with tweezers from the backing sheet in a laminar
flow box and are immediately glued with a thermosetting
epoxy glue, silver side down, onto a sample holder. In order
to do this the sample support is placed on a heating plate
and heated to approximately 80°C. A sheet of freshly pre-
pared mica is cut in the middle with a sharp scalpel so that
two mica pieces of approximately the same size are obtained.
These two pieces are therefore of the same thickness and pos-
sess the same orientation of the mica lattice. This must be
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Figure 3.11: Mica preparation method: a) A large piece of mica
is cleaved down to a thickness of several pm using a sharp nee-
dle. b) The thin mica is cut into small pieces of ~ (1 x 2) cm?
with a glowing Pt/Ir-wire. c¢) The mica pieces are glued with a
thermosetting epoxy-glue onto the sample support. d) For the re-
cleaving process the mica samples are cut carefully with a scalpel
at their edges. e) Using adhesive tape a few layers of mica are
cleaved from the sample.

taken into account when orienting the substrates onto the
support. Using the optical birefringence of mica the lattice
orientation can easily be confirmed.

The preparation procedure described up to this point was
the standard method for most experiments over the last few
decades [4,8,11,12,14]. Recently it was found that the pre-
pared mica surfaces, which are supposed to be clean, are in
fact contaminated by small particles [69]. These nanopar-
ticles are typically 20-25 nm in diameter and 2-3 nm high
and arise from the cutting process with the glowing platinum
wire. Atomic force microscopy images have been taken from
the prepared mica samples and indeed the results showed that
the surfaces were not atomically smooth, but instead were
covered with small particles (see Figure 3.12). The degree of
coverage depends on the thickness of the mica sheet cut with
the platinum wire. Obviously, on a nanometer scale, these
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Figure 3.12: AFM images taken from the prepared mica sam-
ples. In a) the surface was prepared using the standard procedure.
Here, clearly the nanoparticles due to the hot wire cutting can be
seen. The particles have a height of a few nanometers and a
diameter of a few tens of nanometers. b) After performing the
re-cleaving step, the surface is free of these nanoparticles.

nanoparticles influence the behaviour of the adjacent liquid
dramatically. SFA measurements performed with these sur-
faces may lead to erroneous interpretations.

In the past, different methods to prevent this surface contam-
ination were presented [68,71,72]. To obtain contamination
free samples for our experiments, a procedure based on the
method first presented by P. Frantz and M. Salmeron [68]
was used. The original motivation for their novel prepara-
tion method was based on eliminating organic layers on the
mica surface. Even mica surfaces that have been carefully
prepared in a laminar flow box will have contamination due
to adsorption of carbon compounds originating from the am-
bient air. In order to eliminate this contamination, they de-
veloped a tape-cleaving technique. For that relatively thick
mica samples (between 4 and 8 pum) were prepared with the
standard procedure. After evaporating the Ag mirror they
were glued on silica lenses and a piece of adhesive tape was
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applied to the mica surface. Immediately before the experi-
ment the mica samples were recleaved by peeling off the tape.
A slightly modified version of this technique has been further
developed by us and is described in following paragraph (see
also Figure 3.11 d)-e)).

After gluing the mica pieces to the support, the substrates are
cut with a scalpel very carefully along their edges. Immedi-
ately prior to the experiment, a piece of adhesive tape is used
to re-cleave the mica carefully. These steps can be repeated
a few times and guarantee a freshly cleaved mica substrate.
The surfaces obtained with this procedure are free of any
contamination due to the preceding preparation steps. In
particular, the surfaces are free of nanoparticles (see Figure
3.12b)). Furthermore absorbed organic molecules from the
ambient atmosphere are removed with this re-cleaving step.
Mica sheets with a thickness of only a few micrometers are
very difficult to handle. These very thin mica foils flutter in
the air-flow of the laminar flow chamber and often fold up.
Furthermore it is difficult to take the mica samples from the
backing sheet after the silver deposition, without disrupting
them. Also, if the epoxy glue layer is not thin enough the very
thin mica sheets have a tendency to wrinkle uncontrollable
and thus make it difficult to obtain a smooth surface topogra-
phy. All these problems can be avoided with the re-cleaving
technique. Here, the mica samples can be prepared with a
thickness between 10...20 ym. This allows for much easier
handling and also means that the surface topography is well
defined. Once a thick layer of glue is molten on the support,
the mica sheet spreads the glue effectively underneath it to
adopt a curvature identically to the support. To obtain a
good optical resolution, the combined thickness of both mica
samples should be in the range of darica totar = 1...6 pm.
Different thicknesses of the substrates can be obtained by
several successive re-cleaving steps.

The only disadvantage compared to the conventional tech-
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nique is the loss of the symmetry of the system. In experi-
ments without the re-cleaving procedure the upper and the
lower sample are of the same thickness and the system is sym-
metric. In the re-cleaved system this symmetry is lost. For a
measurement of the absolute change in distance of separation
between the surfaces it is therefore necessary to determine
the asymmetry A between both samples. A definition of this
asymmetry A and its influence on the measurements will be
given in section 4.1.1.

3.2.2. OMCTS

The experiments in this dissertation were all performed with
octamethylcyclotetrasiloxane (OMCTS) with the chemical
structure formula (Si0)4(CHsz)s. OMCTS has already been

Figure 3.13: OMCTS molecule

used in earlier investigations by others [5,11,12, 14, 15, 73]
and is thus well established as a model liquid for SFA ex-
periments. This non-polar silicone oil has reasonably rigid,
quasi-spherical molecules as shown in Figure 3.13. More pre-
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cisely, the molecule is an oblate spheroid of major diameter of
1.0-1.1 nm and minor diameter of 0.7-0.8 nm, respectively [8].
OMCTS is inert and has a low dipole moment of y = 0.42
D [5] and with a melting point of T},,, = 17.5°C is liquid at
room temperature. The dielectric constant is € = 2.3 and the
refractive index is n = 1.3968. A summary of the properties
of OMCTS is shown in Table 3.1. In contrast to experiments

Table 3.1: Properties of Octamethylcyclotetrasiloxane (OM-
CTS)

Molecular formula (5i0)4(CHs)s
Molecular weight 296.62
density p 0.956 g/cm?
melting point 17-19°C
boiling point 175-176°C
vapor pressure (20°C) 0.93 mbar
water solubility 56 ppb
surface tension o 18.796 mN/m
dipole moment p 042D
dielectric constant e (20°C) 2.318
refractive index n (20°C) 1.3968
bulk viscosity 7 (25°C) 2.2 x 1073 Pas

performed by other groups the liquid was not distilled for our
investigations. OMCTS was used as received with a degree
of purity of >99%. The impurity level, in particular of non-
cyclic molecules was below the detection level of NMR-spec-
troscopy !. The effect of water concentration in OMCTS
plays an important role for the observation of the molecu-
lar layering transitions. H.K. Christenson et al. performed

The NMR measurements were performed by the group of Prof. Dr.
K. Landfester, Department of Organic Chemistry III, University of
Ulm
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measurements of the solvation force between mica surfaces
in a SFA across a thin film of OMCTS with different concen-
trations of water [5,49]. The thermodynamically significant
quantity for the water concentration is the activity a,,. The
water activity a,, is proportional to the mole fraction and
is equal to one for a saturated solution. For increasing wa-
ter activity they observed a decrease of the amplitude of the
oscillating solvation force. Furthermore, some of the inner os-
cillations were found to be inaccessible for the measurements
and the adhesion at the contact area of the mica surfaces in-
creased dramatically with increasing a,,. It is known that in
binary mixtures of OMCTS with smaller molecules the range
and the amplitude of the oscillating force profile are reduced.
For instance, this is the case for a mixture of OMCTS and
cyclohexane [33] and can be understood in terms of simple
packing of the molecules. But in the case of water and OM-
CTS it is different. The observations can be described with
two separate effects. A higher water concentration in the
OMCTS results in an increased excess of water at the sur-
face. Due to the polar character of mica and water, water
exhibits a greater affinity to mica than OMCTS (which has a
small but nonzero contact angle on mica [49]). Thus, discrete
water molecules adsorb on the surface, which may lead to a
kind of surface roughness effect. This disrupts the molecular
ordering of the OMCTS molecules due to the confining mica
surfaces [49]. As a consequence, the long range forces smear
out with increasing surface separation. The second effect is
a phase separation or spontaneous condensation of water at
large surface separations. This leads to sudden jumps of the
surfaces into contact from a separation equivalent to three
molecular layers and to a very large contact adhesion.

Here, we are interested in the observation of the collapse dy-
namics of liquid layers depending on the number n of confined
molecular layers, especially for n = 5...1. Measurements of
the water content of the received OMCTS using Fischer titra-
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tion yielded 63 ppm water. Because of the significant effect
of water described above, the OMCTS was stored for 2 to 3
days over a 4 A molecular sieve to extract the residual wa-
ter. After this treatment a water content of only 3 ppm was
measured. The experiments were then performed with a con-
tainer of phosphorous pentoxide inside the SFA-chamber to
assure water activity of a,, = 0.

3.2.3. The experiment

After installing the samples into the SFA-cell the cell itself
is flushed with dry nitrogen to obtain controlled environmen-
tal conditions. The dry atmosphere is also necessary to make
sure that the samples are not disrupted as a result of the very
strong adhesion that occurs in the presence of adsorbed wa-
ter from humid air. Then the mica surfaces are brought into
contact and the transmission through the system is recorded
depending on the wavelength. To determine the thickness
of the samples at least two transmission peaks have to be
recorded. Due to the sensitivity of the CCD-camera, these
transmission spectra can be taken in the range between 400
and 600 nm. From the position of these peaks the thickness
is calculated using the FSC technique, described in Section
3.2.4.

In the beginning of an experimental run, two-dimensional
transmission images were acquired for a range of wavelengths
and saved to disk, that one obtains a three dimensional set
of data (with the x- and y-axis of the transmission images
and the wavelength A\ as coordinates). Figure 3.14 shows a
typical transmission image of two mica surfaces in contact,
which is in principal a cut through the 3d set of data at a
certain \g. In this image, the wavelength was adjusted to
the wing of a transmission peak of the contact area. In the
centre of this image, the roughly circular area of contact can
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Figure 3.14: A typical transmission image of two mica samples
in contact. The wavelength is adjusted to the wing of a transmis-
sion peak of the system. The wavelength distribution due to the
adjusted slit width at the exit of the monochromator is A\ = +2
nm around A\g. Due to an elastic deformation the samples are flat-
tened in the contact region. The homogeneous gray level of the
contact area reflects the uniform thickness between the silver mir-
rors. Outside the contact area Newton fringes can be seen. The
lateral separation between the fringes is determined by % = nAd.

be seen. Here, the distance between the outer silver mirrors
is uniform due to an elastic flattening of the substrates. This
uniformity is represented in the image by a homogenous gray
level. Around the contact area Newton fringes are observed.
The distance between two adjacent fringes is equivalent to
a change in gap distance of half the wavelength times the
refractive index, A\/2 = nAd. Due to the crossed cylinder
configuration of the samples, which is equivalent to a sphere
on a flat surface, the lateral separation between adjacent New-
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ton fringes becomes smaller for increasing distances from the
contact area. In order to extract thickness information, the

Figure 3.15: Cross section through the 3d dataset at a certain
x-coordinate in the contact area. This representation is similar
to conventional FECO data. The straight segment represents the
contact area. The break in the fringes on both sides of the contact
area is due to a capillary liquid neck. The shape of the fringes
provides information about the monochromatic order.

intensity of the transmitted light inside the contact area is
plotted against the wavelength A. The intensity is usually
averaged laterally over an area of approximately (5 x 5) pm?
in order to reduce noise. The result is a transmission spec-
trum of the contact area, where the thickness can now be
calculated from the peak positions.

