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Contents
According to the most traditional scheme, this thesis is divided into five chapters.

2 Experimental

Chapter 1 is an introduction to the subject of surface forces and the corresponding
force-measuring techniques. The experimental details are described in Chapter 2.
Chapter 3 presents the main results, which will be subjected to discussion in
Chapter 4. Finally, Chapter 5 draws conclusions, and an outlook to possible
future work will be given. More detailed information on the content of each chapter
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1 Introduction

List of Symbols
and Abbreviations
a coefficient of thermal
expansion
A area, position of approach
actuator, Hamaker constant

DTA differential thermal analysis
eo permittivity of space
E elastic modulus
eSFA extended surface forces

AA approach actuator
3 Results

A, B active areas of photodiode

apparatus
F normalised signal from

detector
AC, ac alternating current
a, b, c crystallographic axes
adv advancing
AFM atomic force microscope

photodiode detector
F (surface) force
FF friction force
FD friction device
FECO fringe of equal chromatic

BW bandwidth
4 Discussion

Cj calibration constant of

order
FSC fast spectral correlation

actuator j
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CCD charge-coupled device

g interfacial tension

D change, difference

H particle height

d difference signal from

h number of layers

photodiode detector

I (light) intensity

f molecular diameter
D surface separation
DC, dc direct current
DSC differential scanning
calorimetry
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interferometry

IR infrared
i

–1

k (any) spring constant
kl spring constant of lateral
force-measuring spring

List of Symbols and Abbreviations

actuator)
m chemical potential, microM molar mass, shearing
actuator position
m mass
MBI multiple beam interferometry
MD mechanical drift
MMM multilayer matrix method
n Poisson’s ratio, frequency
NMR nuclear magnetic resonance
n refractive index
W optical distance
ODIC orientally disordered crystal
p pressure
PCA point of closest approach
PD piezo device
PDD photodiode detector
PID proportional, integral,
differential
Pt100 platinum resistance
thermometer
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LA lateral actuator (= shearing

upper surface
Ry radius of curvature of
lower surface
rec receding
S sum signal from photodiode
detector
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L load

Rx radius of curvature of

s standard deviation
S entropy, surface location
SFA surface forces apparatus
SPM scanning probe microscopy
T temperature
Tm melting point
Tb boiling point
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l wavelength

R mean radius of curvature

t time
TTL transistor-transistor logic
U internal energy
V volume, voltage
v velocity
w interaction energy
XPS X-ray photoelectron
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force-measuring spring

r mass density

spectroscopy
X, Y, Z indicatrix axes
x, y, z cartesian reference system
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kn spring constant of normal
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Synopsis
The surface forces apparatus was the main experimental technique used in this
study to investigate the behaviour of confined fluids. The thickness and the refrac-

2 Experimental

tive index of, as well as the forces across thin films of both cyclohexane and
cyclohexanol were determined.
Considerable instrumental improvements were established, which allowed
the dynamic range to be greatly extended and the specifications of our apparatus
to be upgraded compared to instruments used hitherto. In particular, a novel
method to evaluate multiple beam interference spectra has been developed in our

3 Results

lab; fast spectral correlation interferometry [1] greatly increased the precision of
the thickness measurement and allowed for the refractive index of nanometre-thick films to be accurately determined for the first time. Furthermore, we
spent a considerable amount of time scrutinising the mechanisms that originally
caused drift of our instrument. These efforts resulted in an instrument of unprecedented drift stability.

4 Discussion

Two types of substrates were used in this study. By far the most measurements were carried out on muscovite mica surfaces, which were prepared according
to a well-established experimental procedure. This standard way of sample preparation includes a hot platinum wire used to cut thin sheets of mica to an appropriate size. Atomic force microscopy revealed the surfaces of such melt-cut samples
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not to be atomically smooth, but to be covered by numerous small particles of
roughly 5-20 nm height and 150-250 nm diameter. Alternatively, a pair of surgical
scissors was used to cut the mica sheets, thus obviating the use of the hot platinum
wire. Such mechanically-cut samples produced largely featureless AFM images
with the observation of some occasional, flake-like structures.