In order to save time and disk space, the transmission spec-
trum can be recorded in a different way. Instead of recording
complete transmission images, the intensity averaged over
5 horizontal lines is recorded depending on the wavelength.
This results in a (m X n)-matrix, where n is the number
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Figure 3.16: Cross section through the 3d dataset through a
certain x-y-area in the contact area. The intensity in the area
is averaged and then plotted versus the wavelength. From these
plots it is possible to determine the thickness of the system (see
Section 3.2.4).

of horizontal pixels and m is the number of measurements
at different wavelengths. The matrix can be displayed as a
2-dimensional image, in which the x-axis represents the lat-
eral position in the transmission image and the y-axis is the
wavelength . This kind of plot is identical to the FECO-tech-
nique and is shown in Figure 3.15.

In the plot shown in Figure 3.15 one can see the following.
The straight segment at a lateral position between 500 and
600 pm represents the contact area. The break in the fringes
close to the contact area is due to a liquid neck formed by
capillary condensation of OMCTS. The order of the fringes
can be seen by the shape of the intensity [74]. In the present
two-dimensional representation the upper fringe at A ~ 497
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nm is of odd order, and the next fringe at A ~ 520 nm is
of even order. To obtain a wavelength spectrum to deter-
mine the thickness of the system, vertical cross-sections can
be extracted from these two-dimensional representations of
the spectral data versus one spatial coordinate (see Figure
3.16).

Figure 3.17: Formation of OMCTS neck due to capillary con-
densation. The image was taken approximately 8 minutes after
injecting the liquid (T=23°C). The additional fringe (indicated by
the arrow) refers to the edge of the liquid neck.

After the acquisition of the reference spectra of the samples
in dry contact, the liquid is injected into the SFA-cell with
a syringe. OMCTS is injected not directly onto the mica
surfaces, but instead onto the centre plate of the SFA close
to the sample position. The advantage of this method is
that no mica particles (possibly created during the re-cleav-
ing process) are able to flow over the surfaces. Instead, the
liquid is transported to the sample surface via the vapour
phase. During and after the injection process, the surfaces
must remain in contact. Then, due to capillary condensation,
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the OMCTS condenses in the pore generated at the edge of
the contact area. This results in the formation of a liquid
neck around the contact area within the first few minutes
after the injection. The growth rate of the liquid neck de-
pends on the vapour pressure of the liquid used. Figure 3.17
shows an image taken after the injection of OMCTS into the
SFA-cell. The temperature in this experiment was adjusted
to Tspa = 23°C. The wavelength of the incident monochro-
matic light was adjusted in order to visualise the liquid neck.
After approximately one hour the diameter of the liquid neck
is about 0.5 mm at room temperature. At this stage, the sur-
faces are separated using the magnetic force generated by the
coil on top of the cell and brought again together at a sepa-
ration of a few microns. The system is then stabilised for a
few minutes at this separation.

3.2.4. Data analysis

The total thickness of the mica samples and subsequently
the thickness of the confined liquid films is calculated from
the recorded transmission spectra. In order to do this the
so-called Fast Spectral Correlation (FSC) method, originally
developed by Heuberger et al. [75], is used. A short descrip-
tion of this numerical tool (based on [75,76]) which allows
the quick and precise analysis of the measured spectra will
be given in the following.

The aim of this method is to determine the thickness of the
system by fitting the transmission spectrum. It would require
a large computational expense to perform a fitting routine
to the complete experimental transmission spectrum. The
FSC method reduces this expense enormously. Here, only the
wavelengths of the transmission peaks are used for the fitting
routine. The fitting parameter in our case is, for example,
the total thickness of the mica samples d,ica,t0t in dry con-
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tact. The correlation is maximised by finding an appropriate
value for dicq,t0r- For this purpose the wavelengths of the
peaks in the measured transmission spectrum are extracted.
The peak detection is performed with an algorithm written
in MatLab. Setting a certain intensity threshold value results
in a number of pixel arrays with intensity values above the
threshold. Each array corresponds to one transmission peak.
The maximum value of the peaks are found by a polynomial
fit of 5th order to every single array. The result of the peak
detection algorithm is a vector A containing the wavelengths
of the transmission maxima:

A
. A2
A=|" (3.25)

AN
For the thickness determination using FSC the transmission
T()\;, d) is calculated only at the wavelengths given with A
with d being the parameter. For every thickness value the
value for the FSC function Trsc is calculated as the sum

of the calculated transmission at the wavelengths \; for the

thickness d:
N

Teso(R,d) = T(\;,d) (3:26)
i=1

If the corresponding refractive index m of the medium is
known, the FSC function Trgc is the fitting argument for
the determination of the thickness d. Figure 3.18(a) displays
the plot of Trsc against d for a calculated transmission spec-
trum with the transmission peaks at \; (see Figure 3.18(b)).
The sharp peak represents the thickness, where the correla-
tion is maximised.
FSC can also be applied for the simultaneous determination
of two parameters, e.g. within the scope of this thesis the
asymmetry A of the mica substrates (see Section 4.1.1) and
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(b)

Figure 3.18: Principle of the FSC method. Using the matrix
method the transmission is calculated for the parameter d at the
peak positions \; extracted from an experiment. The value of
Trsc is the sum of the transmission calculated at \;, where i
numerates the number of transmission peaks. A maximum corre-
lation is obtained for the thickness denoted with B in (a). The
corresponding transmission spectrum is represented with a solid
line. The dashed line shows the spectrum calculated for the value
at position A.
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the thickness of the liquid film. For this it is necessary to
know the total thickness of the substrates in dry contact and
the refractive index of the liquid. The result of the FSC in
this case is a two-dimensional plot as is shown in Figure 3.19.

Figure 3.19: Two dimensional representation of the FSC func-
tion for the evaluation of gap layer thickness and substrate asym-
metry. The peak positions are extracted from a calculated trans-
mission spectrum (dmica,tor = 2 pm, A = 0.25, dgqp = 500 nm,
NGap = 1.396).

95



3. Experimental system and procedures

56



4. Optical sample
characterisation

At the beginning of each experiment the samples must first
be characterised. In particular, the total thickness of the up-
per and lower mica sheet has to be determined, when they
are in contact. The asymmetry A of the upper and lower
sample is an important parameter for the determination of
the thickness of the confined liquid films. The procedure for
analysing the asymmetry of the mica samples and thickness
of both samples and liquid film, will be described in Section
4.1.1.

Importantly, in this chapter, the results of the measurements
with the two-dimensional imaging SFA will now be presented.
First, the properties of the mica samples investigated from
a transmission spectrum in dry contact will be discussed.
With these results, the thickness of media confined between
the mica sheets and, in particular, the thickness of thin lig-
uid films can be determined. The film thickness for different
numbers of molecular layers can be measured via the FSC
method (a technique described in detail in Section 3.2.4) or
the change in thickness for one expulsion process can be ob-
tained from the change of intensity of the transmitted light
through the area of contact.
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4.1. Mica substrates

Independent of the method of data acquisition, either with
full image acquisition or with the FECO-like technique, the
final set of data required for the determination of the thick-
ness of the system is a wavelength spectrum, as shown with
open circles in Figure 4.1.

Figure 4.1: Experimental transmission spectrum (open circles).
The solid line represents the calculated transmission spectrum in-
cluding f— and ~y—polarisation for the total mica thickness of
dMica,tot = 18159 .

From the wavelength of the transmission peaks the thick-
ness of the substrates in dry contact is then calculated using
the FSC technique, as described in section 3.2.4. Figure 4.2
shows the resulting plot of the FSC analysis. The value of
darica,total =1.8159 pm for the thickness at the position of the
peak represents the mica thickness with the best correlation
between the experimental data and the calculated transmis-
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4.1. Mica substrates

Figure 4.2: The result of FSC analysis for the transmission peaks
of Figure 4.1. (A = 428.85 nm, Ay = 460.43 nm, A3 = 497.46 nm,
A4 = 541.12 nm; silver mirror dagy = 45.1 nm).

sion spectrum. In the next step, the transmission spectrum
for the system is calculated with this value for the total mica
thickness and compared with the experimental data. The ab-
solute positions of the peaks are already in good agreement
when only one refractive index is included for the calculation.
The deviation between the experimental and the calculated
peaks is typically less than 1 A. The result is a thickness
resolution for the current system on the order of 0.2 nm. Al-
though the wavelength distribution of AX = +2 nm due to
the adjusted slit width on the monochromator is included
in the calculation, there is still a discrepancy in the width
of the experimental and the simulated transmission peaks.
The reason for this deviation can be explained by the bire-
fringence of the mica. The illumination for this experiment
was performed with non-polarised light. Therefore it has to
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be taken into account that both refractive indices ng and
n., [77,78] of the mica contribute equally to the transmis-
sion. The birefringence results in a peak separation for the
(- and the ~-polarisation of the incident light. Figure 4.3

Figure 4.3: Simulated transmission for - and ~-polarisation
(ng = 1.5794 +4.76 - 1072 1/)\? and ns = 1.5838 + 4.76 - 102
1/A?). Using unpolarised light yields the sum of both and thus to
a broader peak than expected from the wavelength distribution
from the monochromator. The separation between the - and the
~v-peak is 1.3 nm

displays the separately calculated transmission for both po-
larisations. The separation AAg, = Ag — A, between the §-
and the y-peak depends on the birefringence An = ng — n,
of the mica and the wavelength and can be obtained from
A
Ax="D0 (4.1)
Ny
whereas A, depends on the thickness of the mica. Calculating
the sum of both peaks is equivalent to the case of a measure-
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ment with unpolarized light (solid line). The width of the
resulting peak is obviously larger than the width of a peak
calculated with just one refractive index and the wavelength
distribution AX. A comparison of the calculated transmis-
sion (including the birefringence of the mica) with the exper-
imental data is shown as a solid line in Figure 4.1. Now, the
peak position and the width of the transmission peaks are
in very good agreement. Concerning the measured absolute
transmitted intensity (i.e. the peak height) deviations from
the calculation with the matrix method were found. These
deviations are probably related to the dispersion function of
the Ag mirrors. The dispersion function was taken for evapo-
rated films from the literature [63] but we did not measure it
in separate experiments. However, it was checked that these
deviations can be neglected for the determination of the mica
and liquid film thickness. To obtain a better comparison be-
tween the experimental and calculated data the intensity of
each experimentally measured peak in Figure 4.1 was nor-
malised independently to the height of the corresponding cal-
culated peak.

4.1.1. Substrate asymmetry

Due to the tape re-cleaving procedure used to obtain parti-
cle-free mica surfaces, the thickness of the upper and lower
sample are different. For an accurate determination of the
thickness of a thin liquid between the mica sheets this asym-
metry is of crucial importance. Two independent methods
were used to determine the asymmetry A, which is given by
Equation 4.2. Here, d; and ds denote the thickness of the
upper and lower mica sheets, respectively.

dy
A:
di +do

(4.2)
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The first method is to extract a wavelength spectrum from a
position outside the contact area from the dry A-scan. Here,
the system consists of the mica sheets with different thickness
and an air gap in between them. Thus the refractive index
of the gap is known and the FSC can be performed with the
gap width dgqp and the asymmetry A as parameter. The re-
sult can be seen in a two-dimensional image (see Figure 3.19
in Section 3.2.4). The value of correlation is represented by
the gray level. This can be performed for a set of different
lateral positions.

Another way to measure the asymmetry of the upper and
lower sample can be performed after the experiment is fin-
ished. After cleaning the surfaces from the liquid used, by
rinsing them with ethanol, a further silver mirror is evapo-
rated onto the topsides of both samples such that each sam-
ple independently is a Fabry-Perot interferometer. Now, the
wavelength spectra can be recorded and analysed for both
samples separately.

The quality of the agreement of the both presented methods
was not the same through all experiments. The difficulty in
the method of coating the samples with a second Ag mirror
is to clean the sample surfaces from any contamination to ob-
tain an Ag mirror directly on the mica and not on some con-
taminating layers. Furthermore the set-up is very sensitive to
the optical alignment. Therefore special care has to be taken
while demounting the samples for the Ag evaporation. For
very thin samples, in particular with a large asymmetry, it
was not possible to measure the upper and lower sample sep-
arately, because no transmission peak was found within the
acquisition range (A=400...600 nm) of the set-up. Problems
with the FSC method may arise from focussing of the video
microscope. For the measurements presented in this work,
usually both methods were used to obtain qualitatively good
information.
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4.2. OMCTS film thickness

4.2. OMCTS film thickness

To determine the thickness of confined liquid OMCTS films,
two different measurements are possible with the present
set-up. Either the change in transmitted intensity for chang-
ing film thickness can be transformed into a thickness pro-
file or the technique of FSC can be used. The following
section presents both methods for obtaining numerical data
from the experiments. The main difference between both
measurements is the acquisition speed of the data and the
range of thickness variations that can be recorded. Measur-
ing the changes in intensity allows a high image acquisition
but restricts the range of the thickness variations. On the
other hand, with the FSC method any change in thickness
can be measured, but the FSC is not suitable to measure fast
changes in the thickness.

4.2.1. Load ramps - changes in intensity of
transmitted light

To record the dynamics of the collapse of the liquid films
confined between the mica samples, the wavelength \g of the
incident light is adjusted to one of the wings of a transmis-
sion peak in the reference spectrum of the system. When the
film thickness changes, the wavelength A, of the transmission
peak shifts. As a consequence, the transmitted intensity at a
given fixed wavelength decreases or increases, depending on
the relative values of A\ and A,. This preserves the high reso-
lution concerning the film thickness. Once the wavelength is
adjusted to a certain value, load ramps can be applied via the
magnetic coil. Figure 4.4 shows snapshots from a video se-
quence of an experimental run. Here, a continuously increas-
ing load ramp presses the surfaces together. The first obser-
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Figure 4.4: A series of snapshots of two subsequent expulsion
processes. Darker gray level corresponds to thinner film thickness.
The area of contact increases due to an elastic flattening of the
substrates. At the edge of the images the next order Newton fringe
is visible. Time between images: a-f: At = 50 ms, g-p: At = 100
ms.
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vation during this experiment is that the increasing external
force results in an elastic flattening of the contact area. The
contact area in typical experiments has a diameter of approx-
imately 50 to 100 um at the highest load of approximately 14
mN. In Figure 4.4c) and h) darker spots appear close to the
centre of the contact area. These darker spots subsequently
spread over the contact area. In this experiment, the wave-
length was adjusted to the right side of a transmission peak
in the reference spectrum. As a consequence, a decreasing
transmission through the system corresponds to a decreasing
film thickness. The reason that the nucleation occurs in or
close to the centre can be seen from Equations 2.7 and 2.8.
The elastic relaxation energy is proportional to P?/E. Since
the pressure P is at maximum in the centre, the system gains
the most energy for a generation of the island with thickness
n-1 in the centre of the contact area.

The diagram in Figure 4.5 shows the transmitted intensity
averaged over an area of (5x5) ym? within the contact area
as a function of increasing load with time. For large surface
separations in the beginning of the experimental run, the
intensity varied continuously. As the surfaces came closer
together, a series of discrete steps appeared. As already men-
tioned the wavelength for this experiment was adjusted to the
right wing of a transmission peak of the reference spectrum.
Thus, decreasing film thickness results in a decreasing value
of transmission, because the transmission spectrum is shifted
to smaller wavelengths. Between the intensity steps in Fig-
ure 4.5 the transmitted intensity remains more or less at a
constant value. This corresponds to a constant film thickness
between the steps. From the change in intensity it is now pos-
sible to determine the change in thickness between the mica
samples. Using the total mica thickness dpricq total, deter-
mined from the reference spectrum in dry contact, the trans-
mitted intensity I7(\o) as function of the liquid film thick-
ness dj;quid can be calculated. To transform the intensity
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Figure 4.5: Transmitted intensity within the contact area versus
time during an applied load ramp. The intensity is averaged over
an area of (5x5) um? and the image acquisition rate is 19.2 images
per second. The wavelength is adjusted to the right side of a
transmission peak (Ao = 499.0 nm). The dotted lines indicate the
plateau values.

into thickness information, a constant bulk refractive index
for the OMCTS has been assumed. Comparing the results of
the calculation with the measured time dependent transmis-
sion during a load ramp, we obtain the thickness profile of the
OMCTS film in between the mica samples shown in Figure
4.6. In this experimental run discrete changes in the OMCTS
film thickness from 3.27 nm — 2.57 nm — 1.96 nm — 1.52
nm have been observed. These values are calculated with a
resolution of 4+ 0.2 nm. The observed decrease per expulsion
process is slightly smaller than has been previously found in
similar experiments with the same system [11,12,14,49]. But
it should be noted, that in contrast to these experiments, the
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Figure 4.6: Thickness of the OMCTS film versus time. The
profile is calculated from the reference spectrum of the sample
and the intensity-steps shown in Figure 4.5.

data presented here were measured at a substantially higher
pressure (~ 20 MPa). Furthermore, as already mentioned, a
constant, refractive index for OMCTS was assumed.

4.2.2. Fast Spectral Correlation on OMCTS

As described above, the FSC technique is a powerful instru-
ment for the data analysis of SFA experiments. During an ex-
periment it is possible to stop the load ramp at various loads
corresponding to the plateaus shown in Figure 4.5 and 4.6.
The system can be stabilised at a certain number of layers
between the mica sheets for several hours. Here, no signifi-
cant aging effect was observed. Once the system is adjusted
to a certain film thickness, transmission spectra in narrow
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ranges around the transmission peak can be recorded with
high accuracy. Figure 4.7 shows such a measurement for one
of the transmission peaks at different film thicknesses. As ex-

Figure 4.7: Transmission spectrum of a peak at different film
thickness. The peaks were recorded at the plateau values in Figure
4.5: Circles: plateau B; Triangles: plateau C; Squares: plateau D

pected, the transmission spectrum is shifted towards smaller
wavelengths with decreasing number of liquid layers between
the substrates. This again highlights the origin of the steps of
transmitted intensity in Figure 4.5. Adjusting the monochro-
mator to a fixed wavelength \g, the corresponding intensities
to the plateaus B, C and D (in Figure 4.5) can be found. Ap-
plying the FSC technique to the obtained transmission peaks
results in the values for the OMCTS film listed in Table 4.1.
Comparing the results of the FSC with the values obtained
from the intensity-profile we find good agreement within the
resolution of the system. The value calculated for plateau A
from the transmitted intensity was not accessible for the FSC
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4.2. OMCTS film thickness

Table 4.1: Thickness of OMCTS layers obtained from intensity
profile and FSC.

Plateau | Intensity-profile FSC
A 3.27 nm -
B 2.57 nm 2.63 nm
C 1.96 nm 1.86 nm
D 1.52 nm 1.33 nm

analysis. The reason for this is that it was not possible to
stop the load ramp and stabilise the system at this OMCTS
thickness. Apart from the fact that the FSC method tends
to result in smaller absolute values than the the calculation
from the intensity-profile, both measurements yield the same
steps in film thickness for the expulsion processes. This con-
firms the observation, that the change in film thickness for
the last recorded transition seems to be significantly smaller
than the diameter of the OMCTS molecule. Figure 4.8 com-
pares the data obtained with the FSC method from different
experimental runs with different samples. The reduction in
film thickness upon expelling on e layer of liquid varies from
(0.58...0.86) nm. With these measurements of the liquid
film thickness it is possible to relate the measured the num-
ber of molecular layers confined between the mica surfaces in
the two-dimensional imaging SFA. Concerning the measured
values from the different measurements one can conclude,
that the film thickness can be determined with an accuracy
of £0.2 nm. The knowledge of the film thickness and thus the
number of confined liquid layers is important for the analy-
sis of the dynamics of expulsion processes of single molecular
layers that follows in the next chapter.
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4. Optical sample characterisation

Figure 4.8: Measured film thickness of OMCTS versus the esti-
mated number of confined layers from different experiments.
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5. Dynamics of layer
expulsion processes

The key advantage of the SFA set-up constructed here is the
capability of two-dimensional image acquisition in real-time.
As shown in the previous chapter, it then becomes possible
to observe the expulsion of single liquid layers out of the con-
tact area. In the work presented in this chapter we observe
different drainage scenarios depending on substrate elastic-
ity and applied load ramps. The dynamics of the measured
expulsion processes are compared with the simple Persson-
Tosatti (PT)-model (described in detail in Section 2.2.3).
Furthermore, the effective friction coefficient that is obtained
is analysed using an extended hydro-dynamic model.

5.1. Thick substrates

As mentioned above, different scenarios of the expulsion of
single liquid layers can be observed using the two-dimensional
imaging SFA. The dynamic measurements presented in this
section were obtained from experiments with thick mica sam-
ples (> 1.8 um) and moderate approach rates.
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5. Dynamics of layer expulsion processes

5.1.1. Dynamics of the boundary line:
experiment versus theory

Figure 5.1 shows a series of consecutive images of a video
sequence taken from an experimental load ramp of approxi-
mately 0.3 mN/s. The total thickness of the mica substrates
in this set of measurements was dasica,total = (2.34540.0091)
pm. The wavelength of the incident light was adjusted to the
left wing of a transmission peak, i.e. to the short wavelength
wing. Thus, increasing intensity corresponds to decreasing
film thickness. The layer expulsion shown in Figure 5.1 is
the n = 4 — 3 transition. The first images display the area

Figure 5.1: Snapshots of the collapsing of layer n = 4. Brighter
gray level corresponds to decreased film thickness. The dark rim
on the right hand side of the images is related to imperfections
in background subtraction in conjunction with contrast enhance-
ment. Time between images: At =150 ms.

of contact with a metastable liquid film consisting of n = 4
layers of OMCTS molecules. The contact area is slightly el-
liptical because the upper and lower sample are not mounted
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5.1. Thick substrates

in a crossed cylinder geometry at exactly 90°. By the next
image, close to the centre of the contact area, a bright spot
and thus an island with reduced film thickness n=3 appears.
Within the following three seconds this bright area spreads
over the whole contact region. Initially the region with n = 3
layers of OMCTS is approximately circular. As the boundary
line approaches the edge of the contact area, it deforms pro-
gressively and adopts a negative curvature at some sections.
This double-S-shape can be explained as follows [2,6,18]. As
shown in Section 2.2, the growth of the area with reduced
number of layers is governed by a potential flow in terms
of two-dimensional hydrodynamics. In Figure 5.1 the nucle-
ation does not occur exactly at the centre of the contact
area, but slightly off-centred. Therefore the two-dimensional
pressure gradient and thus the driving force is larger where
the boundary is closer to the edge. Here, the boundary line
moves faster and leads to the observed double-S-shape. The
collapse dynamics were qualitatively the same for all observed
expulsion processes in this experiment. In this experiment
the nucleation occurred for all transitions close to the centre
of the contact area. In total, four transitions starting from
n = 6 down to n = 3 layers of OMCTS molecules were acces-
sible in this experimental run. From the video images it can
be clearly seen, that the spreading of the area with reduced
film thickness is getting slower with decreasing film thickness.
In order to extract more detailed information, the speed of
the boundary line between the regions with thickness n and
n — 1 was extracted from the images using an image process-
ing program (ImagePro+) and the result is shown in Figures
5.2 and 5.3 and in Table 5.1.

In the following, the experimental results are compared with
the theoretical PT-model. Figure 5.2 shows a comparison of
the experimental data for the expulsion process from n =
4 — 3 with kinetic Monte Carlo simulations and analytical
results as well. The analytical curve is given by the analytical
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5. Dynamics of layer expulsion processes

Figure 5.2: A comparison of the experimental data (open circles)
for the expulsion process from n = 4 — 3 with kinetic Monte Carlo
simulations (dashed line) and analytical results (solid line).

solution to a centro-symmetric case for a Hertzian pressure
distribution (Equation 2.6). Combining Equation 2.14 with
2.6 and introducing reduced units A = A/Ay and t = ¢/7 one

obtains: -
‘fi—fllnﬁ:—g\/l—ﬁ. (5.1)
=

Integrating Equation 5.1 results finally in the following equa-
tion for the analytical curve [57]:

i1 V1—A(lnA —2) +In <1+ H}) +2—ln4]
3 1-V1-A4
(5.2)

The computer simulations of the squeeze-out process consider
both the nucleation at the centre of the contact area and the
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5.1. Thick substrates

Table 5.1: Velocity of the boundary line of subsequent expulsion
processes.

expulsion process | Upoundary|[#m/s|
6—5 36.8
5—4 31.8
4 — 3 14.8
3—2 2.7

off-centred case. In these simulations a kinetic Monte Carlo
scheme was used [56], where the time scale is linearly related
to the physical time scale. The effective radius in this dia-
gram is defined as 7 = A2 The experimental data agree
well with the simulation data during most of the squeeze-out
process. Furthermore, at the end of the expulsion process,
there is also a qualitative agreement with the simulated data
for the off-centred case. As already mentioned, the experi-
mental nucleation occurred slightly off-centred. Because the
experimental data agree very well with the analytical solution
based on theory, it can be concluded, that at least during the
expulsion process the OMCTS film is most likely in a two-di-
mensional liquid-like state. This finding is also confirmed by
B.N.J. Persson et al. [79].