iv

Synopsis

Upon successively reducing the thickness of a cyclohexane film confined
1 Introduction

between two melt-cut mica surfaces, the occurrence of a repulsive force was
observed at a distance around 4 to 20 nm. For smaller surface separations, the film
thickness no longer varied continuously but was discretised, the difference
between successive thickness values being in the order of 4-6 Å and the transition
from one value to the next being fast. The thinner the film, the smaller was its
average refractive index, and the larger the refractive index fluctuations that were
observed. The maximal magnitude of both the reduction as well as the fluctuations
2 Experimental

varied from experiment to experiment and correlates with the thickness of the
respective mica substrates. The smallest refractive indices encountered were
around 1.0, and the largest fluctuations covered a range of 0.5.
A somewhat different picture emerged from experiments carried out on
mechanically-cut surfaces. For a given applied load, the film thickness was 3-5 nm
larger than on melt-cut surfaces, and neither a reduction nor significant fluctua-

3 Results

tions of the refractive index were observed.
For cyclohexanol, a behaviour qualitatively similar to that of cyclohexane
was found, with the film-thickness discretisation being much less distinct and of
shorter range, the film-thickness transitions being more sluggish, and the refractive index fluctuations being smaller.
A mechanical model was developed in order to describe the experimental
4 Discussion

observations. The particles found with the atomic force microscope constitute a
central feature of the model. They are thought to influence both the film thicknesses as well as the forces measured. The anomaly of the refractive index can be
interpreted as being determined by the deformation pattern of the mica substrates
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as induced by the particles.
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1 Introduction

Zusammenfassung
Im Rahmen dieser Arbeit wurde das Verhalten von zwischen zwei Platten eingeschlossenen Flüssigkeiten mit Hilfe eines Apparates zur Bestimmung von klein-

2 Experimental

sten Oberflächenkräften untersucht. Sowohl die Dicke als auch der Brechungsindex von dünnen Filmen aus Cyclohexan und Cyclohexanol wurden gemessen, und
die von den Flüssigkeiten ausgeübten Kräfte wurden bestimmt.
Im Vergleich zu herkömmlichen Instrumenten konnten der dynamische
Bereich und die Spezifikationen unseres Gerätes stark erweitert und verbessert
werden. Insbesondere erlaubte eine neuartige, in unserem Labor entwickelte

3 Results

Methode den Brechungsindex von Filmen, welche nur wenige Nanometer dick
sind, zu messen [1]. Dies war bisher nur unter grossen Vorbehalten möglich. Ausserdem konnte die Genauigkeit der Dickenmessung stark verbessert werden.
Schliesslich haben wir viel Zeit damit verbracht, die Mechanismen zu verstehen,
welche in unserem Gerät anfänglich Drift verursacht hatten. Diese Anstrengungen wurden mit einem Gerät von bisher nie gesehener Stabilität belohnt.

4 Discussion

Zwei Arten von Substraten wurden in dieser Arbeit verwendet. Die meisten
Messungen wurden auf Glimmeroberflächen durchgeführt, welche einer etablierten Standardprozedur folgend präpariert wurden. Diese Standardprozedur verwendet einen heissen Platindraht, um den Glimmer auf die richtige Grösse zuzuschneiden. Messungen mit einem Rasterkraftmikroskop haben gezeigt, dass
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derartige Oberflächen nicht atomar flach sind, sondern viele kleine Partikel von
etwa 5-20 nm Höhe und 150-250 nm Durchmesser aufweisen. Deshalb wurde zur
Glimmerpräparation als Alternative zum Platindraht auch eine chirurgische
Schere eingesetzt. Die Oberflächen dieser alternativen Proben erwiesen sich im
Rasterkraftmikroskop als weitgehend strukturlos. Nur gelegentlich wurden einige
wenige, schuppenähnliche Features beobachtet.

vi

Zusammenfassung

Wenn die Dicke eines Cyclohexanfilms zwischen zwei Standard-Oberflächen
1 Introduction

kontinuierlich verringert wurde, konnte unterhalb eines bestimmten Abstandes
der Platten eine repulsive Kraft detektiert werden, deren Bereich je nach Experiment zwischen 4 und 20 nm lag. In diesem repulsiven Bereich variierte die Filmdicke nicht mehr kontinuierlich sondern war quantisiert. Die Differenz zwischen
zwei quantisierten Werten war zirka 4-6 Å und der Übergang von einem Zustand
in den Nächsten war schnell. Des weiteren wurden in sehr dünnen Filmen sowohl
eine Verringerung des Brechungsindexes als auch Fluktuationen desselben beob2 Experimental

achtet. Dabei waren die Reduktion und die Fluktuationen je ausgeprägter, je dünner der Film war. Die absoluten Werte waren von Experiment zu Experiment verschieden. Es konnte jedoch eine Korrelation mit der Dicke des jeweiligen
Substrates hergestellt werden.
Experimente mit alternativ präparierten Oberflächen ergaben ein etwas
abweichendes Bild. Bei einer vergleichbaren Last waren die Filme 3-5 nm dicker
als bei Verwendung von entsprechenden Standard-Oberflächen. Des weiteren