The dynamics of the boundary line for all observed expul-
sion processes in this experimental run is compared in the
diagram shown in Figure 5.3. In this diagram the radius
of the area with (n-1) layers versus time for the expulsion
processes fromn =6 — 5, n =5 — 4, n =4 — 3 and
n = 3 — 2 is shown. The slope of the plotted data repre-
sents the speed of the boundary line. It is found that the
average speed decreases with decreasing number of confined
layers (see also Table 5.1). Fitting the analytical solution
to the experimental data one obtains the effective friction
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5. Dynamics of layer expulsion processes

Figure 5.3: Radius of area with reduced film thickness n — 1
verus time for four consecutive expulsion processes (n = 6 — 5
(squares), n = 5 — 4 (triangles up), n =4 — 3 (circles), and n =
3 — 2 (triangles down)). The solid lines represent the theoretical
fitting curves. The deviation of the transition n = 3 — 2 is related
to a violation of the circular symmetry assumed for the analytical
curve.

coefficient 7.7; for each layer expulsion, respectively. The
analytical fits are shown as solid lines in Figure 5.3. Due to
the limited acquisition rate of the camera it was not possible
to record enough images for the two fast layer expulsions to
perform an appropriate fitting of the data. Furthermore both
transitions, 6 — 5 and 5 — 4 nucleated in the centre of the
contact area. Hence, the velocity of the boundary was deter-
mined by performing a linear fit. The deviation between the
analytical solution and the experimental data for the slow-
est expulsion process shown in Figure 5.3 is attributed to
deviations from the circular symmetry assumed for the an-
alytical curve. Alternatively to fitting Equation 2.14 to the
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5.1. Thick substrates

experimental data the effective friction coefficient n.s; can
be determined by measuring the total time of a single layer
expulsion and using Equation 2.16. This is possible because
Nefs is the only adjustable parameter in Equation 2.16 and
this allows for a easier and faster analysis of the data.

5.1.2. Effective friction dependence on film
thickness

From the data displayed in Figure 5.3 the effective friction
coefficient has been determined, and in Figure 5.4 is plotted
against the film thickness in units of molecular layers. The

Figure 5.4: The effective friction coefficient 75 versus OMCTS
film thickness in units of the molecular diameter. The different
symbols refer to different experimental runs on the same set of
samples.

diagram in Figure 5.4 thus shows the effective friction coef-
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5. Dynamics of layer expulsion processes

ficient ner(n) of the n-th layer during the layer expulsion
n — n—1. It can be seen clearly that n.s; increases with de-
creasing number of confined OMCTS layers. For all runs in
this experiment similar values of 7.s¢ for the respective film
thicknesses were obtained. Unfortunately, it was only possi-
ble to record one image sequence for the expulsion process
n = 3 — 2 in this experiment. Obviously, the increase of the
friction coefficient corresponds to the decreasing velocity of
the boundary line between the n and n — 1 area. It should
be pointed out here, that 7.57(3) is larger than n.s7(6) by a
factor of approximately ten.

Further experiments with re-cleaved mica samples and OM-
CTS have been performed and yielded similar results for the
effective friction coefficient n.rr. Figure 5.5 illustrates the
set of values obtained for 7.y versus film thickness for two
further experiments with different mica substrates. Both ex-
periments shown in Figure 5.5 were performed under similar
conditions, where the only difference was in the thickness of
the mica substrates (dpmicq,totar in (b) is thicker than in (a)).
In both cases the applied load rates were varied in a certain
range such that, for all measurements presented in Figure
5.5, the nucleation of the expulsion processes occurred close
to the centre'. In the case of the thicker substrates no de-
pendence of the effective friction coefficient on the different
approach rates (0.2...6.4 mN/s) was found. For the thin-
ner of the two substrates load rates in the range 0.08...1.9
mN/s were applied. Here, for the highest load rate (open
stars in Figure 5.5(a)) the values determined for the effective
friction coefficient are significantly larger than for smaller
load rates. The layer expulsion n = 2 — 1 was accessible in
only one of the presented experiments (Figure 5.5(b)). The
effective friction coefficient determined from this transition
is nesr = 21.4 x 10" s71. The significance of this value will

IDifferent expulsion scenarios related to higher approach rates will be
discussed in Section 5.2 and 5.3
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5.1. Thick substrates

(b)

Figure 5.5: Effective friction coefficient 7 for two experiments
with different samples (Both experiments were performed at room
temperature). The experimental parameters of the samples are:
(a) d]\/Iica,total = 1.8155 pum, A= 32.9%, and (b) dMica,total =
2.9965 um, A = 48.6%. Different symbols in the plots refer to
different experimental runs with different applied load rates. The
deviation of the values represented with open stars in (a) can be
related to a quite fast increase of the applied load.
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5. Dynamics of layer expulsion processes

be discussed later in this chapter.

5.1.3. The extended hydrodynamic model

In order to understand the increase of the effective friction
coefficient with decreasing number of confined molecular lay-
ers, the situation is now considered on a microscopic level.
During an expulsion process (illustrated for a transition from
n = 4 — 3 layers in Figure 5.6), one finds three different
processes involving the dynamics.

Figure 5.6: Schematics of the expulsion process n =4 — 3.

(i) At the leading edge of the boundary zone, the well de-
fined layer structure (thickness n) disappears and the
film becomes disordered.

(ii) Behind the regime of the boundary line, the liquid mole-
cules change from the disordered structure into a well
defined layered structure with thickness n finai.

(iii) Due to mass conservation, the material in the regime
of thickness n;,;tiq1, @ahead of the boundary line, flows
towards the edge of the contact area into the bulk liquid.
In contrast, the material in the area with ng;nq is at
rest.
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5.1. Thick substrates

All the processes mentioned contribute to the dissipation of
energy during a expulsion process. Whereas processes (i) and
(ii) are related only to the one dimensional boundary line, the
last process involves the transport of molecules everywhere
in the much larger two dimensional regime with thickness
Ninitia; N the contact area. Therefore the third process is
assumed to dominate the dissipation.

To describe the situation for a system consisting of N lay-
ers mathematically, the hydrodynamic model by Persson and
Tosatti is extended to a system consisting of N liquid layers.
The liquid layers in the system are assumed to be indepen-
dent from each other. Each layer i moves with a velocity
v;, which is different from layer to layer. Because the liquid
layers are regarded as independent, two different drag coef-
ficients 7, and 7, are introduced. The liquid-liquid friction
coefficient 7y arises from the sliding of two adjacent liquid
layers on top of each other. The liquid-solid friction coeffi-
cient ;5 takes into account the interaction between a liquid
layer and a solid wall. This is the case for the top and the
bottom layer of the system, where each interacts on one side
with the mica substrate. Thus we can write,

M,0 = NIN,N+1 = Mis (5.3)
Nii—1 = Niit1 = M (t=1...N) (5.4)

Furthermore, we assume that the two-dimensional pressure
pop is distributed evenly between all layers. The stress acting
on each layer is thus given by ph, = pap/N. The velocity v;
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5. Dynamics of layer expulsion processes

for layer i is then determined by:

VPip n=1 = p2n[msv1 + nu(vi — va)]
Vpop nez = pap[mi(va — v1) + mu(va — v3)]

VDsp nei = pap[mi(2vi — viey — viy1)]

VPhp nen = P2p[mi(vn — vN_1) + MsVN]

Writing this set of equations as a matrix and introducing
B = ;5 /ny one obtains:

1+B -1 0 --- 0

U1
-1 2 -1 0 : U2 —_
. : Pop
_ _ : : =—==.1 (5.6
0 1 2 1 ' - (5.6)
: " -1 :
0 ev ... -1 1+B UN

Now this system can be solved easily for the velocities v; of
each layer for a fixed ratio B. In the experiments presented
here, the velocity v, of the boundary line is the accessible
quantity. The schematic illustration in Figure 5.7 shows how
mass conservation implies that this velocity must be given

by
N
vp = Zvi. (5.7)
i=1

As theoretically expected from a Poiseuille flow, the velocities
v; of the single layers follow a parabolic profile. With Equa-
tion 5.7 the effective friction coefficient 1. can be obtained
from

Vphp = P2DNef fb- (5.8)
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5.1. Thick substrates

Figure 5.7: This illustration demonstrates that the velocity of
the boundary line is given by the sum of the velocities of the
single layers. For simplicity a velocity of two molecular diameters
per second for all layers is assumed. The developed "holes" in
(b) (illustrated with dashed circles) are filled with the light gray
molecules.

Thus, one finds the following implicit function of both friction
coefficients 7;; and 7;:

Vpap
p2p D _; Vi

In order to obtain best fit values for both friction coefficients,
this model was fitted to the experimental data. Here, the
mean square deviation y? between the model function and
the experimental data was calculated. This fitting routine
works as follows. First, the velocity profile for the number
of confined layers corresponding to the measured value of
the effective friction coefficient is calculated with ;s and 7y

neff(n) = (59)
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5. Dynamics of layer expulsion processes

as parameters. From the calculated velocities of the single
layers one obtains the velocity of the boundary line and thus
a value 7es s calculated(T, Mis, M) depending on the number of
layers and the two friction coefficients. The result of this
calculation is represented in a two-dimensional plot of 1/x?2,
where x is given by

X = neff,calculated(na Nis, nll) — TNef f,experiment (TL) (510)

The maximum of 1/x? yields the best fit values for the coef-
ficients 7,5 and 7;;, and the degree of correlation is indicated
by the shade of the grey level with the lightest grey represent-
ing the maximum of 1/y2. Figure 5.8 shows the results of
the fitting routine for the three sets of experimental data for
Nesf(n) presented above. In Figure 5.8(a)-(c) only the exper-
imental values for the expulsion processes down ton = 3 — 2
are included. The experimental data correspond to the values
of nef ¢ shown in Figure 5.4 and 5.5, respectively. From these
plots it is possible to estimate a value for 7;. Within the
margin of error, obtained from the full width at half max-
imum of the 1/x?-plot, these values agree for the different
experiments. As can be seen clearly, the liquid-solid friction
coefficient 7;; cannot be determined definitely as it is also
necessary to know a value for the effective friction coefficient
for n = 2. Including 7y ¢(n = 2) results in the plot shown in
Figure 5.8(d). Thus, for the friction coefficients one obtains
the following values

m = (0.604+0.20)- 10" ™1
ms = (21.26 4+1.98) - 1013 s~1

From the values obtained the velocity profile across a film
with a given thickness can be calculated. Using the values
above the ratio of the both friction coefficients is found to be
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5.1. Thick substrates

(c) (d)

Figure 5.8: Two-dimensional plots of the results of the fitting
routine to find values for ny; and ;5. (a)-(c): 1/x* for experimen-
tal ness(n) down to n = 3. (a) represents 1/x? for the data shown
in Figure 5.4 (n; = (0.5540.13)-10"® s71), (b) for the data shown
in Figure 5.5a) (n; = (0.6540.23)-10*® s71) and (c) for the data
shown in Figure 5.5b) (nuy = (0.51 & 0.14) - 10** s71). Image (d)
shows the result of the fitting routine including the experimental

value for ness(2).
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5. Dynamics of layer expulsion processes

Figure 5.9: Calculated velocity of the single layers for a system
consisting of N=6, 5, 4 and 3 layers. The bars indicate the liquid
layers.

B = 35.43. Figure 5.9 shows the calculated velocity profile
for N=6 layers. In this diagram the velocity of the layers
is plotted against the film thickness in units of molecular
diameters.

It is now possible to determine the slip length b of the flow
of the liquid layers. The slip length is defined as [80]

b=uv/ (j;])o. (5.11)

For large film thicknesses (N > 1) the discrete profile ap-
proaches the analytical hydrodynamic solution for a Poiseuille
flow, which can be written as:

v(z) =

2 2 _ 2
(d/éizvar Vstip (5.12)
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5.1. Thick substrates

Figure 5.10: Velocity profile of a fluid flow near a solid surface
to illustrate the slip length b.

where 7 is the bulk viscosity, d is the film thickness, v, =
v1 = vy is the slip velocity and z is the coordinate perpen-
dicular to the surfaces. It follows from Equation 5.6 that

Vohp
27]15 ’

Uslip = (513)
i.e. the slip velocity vanishes as expected for an increasing
liquid-solid friction coefficient 7;; — oco. To obtain a value for
the slip length, the calculated velocity profile is extrapolated
to velocity v = 0. From this we obtain, that the slip length b
is smaller than the molecular diameter (b ~ 0.033 - doycrs)
and that therefore the slip is negligible for the present para-
meters. Furthermore the experimental data can be compared
with the model function as shown in Figure 5.11. It can be
clearly seen that the experimental and the model data are
in good agreement. Figure 5.11 also displays the flow resis-
tance of a thin liquid film calculated in the hydrodynamic
limit (dashed line). For the model presented 7n; does not de-
pend on the number n of layers confined between the mica
substrates. This means that the effective friction coefficient
Nesy(n) should converge towards the flow resistance 7(d) cal-
culated in the hydrodynamic limit for large film thicknesses
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5. Dynamics of layer expulsion processes

Figure 5.11: Comparison of the experimental 7.fs(n) from
Figure 5.5b) with the model function (solid line) calculated for
nu = 0.60-10"% s7! and m. = 21.26- 10" s7!. The hydrodynamic
limit (dashed line) is shifted by two molecular diameters to the
right, because the two outer layers can be regarded as immobile.

(n — 00) where the flow resistance is given by:

127pu1
d) = . .14
) = 22 (5.19)

One obtains my pydro = Mowk/(p2pdo) = 0.3 - 10 s71 in

this limit, which is reasonably close to the best fit value for
. Adjacent liquid layers with well ordered molecules thus
exhibit a momentum transfer that is close to the situation
found for sliding between equivalent layers of disordered bulk
liquid. These results are in qualitative agreement with non-e-
quilibrium molecular dynamics simulations [81,82]. As shown
above, the two outer layers can be regarded to be stagnant.
This leads to a shift of the hydrodynamic limit (dashed line
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5.2. Thin substrates

in Figure 5.11) by n=2 to the right compared to a situation
with mobile outer layers. The hydrodynamic limit is then
in agreement with the experimental data and it is thus rea-
sonable to accept the findings of the model presented. In
contrast to a 1/d*-dependence of the effective friction coeffi-
cient, as would be expected from a simple Poiseuille flow, a
1/d?-dependence is obtained. The reason for this relates to
the two-dimensional nature of the model and the even distrib-
ution of the pressure on the layers. The origin of the increase
of ness(n) with decreasing film thickness compared to the
extrapolated bulk behaviour is the increasing weight of 7
compared to n; with decreasing n. As can be seen in Figure
5.8 the determination of 7;; is not dependent on whether the
minimum value for the number of confined layers is n =1 or
n = 2. In both cases 7y is of the same order of magnitude as
the value m pydro calculated in the hydrodynamic limit. On
the other hand, 7;, is determined by the experimental value
of the friction coefficient for the expulsion processn =2 — 1.
However, 7,5 is so large that the first layer can be regarded
as immobile.

5.2. Thin substrates

5.2.1. Elastohydrodynamics

Using the re-cleaving step for the preparation of the mica
samples it is possible to obtain very thin substrates with a
total thickness smaller than 1 pm. Experiments with these
thin mica sheets exhibit a strong dependence of the collapse
dynamics on the applied load rate. For rather small load
rates below a critical value (< 4 mNs~* for the current set
of samples), qualitatively similar behaviour of the collapse
dynamics as for thicker samples (Section 5.1) are observed.
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5. Dynamics of layer expulsion processes

But in the case of the thinner substrates, the expulsion of
only one liquid layer was observed. This may be explained
by a reduction of activation barriers for soft substrates, which
prevents the observation of layer expulsions at higher n.

Completely different expulsion dynamics were found for load
rates above the critical value. Figure 5.12 displays this behav-
iour in a series of snapshots for high approach rates. For the

Figure 5.12: Snapshots from an experiment with very thin sub-
strates at a stepwise approach from 0 to 15 mN. The incident light
is adjusted in a way such that brighter gray level corresponds to
larger film thickness. The time difference between subsequent im-
ages is At = 300 ms. The dotted lines in the first and the last
images indicate the positions of the cross-sections shown in Fig-
ures 5.13 and 5.14, respectively.

images presented the wavelength of the incident light was
adjusted to the right side of a transmission peak. Thus a
darker gray level corresponds to reduced film thickness. The
load was increased stepwise from 0 to 15 mN. The nucleation
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Figure 5.13: Liquid film profile from the first image in Figure
5.12. Due to the additional pressure exerted from the liquid onto
the substrates, the substrates are bent outwards. The nucleation
of holes in the liquid layer will occur at the edge of the contact
area, where the separation between the mica surfaces is the small-
est.

does not occur close to the centre of the contact area, but
at several spots at the edge of the contact region. This can
be seen in the first row of Figure 5.12. The dark spots along
the edge of the contact area correspond to a direct mica-mica
contact. The scenario can be explained via an elastohydro-
dynamic deformation of the mica substrates. It was already
shown in Section 2.2.3 (Equation 2.4) that due to the finite
viscosity of the fluid, the liquid exerts an additional pressure
on the substrates when they are brought together with a fast
approach rate. This leads to an outward bending of the mica
substrates. Figure 5.13 shows a cross-section through the
contact area in the initial state of the approach. The thick-
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Figure 5.14: Cross-section through the last image in figure 5.12.
The flat top of the trapped droplet and its sharp edges are a re-
markable result. The height of (3.7£0.1) nm is in good agreement
with four discrete layers of OMCTS molecules.

ness of the liquid film is clearly larger in the centre of the
contact area than at the edge. The nucleation will occur at
the edge of the contact area where the surfaces are the closest
together. While these islands of reduced film thickness grow,
more nuclei continue to appear at the edge and the areas
of direct mica-mica contact merge. Consequently, a part of
the liquid in the contact zone is expelled into the bulk liquid
around the contact area. The rest of the liquid within the
contact area is trapped and shrinks to a single patch. With
time, this patch shrinks laterally under the condition of mass
conservation. During the shrinkage a brighter rim around the
edge of the liquid patch can be seen (see the first two images
in the second row of Figure 5.12). Similar observations have
been made in experiments on the dewetting of silicon oil films
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between hard silicon and soft polymeric surfaces [48] or dur-
ing dewetting of thin polymer films on solid substrates [83].
A few seconds later in the experiment, the patch has trans-
formed into a nearly circular droplet. This droplet is brighter
than the initial film, i.e. thicker. The shape of the droplet is
remarkable, with sharp edges and a flat top as shown in the
cross-section in Figure 5.14. The droplet adopts this cylindri-
cal shape, because it still feels the presence of the oscillatory
interface potential. The height of the trapped droplet is ap-
proximately 3.7 nm, which corresponds to four monolayers
of OMCTS molecules. The process of shrinkage and increase
of the thickness are related to the elastic properties of the
substrates. As soon as the trapped liquid is separated from
the edge of the contact area, it tends to minimise its energy
and conserves its mass. The energy of the droplet can be
approximated with [6]:

U(p,h) = 2ymp* + ph? (5.15)

2(1 —v?)
where E is the elastic modulus and v is the Poisson ratio of
mica. During the shrinkage, the interface free energy changes
as a result of changes in the interfacial area. This is repre-
sented by the first term in Equation 5.15. The second term
describes the elastic energy of the work required to press a
rigid disc of radius p and height h by h/2 into two semi-in-
finite elastic substrates on each side [84]. The lateral size of
the droplet is in the range of a few micrometers and thus it
is reasonable to neglect the contribution of the line tension.
In order to minimise U(p, h) the liquid patch saves interfa-
cial energy by laterally shrinking and increasing thickness at
the expense of elastic energy. The diagram in Figure 5.15
shows the energy of the trapped liquid droplet calculated
from Equation 5.15 under the condition of mass conserva-
tion. The equilibrium height of the droplet can be estimated
with the values v = 0.44, v = 1 mJ/m?. The elastic mod-
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Figure 5.15: Energy of a liquid droplet trapped in the contact
area. Under the condition of constant droplet volume one obtains
from the minimum of U(p, h) the equilibrium shape of the droplet.
The dashed line represents U(p, h) calculated with Emica = 1.72 -
101 N/mz; the solid line is calculated for E.q¢ = 6.0 - 10° N/m2
as obtained from the experiment.

ulus for mica is Fyica = 1.72 - 10'° N/m? [64]. Using the
values above one obtains for the cylindrically shaped droplet
an equilibrium height of h ~ 2.7 nm. This is in contrast to
the measured of the droplet. The deviation of this calcula-
tion to the measured height of the droplet is related to the
elasticity of the substrate used. For a more realistic descrip-
tion of the problem one has to take into account, that the
mica is glued with a relatively thick layer of epoxy glue onto
the sample support. In this experiment the mica samples are
very thin and thus the underlying glue layer contributes to
the elasticity of the sample. The result is an effective elas-
tic modulus E.s¢ of the mica sample together with the glue
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5.2. Thin substrates

layer. This effective elastic modulus can be estimated from
separate experiments, where the applied load dependence of
the radius of the contact area for a dry contact is measured.
The contact radius for an adhesive contact is given by the
theory of Johnson, Kendal and Roberts (JKR) [85]

R
Rgontact = E(F + 677’7R + \/]-27TP)’RF + (67T’7R)2), (516)

where Reontact 18 the radius of the contact area, R the radius
of the curved sample, F' the applied force, v the interfacial
energy and E the elastic modulus of the sample. With this,
we can estimate the value for the effective elastic modulus to
approximately 6.0 - 10° N/m? (see Figure 5.16). This agrees

Figure 5.16: Plot of the third power of the radius of the contact
area against the force. The solid line represents the represents
the JKR fitting curve (Fitting parameters: E = 6.0 - 10° N/m?,
R =5.57 cm and v = 19 mJ).

with the findings of Horn et al., who report on effective elas-
ticities of mica sheets glued on a silica lens in the range of
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5. Dynamics of layer expulsion processes

3-10%...2-10' N/m? [86]. The best fit parameter for the
radius of curvature is in good agreement with the radius of
curvature of 5 cm of the sample holder. Only the value for
the surface energy of the mica deviates significantly from the
literature value of v = 120 mJ/m?. Calculating the energy of
the trapped droplet with this value for E.g we find an equi-
librium droplet shape with a height of 4.1 nm, which agrees
reasonably with the measured height. For a precise determi-
nation of the shape of the droplet with Equation 5.15 it is
necessary to know exactly the elastic modulus and the inter-
facial energy, which has not been given for the experiment
presented here.

5.2.2. Dynamics of trapped droplets

In general larger droplets trapped inside the contact area are
unstable and do not remain in the same place. In the present
experiment the droplet was found to be expelled from the
contact area with time. The shape and the volume of the
droplet were conserved until the droplet reached the edge of
the contact area. Figure 5.17 shows the motion of the trapped
droplet. Inside the contact zone the pressure distribution is
not homogeneous, but has a maximum in the centre. For
example it can be given by a Hertzian pressure distribution
(Equation 2.6). The droplet shown in Figure 5.17 is slightly
off-centred and thus a different pressure acts on each point of
its boundary. Integrating along the droplets boundary yields
a resulting force. This force is directed towards the edge of
the contact zone and pushes the droplet out of the contact
region [17]. From the recorded videos it can be found that
the boundary line of the droplet seems to get pinned from
time to time. The pinning is only transient and the droplet
continues to move after a short while. As it approaches the
edge of the contact area it starts to elongate and to form a
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5.2. Thin substrates

Figure 5.17: Snapshots of the trapped droplet with n = 4 layers
of OMCTS. Due to the pressure distribution within the contact
area with a maximum in the centre a net force exerted on the
droplet pushes it towards the edge of the contact region. Time
between the images: At = 250 ms.

liquid neck. Most of the material flows out of the contact
region into the surrounding reservoir through this neck. In
the final state, a small amount of liquid remains inside the
contact area. Some smaller droplets, that were trapped in
the contact region as well, remained stationary after their
formation.

The motion of the droplet can be described in terms of hy-
drodynamics [17]. The elastic energy of the substrates at a
trapped droplet with an applied three dimensional pressure
P(%) is given by

U= / da? P(F)h(F). (5.17)

With the assumption that the shape of the droplet is not
changed with varying position in the contact area one ob-
tains the force acting on the droplet by integrating along the
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boundary line s of the droplet with height hg:
o0 ?{dshoP(F—k F)As. (5.18)

in this equation, 7 is the position of the centre of mass of
the droplet, Z; is the position of the boundary line relative
to the centre of mass and 7, is the normal vector to the
boundary line directed away from the droplet. With this one
finds, that the forces acting on the trapped droplets are of
the order of 1078 ...10~7 N. The typical shear stress, that
is calculated by dividing by the droplet area is thus smaller
than 1 kPa. If the droplet is small enough the energy stored
in the substrates can be approximated by

U= /an:P( F)/dth P(MAV, (5.19)

where AV is the volume of the droplet. Assuming that the
pressure P(7) is only dependent on the distance r = |F]
from the centre of the contact area results in a force F(r) =
—P'(r)AV acting in radial direction. Consider now a droplet
with area AA and height hy (AA < Acontactarea). The ve-
locity v(r) of the droplet can be extracted from the video
snapshots. Presuming an overdamped motion one can ne-
glect the inertial force acting on the island. Thus the force
F(r) must just balance the frictional drag force from the solid
walls:

p2pAATV(r) = F(r) (5.20)

Assuming a Hertzian pressure profile (Equation 2.6) the force
acting on the droplet can be determined for all positions of
the droplet in the contact area. From Equation 5.20, and
including the experimental data for AA and v(r), values for
the friction coefficient 77 were found to be in the range of
(2..4)-10' 571 which are in agreement with the values found
for the effective friction coefficient for 4 layers (Section 5.1.2).
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In the following, experiments with thick substrates and high
approach rates are shown, where the nucleation also occurs
at the the edge of the contact area for the first expulsion
processes.

5.3. Stiff substrates and high
approach rates - a mixed scenario

As it was shown in the previous sections, the expulsion dy-
namics of single liquid layers out of the contact region de-
pends on one hand on the substrate elasticity and on the
other hand on the approach rate. In the case of slow ap-
proaches on thick and thus stiffer substrates, the expulsion
process started at holes that nucleated close to the centre of
the contact area. For slow approaches and soft substrates
the same scenario was observed. For fast approaches the nu-
cleation occurred at several spots at the edge of the contact
zone. In the following, the expulsion dynamics of liquid lay-
ers confined between thick substrates will be discussed for
the case of a fast approach.

Figure 5.18 shows the snapshots of the transitions starting
from n = 5 down to n = 2 layers for a fast load ramp. The
snapshots show nicely that in the case of a fast approach
applied to stiffer substrates one obtains a kind of a mixed
scenario. In the beginning the dynamics are qualitatively
similar to fast approaches on thin substrates. Darker spots,
corresponding to reduced film thickness, appear at the edge
of the contact area. These areas grow and merge with time.
The bright area shrinks and finally vanishes in the centre
of the contact area, which means that the volume of the
bright island is not conserved. In contrast to the situation
described in section 5.2, the liquid patch does not transform
into a droplet trapped within the contact area but instead the
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5. Dynamics of layer expulsion processes

Figure 5.18: Snapshots of a fast approach applied to stiff sub-
strates. The images show the transitions from n = 5 — 4 (a-d),
n =4 — 3 (ej) and n =3 — 2 (I-r). The incident light is adjusted
in a way such that a brighter gray level corresponds to larger liquid
film thickness. In the beginning the nucleation starts at several
places at the edge of the contact area and the liquid layer shrinks
to a patch in the centre of the contact area and disappears. The
last observed layer expulsion exhibits similar dynamics as for a
slow approach. Time between images: a-l: At = 100 ms, m-t:
At = 200 ms.
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Figure 5.19: Schematics of the expulsion process n =4 — 3 (a)
and n = 3 — 2 (b) for a fast approach applied to thick substrates.
Whereas in (a) the boundary line move inwards with the velocity
vp due to elastohydrodynamic deformation of the substrates, it
moves to the edge of the contact area in (b). In both cases the
dissipation takes place in the region of n = 3 layers.

liquid molecules are pushed into adjacent liquid layers and af-
ter that squeezed out of the contact zone. In the beginning
the dynamics can be described again in terms of an elasto-
hydrodynamic behaviour. Initially the mica substrates are
bent outwards due to the additional pressure exerted by the
liquid. Here, the boundary line between the areas with dif-
ferent film thicknesses moves inwards (transitions n =5 — 4
and n = 4 — 3). After the mica has relaxed the behaviour
changes to the case with nucleation close to the centre of the
contact area. Then, the last observed layer expulsion in this
experimental run (n = 3 — 2), spreads towards the edge of
the contact region (see Figure 5.19). Assuming that Figure
5.19 describes the situation qualitatively correctly, in both
transitions, n =4 — 3 and n = 3 — 2 the dissipation in the
system should take place in the region between the edge of
the contact area and the moving boundary line. Here, the
thickness is in both cases n = 3 layers. Initial investigations
were made on the velocity of the boundary line for the tran-
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Figure 5.20: Plot of the radius of the bright island in Figure
5.18 against time for the film thickness transitions n = 5 — 4
(circles) and n = 4 — 3 (squares). Both transitions start at the
time t=0 s, but the data points are only taken from images with
an approximately circular bright island.

sitions n =5 — 4 and n = 4 — 3 (see Figure 5.18). Figure
5.20 shows a plot of the radius of the bright island versus
the time of the expulsion process. The data were taken from
video snapshots, where the shape of the island was approxi-
mately circular. As expected the velocity vy, of the boundary
line decreases for decreasing film thickness. Calculating val-
ues for the effective friction coefficient from v, one obtains
Nefr =4.2-101 s71 (n =5 — 4) and 7.5y = 1.84 - 101! 571
(n =4 — 3). These values are significantly smaller compared
to the results obtained in Section 5.1.2. This is possibly re-
lated to more complicated processes of the expulsion than
assumed above. For further detailed investigations of the
complete scenario the PT-model cannot be used. In order to
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obtain more information, a model needs to be developed to
describe the experimental observations presented here.

5.4. Further remarks on dynamical
SFA experiments

5.4.1. Summarised findings of the dynamical
processes

In this work the dynamics of the expulsion processes of thin
liquid films of the model lubricant OMCTS have been inves-
tigated. It was found that the drainage scenario depends on
the thickness, and thus the elasticity of the samples, and on
the applied load rates.

For thick and thin mica substrates with low approach rates
the dynamics of the roughly circular boundary line the dy-
namics are in good agreement with the simple hydrodynamic
PT model, if the nucleation of the expulsion processes occurs
in the centre of the contact region. For off-centred nucleation
the dynamics can be described quantitatively with numerical
simulations [57]. Furthermore the effective friction coefficient
was determined depending on the film thickness. The sensi-
tivity of the two-dimensional imaging technique in terms of
effective viscosity is about two orders of magnitude better
than the highest reported resolution in shear force measure-
ments [11]. It is a remarkable result of the experiments that
the effective friction coefficient increases by roughly one or-
der of magnitude compared to the bulk when the film thick-
ness decreases to n=3. This is in contrast to experiments
on OMCTS confined between mica surfaces performed by
other groups [11,12,14,15,87,88] that reported an increase
in the viscosity by several orders of magnitude within roughly
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the same range of film thickness. They concluded that the
thin liquid films solidify under confinement. Whilst it is con-
ceivable that the liquid films may solidify under equilibrium
conditions, it should also be noted that these earlier experi-
ments were performed with samples prepared in the standard
procedure without the re-cleaving step. In more recent exper-
iments by others [71-73], where contamination free surfaces
are assured, this increase in the effective viscosity by several
orders of magnitude could not be reproduced.

In order to explain the increase in effective viscosity with
decreasing film thickness a model was developed including
two different friction coefficients. A liquid-solid friction coef-
ficient taking into account the interaction between a liquid
layer and a solid wall and a liquid-liquid friction coefficient
arising from the sliding of two adjacent liquid layers on top
of each other. The model is found to be consistent with the
experimental data and the origin of the increase of the effec-
tive viscosity with decreasing film thickness is attributed to
the increasing weight of the liquid-solid coefficient with de-
creasing film thickness.

In the case of a fast approach rate applied to thin mica sam-
ples the formation of trapped liquid droplets in the contact
area was observed. This behaviour can be understood in
terms of elastohydrodynamic deformation of the soft sub-
strates. In the later stage of the experiments with particu-
larly thin substrates the trapped droplets were squeezed out
of the contact area by a net force resulting from the pres-
sure distribution within the contact region. Compared to
the results of thick substrates with slow approach rates simi-
lar values for the effective friction coefficient were obtained.
Applying fast approaches to thick substrates leads to a mixed
drainage scenario. The initial expulsion dynamics of an ex-
perimental run can be described in terms of an elastohydro-
dynamic behaviour however in the latter stages the layer ex-
pulsion exhibits dynamics similar to that seen for a slow ap-
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proach.

5.4.2. Hexagonal shape of (n-1) islands

Apart from the measurements of the effective friction coeffi-
cient in the experiments with thick substrates described in
the previous chapter, a close inspection of the snapshots of
the expulsion of single liquid layers reveals more interesting
details of the boundary line dynamics. The area with reduced
film thickness n-1 is not always circular as predicted by the-
ory, but instead shows edges and facets. Adjacent edges seem
to cross at angles of approximately 60°, which is indicated by
the white dashed lines in Figure 5.21. A more detailed analy-

Figure 5.21: Shape of n-1 islands in different experiments. Both
images show the transition n = 3 — 2. The white dashed lines
indicate the angle of 60°.

sis of this phenomenon is possible by extracting the boundary
line from the transmission images. The orientation of short
segments of the boundary along the circumference of the is-
land can be extracted and analysed. The result is shown
in the histogram in Figure 5.22. It is found that the facets
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Figure 5.22: Histogram illustrating the orientation of short seg-
ments of the boundary. Note the preferred angle of approximately
60° between adjacent facets.

of the boundary line occur in orientations under a preferred
angle of approximately 60° between adjacent facets. The
origin of the hexagonally shaped dynamics of the expulsion
process is an influence of the adjacent mica surface lattice,
which shows a pseudo-hexagonal structure. Indeed, recent
Monte Carlo simulations of OMCTS confined between mica
surfaces showed that the liquid adopts the pseudo-hexagonal
structure of the mica lattice [89,90]. Similar effects were ob-
served in experiments with liquid lead on a Si(100) surface,
where the lead where the structure in the lead was affected
by the Si surface [91,92].

The observed effect was not reproducible in consecutive ex-
periments. We therefore assume, that the effect is most likely
very sensitive to the alignment of the surface lattice of the
mica samples with respect to each other, which was not well-
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controlled in the present experiments. With the light inter-
ferometry measurements it is not possible to investigate the
in-plane layer structure in more detail. However, detailed in-
vestigations of the structure of the molecules within the sin-
gle layers are possible with x-ray scattering experiments. In
Chapter 6 experiments that combine both optical interferom-
etry and x-ray scattering on thin liquid films in confinement
will be presented.
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6. In-plane layer
structure of thin
confined liquid films

As shown in the previous sections, confined liquid molecules

arrange into layers parallel to the adjacent walls. The arrange-
ment of the molecules affects the dynamics. Whether the thin

liquid films solidify under confinement [11,14,87] or to what

extent the dynamics are slowed down [12,88] remains contro-
versial issues. It was shown with the experiments presented

in this work, that the single molecular layers are in a liquid-
like state (at least during squeeze-out) and no confinement

induced solidification was observed. However, a complete

picture of the structure and the dynamics at the boundary

between molecular motion and continuum flow has yet to

emerge. In particular, the question of whether the structure

of thin liquid confined layers changes from a liquid-like to a

solid-like remains unanswered. More information about the

in-plane layer structure can be obtained from x-ray scatter-
ing experiments.

X-ray diffraction experiments on confined liquids were first

performed by C.R. Safinya et al. with an x-ray SFA [93,94].

They report on the structure of thin smectic crystalline 8CB

(4-cyano-4 "-octylbiphenyl) films under confinement. 8CB

molecules build dimers with overlapping cyanobiphenyl groups
in the middle (Figure 6.1). These dimers order in a smec-
tic-A-phase for temperatures below 33.5°C. Above 33.5°C
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6. In-plane layer structure of thin confined liquid films

Figure 6.1: Chemical structure and dimensions of
4-cyano-4’-octylbiphenyl (8CB).

the liquid crystal undergoes a second order phase transition
to the nematic phase (see e.g. [95] and references therein).
Above 40.5°C 8CB forms an isotropic phase. The length of a
dimer is 31.73 A [96]. The so called director is along the long
axis of the dimer. In thick confined 8CB films a flow induced
layer orientation by shearing the confining walls can be mea-
sured by synchrotron x-ray scattering [96-98]. Furthermore
it is known that the liquid crystals experience an orientation
on solid surfaces [99]. Most common are the "homeotropic"
orientation, where the director is perpendicular to the sur-
face, and the "planar" orientation with the director parallel
to the surface. This phenomenon is known as anchoring. On
mica surfaces 8CB dimers orient typically in the planar con-
figuration [99], due to polar interactions between the mid-
dle part of the 8CB dimer and the hydrophilic mica. The
anchoring of 8CB on mica can be changed from parallel to
homeotropic by making the surface hydrophobic using self-
-assembled monolayers [100]. As the mica surface lattice has
a six-fold symmetry, it was observed that the orientation of
the director adopts three different planar anchoring orienta-
tions at angles of 60° to each other [101,102]. Making use
of the optical birefringence of 8CB it was shown, that the
dimers align most probably along the crystallographic -axis
of mica [66] (see Figure 6.2).

The first x-ray experiments on thin 8CB films in a SFA were
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Figure 6.2: Schematic illustration to show the crystallographic
axes of mica.

performed with an x-ray beam of ~ 125 pm in diameter [93].
Over this relatively large width the thickness of the liquid
profile changes owing to the curvature of the mica surfaces.
Thus the x-ray scattering intensity is not measured at an ex-
act film thickness but instead at an effective thickness that
is an average of the film thickness across the beam width. In
order to obtain improved measurements on thin liquid films
in confinement we used modern x-ray techniques to perform
experiments combining optical interferometry measurements
with x-ray scattering using SFA2.

6.1. X-ray investigations on thin
liquid crystalline 8CB films

Recent advances in synchrotron radiation sources and beam
shaping techniques were used to measure the in-plane layer
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Figure 6.3: Schematic sketch of the set-up for experiments with
combined optical and x-ray measurements. The SFA-cell is placed
in a vacuum chamber in order to reduce air scattering. For optical
measurements a rotatable mirror (M) couples the light into the
SFA-cell and the CCD-camera records the transmission images.
The x-ray (E = 13.1 keV) is micro-focused with a set of Compound
Refractive Lenses (CRL)and fed through a vacuum tube.

structure depending on the film thickness. The optical SFA
set-up was thus combined with x-ray measurements in exper-
iments performed at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France!. For this reason SFA2
was utilised as it fulfilled the different requirements of the
x-ray experiments. Figure 6.3 displays a schematic sketch of
the x-ray set-up. An x-ray beam with an energy of 13.1 keV
was used, which was micro-focussed with a set of compound
refractive lenses made of Beryllium?. With this technique it
was possible to obtain a well focussed x-ray beam with a ver-
tical beam size of 29.4 pym and a horizontal beam size of 19.3
pm at the sample position. A CCD-plate was used to record
the scattering intensity in transmission through the sample
geometry in the SFA. A small beam size at the sample po-
sition is of crucial importance, because otherwise one would

IThe x-ray experiments (Si-1013) were performed at ID10A (Troika).

2The CRL set used for the present experiment consisted of 29 lenses.
Radius: 0.2 mm, radius of curvature: 0.447 mm, thickness: 0.01
mm.
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obtain a scattering signal which is averaged over a large range
of thickness of the liquid confined between the curved mica
sheets. The very small scattering volumes investigated in
these experiments result in small scattering intensities. Thus
the signal to noise ratio must be increased as much as pos-
sible. This was achieved by placing the whole set-up into a
vacuum vessel. In addition, the x-ray beam was fed through a
vacuum pipe to reduce air-scattering. The experiments were
performed at a pressure of a few le-3 mbar. In order to ob-
tain a significant scattering signal of the liquid molecules the
behaviour of confined liquid crystal 4-cyano-4 octylbiphenyl
(8CB) was investigated. The scattering intensity arising from
the smectic phase of the liquid crystal is much stronger that
the one from OMCTS, which results in a higher signal to
noise ratio especially for the thin films. Furthermore, the lig-
uid crystal molecules interact strongly with the mica surface
resulting in an anchoring effect of the molecules on the mica
surface in preferred directions with respect to the surface lat-
tice [99].

The experiments presented here were performed in the smec-
tic-A-phase at temperatures of 23°C. In its ordered phases
8CB is birefringent. Bringing the surfaces into contact with
the 8CB in between, one observes both continuous Newton
fringes and such with small discontinuities (Figure 6.4). These
discontinuities arise from differently oriented domains of a
few microns in size. With decreasing distance from the con-
tact area, the Newton fringes become suddenly continuous
as a result of a confinement induced ordering of the liquid
crystalline material. For the experiments combining optical
interferometry with x-ray-scattering it is necessary to align
the x-ray beam with respect to the contact area. This makes
it possible to determine the degree of ordering and the orien-
tation of the liquid crystal molecules depending on the film
thickness. In the first set of experiments, scattering data
from a confined 8CB film with thicknesses ranging from 3.9
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Figure 6.4: Transmission image of the mica samples in contact
with liquid crystalline 8CB in between (taken after an x-ray mea-
surement). The dark spots show the path of the x-ray measure-
ments. In the region around the contact area the Newton fringes
are continuous, which shows the confinement induced ordering of
the birefringent 8CB molecules. At the edge of the image the
fringes exhibit discontinuities. Here, the molecules arrange into
micron-sized domains with different orientations. (A = 497.7 nm).

pum to 8.4 nm were obtained (see Figure 6.5). The thickness
of the liquid crystalline film was calculated from an optical
image of the contact area (Figure 6.4 at the lateral positions
denoted with a, b, ..., g). As expected, the total scatter-
ing intensity shows a linear dependence on the thickness of
the confined 8CB film (Figure 6.6). A remarkable result
of these experiments is that even for the thinnest 8CB film
measured (dgcp = 8.4 nm) a non-zero scattering intensity
was obtained. The dark spots on Figure 6.4 indicate radia-
tion damage of the silver layer. Optical microscopy images
showed that the Ag layers dewetted from the mica surfaces
due to the x-ray irradiation. While this affects the interfer-
ometry measurements, it may not have affected the x-ray
measurements themselves. Therefore, we analyzed the 8CB-
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Figure 6.5: X-ray scattering images for different film thickness
of 8CB. The measurements were taken at the positions with a, b,
.., g shown in Figure 6.4. Image size: (40 x 37) mm?.
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Figure 6.6: Linear dependence of the total scattering intensity
on the thickness of the confined 8CB film.

facing mica surfaces on the opposite side of the damaged Ag
layers using Atomic Force Microscopy (AFM) after rinsing
off carefully the 8CB using ethanol: the AFM did not reveal
any indication of surface damage. This supports the view
that the 8CB film was not affected by the visible radiation
damage in the Ag layers.

From the scattering images shown in Figure 6.5 one can ob-
tain information about the ordering and the orientation of
the confined 8CB molecules. Integrating the intensity along
the radius vector (starting in the beam centre), the size of
the molecules can be measured. The integrated intensity is
plotted versus 26 in Figure 6.7. 20 is given by

-
20 = — 1
tan 26 i (6.1)

where 7 is the radial distance from the beam-centre on the
detector plate and L is the distance between sample and de-
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Figure 6.7: Azimuthal integration of the scattering intensity
displayed on the image of Figure 6.5a). From the peak position
one obtains for the length of the 8CB a value of 3.230 nm.

tector. Using simple geometrical calculations the dimension
of the 8CB molecules can be determined from the peak of the
radial intensity profile. Comparing the experimentally mea-
sured value of (3.230+0.113) nm for the length of the dimers,
one finds a good agreement to the literature [96].

Another significant result of the x-ray experiments on con-
fined liquid crystalline films is the following. Comparing the
optical transmission image (Figure 6.4) and the scattering
data (Figure 6.5) an interesting observation can be made.
In the region of the disturbed Newton fringes the x-ray data
show two distinct scattering peaks (Figure 6.5a) and b)) that
arise from differently oriented domains of the liquid crystal.
As the lateral distance to the contact area decreases, resulting
in thinner 8CB films, the separation between these two peaks
decreases (Figure 6.5¢)). In the scattering images taken in
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the region where the optical images shows undisturbed New-
ton fringes, only one scattering peak was detected (Figure
6.5d)-g)). Here, the liquid crystalline molecules arrange into
one domain with a uniform orientation. This behaviour can
be investigated in more detail by plotting the radially inte-
grated intensity against the angle ¢ (Figure 6.8). This rep-

Figure 6.8: Plot of the radial integrated intensity versus az-
imuthal angle ¢ taken from the x-ray scattering images at the
positions a)-c) in Figure 6.4. Two separated peaks were measured
for dscp = 3.87 pm (a) and for dscp = 2.82 pm (b). In measure-
ment (c) (dscp = 1.92 pm) the two peaks had already merged
into one broader peak.

resentation of the scattering data reveals a further detail.
Assuming that the 8CB dimers adopt only the orientations
referring to the scattering peaks at ¢; =~ 103° and ¢o =~ 136°,
the intensity between the peaks should be zero (after sub-
tracting the background). However, as can be seen in Figure
6.8, the intensity between the peaks is larger than beyond
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the peaks. In this experiment, the top and the bottom sam-
ple were, by accident, not aligned parallel. The optical axes
and thus the orientation of the surface lattice were deter-
mined after the x-ray experiment using polarised light and
an analyser. The top and bottom sample were found to be
horizontally rotated by an angle of (35+5)° with respect to
each other. It was found from the optical measurements as
well, that the angles ¢, and ¢o are compatible with the opti-
cal axes.

In order to describe this behaviour a simple model was as-
sumed. The 8CB dimers close to the confining mica sub-
strates orientate with the director parallel to the wall and
with respect to the mica lattice [66,99,101,102]. In our model,
the 8CB dimers adopt the orientation ¢, and ¢o induced by
the adjacent mica surface lattice up to a certain thickness d;
and ds respectively. The separation between the mica sur-
faces, i.e. the thickness of the liquid crystalline film is given
by dscp = d1 + d1—2 + do. In the region between the mole-
cules orientated with respect to the mica, the orientation is
assumed to change linearly from ¢; to ¢. Each of these tran-

Figure 6.9: Schematic plot of the orientation of 8CB dimers
with respect to the mica surface lattice in the region of disturbed
Newton fringes. The mica samples induce the orientation of the
dimers up to a certain separation from the surface. In the transi-
tion region di_.2 the 8CB dimers change their orientation linearly.
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sition molecules contributes to the total scattering intensity
which results in a non-zero value between the two main peaks
at ¢; and ¢o. Mathematically, we obtain a Gaussian distri-
bution for the scattering intensity around ¢; and ¢, and a
width of A¢ from the material oriented with respect to the
mica surfaces:

_(6=91)?
I, =de 22¢° with i=1,2. (62)

The dimers in the transition regime change the orientation
linearly from ¢ to ¢o and each dimer contributes to the
scattering intensity between the peaks at ¢; and ¢-. This is
described with:

R C G

The total scattering intensity is then obtained from the sum
of Il, I2 and 11‘}2.

Comparing the experimental data with this model, best fit
values for the thickness of the regimes with different orienta-
tions were found. Figure 6.10 shows the experimental data
and the fitting curve.
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6.1. X-ray investigations on thin liquid crystalline 8CB films

Figure 6.10: Experimental profile of the intensity versus az-
imuthal angle (open circles) compared with the fitting curve of
the assumed model. The peaks at ¢1 = 103.4° and ¢2 = 132.1°
arise from lattice induced orientation of the 8CB molecules. This
orientation extends to 18.4% of the total thickness of the 8CB film
(dscs = 2.57 um) for orientation ¢ and to 15.8% for ¢2. 65.8%
of dscp belong to the transition region di_2 and contribute to
the scattering intensity between the main peaks.

Assuming the model describes the situation correctly, for this
8CB thickness approximately 66% of the total film thickness
(i.e. 1.69 pm) are in the transition region. The orientations
¢1 and ¢ are in good agreement with the measured orien-
tation of the substrates. Performing the fitting to a thicker
8CB film such as in Figure 6.5a)(dscp = 3.87 pm) we find
that 29% of the the total film thickness (i.e. 1.12 pm) are
in the transition region. As already mentioned above, for de-
creasing film thicknesses the two peaks merge into one single
scattering peak. It is interesting to note that the two differ-
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6. In-plane layer structure of thin confined liquid films

ent domains merge into one at a film thickness (of approx. 2
um) that corresponds to the thickness of the twisted transi-
tion region dj_.o. It is remarkable that here the orientation
adopts a value between ¢; and ¢5. It thus appears that the
confinement induced ordering is stronger than the anchoring
effects to one of the orientations induced by the substrates.
An alternative interpretation of the scattering data shown in
Figure 6.5 is as follows. In the regime of the disturbed New-
ton fringes the liquid crystal arranges into many domains
with different orientations. With the present parameters of
the x-ray beam it is conceivable, that we obtain the scattering
intensity laterally averaged over two domains with different
orientations. However, with the present experimental results
it is not possible to decide, which interpretation describes the
behaviour of the liquid crystal correctly.

On the basis of these results, obtained by combining light
interferometry and x-ray scattering in a SFA geometry, a
more detailed investigation of this behaviour will be done in
future experiments. In particular, studies of the influence
of the substrate misalignment as well as temperature-depen-
dent measurements are planned for the future. In addition,
the extent to which the phase transitions of the liquid crystal
are influenced by the confinement will be investigated.
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7. Conclusion

Conclusions have been drawn in the various sections of this
thesis at the appropriate points. This chapter now sum-
marises those conclusions and suggests possible future work
to extend the results.

7.1. Summary

The set-up and measurement procedures for the two-dimen-
sional imaging SFA have been described in significant detail
owing to the originality of this new experimental technique.
The central feature of the instrumentation developed are two
SFA cells (SFA1 and SFA2) each created with specific prop-
erties relating to the requirements of the experiments being
performed. SFA1 was constructed exclusively to allow opti-
cal measurements of the collapsing dynamics of single liquid
layers. With its small chamber volume, enabling the x-ray
scattering signal to noise ratio to be optimised, SFA2 made
experimental investigations of the in-plane structure of mole-
cularly thin lubricant layers possible.

The problem of erroneous surface force measurements aris-
ing from nanoparticulate contamination of mica surfaces was
recognised and a re-cleaving technique was developed to avoid
this issue. The re-cleavage of mica substrates immediately
prior to the experiment has been described in detail and
demonstrated to be a successful procedure for avoiding sur-
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7. Conclusion

face contamination with nanoparticles. This step is of crucial
importance for all of the results obtained.

Using the unique two-dimensional capability of the SFA con-
structed during the course of the work presented here, the
dynamics of drainage of molecularly thin films has been in-
vestigated. This spatially resolved imaging technique has
allowed for a detailed analysis of hydrodynamic processes in
liquid films of nanoscopic thickness. Unprecedented insights
into the stability and the collapse dynamics of liquid films
with a discrete layer structure have been obtained. In partic-
ular, it has been shown that the collapse dynamics of lubri-
cant layers in this thickness range depends critically on the
elasticity of the substrates and the applied load ramps.

For thick and thin mica substrates with low approach rates
the dynamics of the roughly circular boundary line can be
described analytically by the Persson-Tosatti model when
the nucleation of the reduced film thickness takes place in
the centre of the contact area. If the nucleation happens
far away from the centre of the contact area, the bound-
ary line assumes a characteristic double S-shape [6]. In this
case, a quantitative description can only be obtained numeri-
cally [57]. If the mica sheets are particularly thin, the bound-
ary line may become unstable and roughen during the growth
phase [58]. This can even lead to the formation of trapped
pockets of liquid left behind in the contact area in the final
stage of the collapse. When particular thin mica sheets are
approached at high rates, elastohydrodynamic deformation
of these soft substrates leads to simultaneous nucleation of
the layer collapse at several positions along the rim of the con-
tact area [48]. For high approach rates on thick substrates a
mixed scenario can be observed. Initially the dynamics can
be described in terms of an elastohydrodynamic behaviour
however in the latter stages the layer expulsion exhibits dy-
namics similar to that seen for a slow approach.

For a specific model lubricant, namely that of OMCTS, the
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7.1. Summary

thickness dependence of the effective viscosity has been de-
termined. The sensitivity of the two-dimensional imaging
technique in terms of effective viscosity is about two orders
of magnitude better than the highest reported resolution in
shear force measurements [11]. It was found that the effective
viscosity increases by approximately one order of magnitude
upon decreasing the film thickness from six to two layers.
This result is remarkable, because it is in contrast to earlier
results that reported an increase in the viscosity by several
orders of magnitude within roughly the same range of film
thickness [11,12]. In [11,12] the possibility that the sub-
strates were contaminated with nanoparticles seems likely as
traditional preparation techniques were used. In more recent
experiments by others [71-73], where contamination free sur-
faces are assured, this increase in the effective viscosity by
several orders of magnitude is not reproducible.

In order to explain the increase in effective viscosity with de-
creasing film thickness the hydrodynamic model is extended
to include two different friction coefficients; a liquid-solid fric-
tion coefficient taking into account the interaction between a
liquid layer and a solid wall, and a liquid-liquid friction coeffi-
cient arising from the sliding of two adjacent liquid layers on
top of each other. The model is found to be consistent with
the experimental data and the origin of the increase of the
effective viscosity with decreasing film thickness is attributed
to the increasing weight of the liquid-solid coefficient with de-
creasing film thickness.

A closer inspection of the two-dimensional imaging SFA ex-
periments on thick substrates revealed that the area with
reduced film thickness is not circular as predicted by theory
but instead shows edges and facets. A more detailed inves-
tigation of the structure of the molecules within single lay-
ers is made by combining optical interferometry with x-ray
scattering experiments. As expected, the scattering intensity
decreased linearly with decreasing thickness of the confined
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liquid crystalline film. Remarkably, even for very thin 8CB
films (dgcp = 8.4 nm) a non-zero scattering intensity was
obtainable. The layer spacing of the 8CB molecules was mea-
sured and found to be in good agreement with the literature.
Furthermore the orientation of the liquid crystal with respect
to the surface lattice of the mica was investigated. For thick
films of 8CB two different orientations of the dimers, accord-
ing to the orientation of the mica lattice, were found. The
separation between the two scattering peaks (corresponding
to the two orientations) decreased for decreasing film thick-
ness. The peaks merged at an 8CB thickness, where in the
optical image the Newton fringes became continuous. In the
regime of the undisturbed fringes the dimers adopt an orien-
tation between the angles expected from the anchoring to the
substrates. Thus, the confinement induced orientation seems
to be stronger than the anchoring effect. A simple model
was presented that describes the experimental observation
of a non-zero scattering intensity between the two peaks at
large film thicknesses in terms of three regimes with different
dimer orientations.

7.2. Future work

The set-up of our two-dimensional imaging SFA allows de-
tailed investigations of the expulsion dynamics of thin lig-
uid films under confinement. This is a powerful experimen-
tal tool and the investigation of the dynamics of expulsion
processes should now be broadened. For instance, different
lubricants and in particular liquids with more complicated
molecules should be studied. Factors such as the effect of
temperature on the dynamics of expulsion processes are also
open to exploration. Modifications of the surface chemistry,
such as wettability patterned substrates, on the dynamics of
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7.2. Future work

drainage processes should also provide a fruitful area of fur-
ther experiments. Currently, the two-dimensional imaging
SFA is being adapted to allow the observation of diffusion
of the molecules in the confined geometry. This is achieved
simply by incorporating a laser into the SFA set-up thus al-
lowing FRAP (Fluorescence Recovery After Photobleaching)
measurements to be performed.

Preparations are underway for future experiments using the
combined x-ray and optical interferometry technique described
in Section 6.1. First, the influence of the substrate orienta-
tions on the in-plane ordering of the confined liquid will be
investigated. Secondly, it is planned to study to what extent
the phase transitions in 8CB are affected by confinement. Fi-
nally, shear induced ordering of the liquid crystal film will be
examined.
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A. Appendix A

The following table details the core components (instrumen-
tation and chemicals) of the experimental set-up.

Table A.1: List of components and chemicals

’ Device \ Speciﬁcations/model\ Manufacturer
SFA1 custom-designed Workshop  Univer-
(dynamical measure- | sity of Ulm
ments)
SFA2 custom-designed Workshop  Univer-
(x-ray experiments) sity of Ulm
Piezo tube L=2.5", OD=0.5" Staveley Sensors
Piezo motor PicoMotor 8322 New Focus
Sample support | Radii of curvature: | Workshop Univer-
R=5 cm and R=7 cm | sity of Ulm
Microscope (12x19.5) mm, thick- | PLANO GmbH
cover slides ness 00 (60...80 um), | (Wetzlar)
type: Q1520
Cylinder lenses | quartz glass, radius | Hellma Optik

of curvature R=2 cm
(custom designed)

GmbH (Jena)
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’ Device \ Specifications/model\ Manufacturer

Power supply model: E3648A (re- | Agilent Technolo-
mote controlled) gies

HV amplifier T-401 basic amplifier | ElbaTech
module (incl. inverting
and gain selector)

Permanent mag- | NdFeB, type: NE44 IBS Magnet

nets (Berlin)

Xe-arc lamp XBO 300W, power | Miiller FElektronik
supply SVX1530 with | Optik GmbH
lamp case LAX

Hg(Ar) calibra- | model LSPO35 LOT Oriel

tion lamp

Monochromator | 1/8m grating Mono- | LOT Oriel
chromator, grating:

1200 lines per mm,
model: 77200

CCD camera 1380 x 1024 pixel, 10 | PCO Optics
fps at maximum resolu-
tion, 20 fps at 2x-Bin-
ning mode, model: Pix-
efly Standard HiRes
220XS

5x Objective NA=0.13, WD 22.5 | Nikon
mm

20x Objective NA=0.35, WD 20.5 | Nikon
mm

Heat exchanger

model: WT2000010

Tiger Electronics

Thermostat

heating power: 2.25
kW, cooling power
(20°C): 0.2 kW,
model: RE306 Ecoline

LAUDA
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’ Device \ Speciﬁcations/model\ Manufacturer ‘

Mica Muscovite ruby mica | B&M Mica Co.,
sheets, high quality Inc. (USA)

Glue Epon Resin1004F Shell Chemical Co.

OMCTS Octamethylcyclo- Sigma Aldrich
tetrasiloxane, purity:
99%

8CB 4-cyano-4 “-octyl- Sigma Aldrich

biphenyl, purity:
98%
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