3 Results

konnten weder eine Reduktion noch Fluktuationen des Brechungsindexes nachgewiesen werden.
Cyclohexanol zeigte qualitativ ein sehr ähnliches Verhalten wie Cyclohexan.
Jedoch war die Diskretisierung der Filmdicke viel weniger ausgeprägt und von viel
kleinerer Reichweite. Ausserdem waren die Filmdickenübergänge nicht schnell,
sondern verschmiert und langsam. Schliesslich waren die Brechungsindexfluktua4 Discussion

tionen kleiner.
Zur Erklärung der Resultate wurde ein einfaches mechanisches Model entwickelt, welches die im Rasterkraftmikroskop gefunden Teilchen miteinbezieht
und die beobachteten Filmdicken und Kräfte teilweise auf deren Wirkung zurück-

5 Conclusions & Outlook

führt. Das anomale Verhalten des Brechungsindexes konnte in diesem Model teilcheninduzierten Deformationen der Glimmersubstrate zugeschrieben werden.
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Abstract: this chapter provides an introduction to the subject of
surface forces and how these can be measured experimentally,
namely by atomic force microscopy (section 1.4) and using the surface forces apparatus. The latter is described both in its traditional
form as well as in its extended version in sections 1.5 and 1.6,
respectively. The effect of confinement on a liquid’s properties is dis-

4 Discussion

cussed both phenomenologically (section 1.2) as well as from a thermodynamic point of view (section 1.3). Section 1.7 deals with the
properties of muscovite mica, which was used as the substrate in all
experiments. Some background information on the liquids studied,
i.e. cyclohexane and cyclohexanol, is presented in sections 1.8
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and 1.9, respectively.
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1.1 Surface forces
Significance

Every piece of material exhibits a surface, through which it

3 Results

interacts with the outside world. Nevertheless, the surface forces
that occur are rarely appreciable in everyday life because they are
short-ranged with respect to macroscopic dimensions and small
when compared to more familiar forces such as gravity. Adhesion
between two bodies, (de)wetting of liquids on solid surfaces, stabilisation of colloidal systems, or capillary rise of liquids in narrow
channels are among the few examples, where these short-range
4 Discussion

forces manifest themselves in visible, macroscopic effects. Although
surface forces are hard to “see”, they may be of great significance
under certain circumstances. Generally speaking, surface effects
start to play a role when the surface-to-volume ratio of an object is
increased upon making it smaller and smaller (cf. figure 1.1). In
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micro electromechanical systems (MEMS, also: micro machines),
for instance, surface effects are paramount, whereas gravity
becomes negligible [2]. Thus, surface forces have to be well understood and carefully taken into account in many of the key enabling
(nano)technologies of today and the future.

2
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Figure 1.1: surface-to-volume ratio of a
sphere as a function of its radius. Surface
effects become increasingly more important
the smaller an object.
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Origin

The events that occurred in the fractions of a second after the
“Big Bang” are only gradually being understood. According to current opinion, the universe had an infinite temperature at that ini3 Results

tial instant, and there was only one single force of nature. As the
universe expanded and cooled down, this superforce split into the
four basic forces known today: gravity, strong nuclear force, weak
nuclear force, and electromagnetic force (figure 1.2).
Gravitation is an attractive force, which acts between any
two pieces of mass in the universe. It causes apples to fall from

4 Discussion

trees and keeps us on earth and the moon in its orbit around the
earth.
The strong force holds protons and neutrons on top of each
other in the nucleus of an atom. It is the underlying source of the
vast amount of energy, which is released when lightweight nuclei
are fused together or heavy nuclei are broken apart, as it is the case

5 Conclusions & Outlook

Forces of
nature

in an nuclear power plant.
The weak force is responsible for the radioactive decay of certain atomic nuclei. In a process called beta decay, for instance, a
neutron spontaneously breaks up into a proton, an electron, and an
anti neutrino.

3

Surface forces

Finally, the electromagnetic force governs the interaction of
1 Introduction

charged particles with each other and with magnetic fields. In an
atom, for example, it holds the negatively charged electrons to the
positively charged protons. Moreover, it is the source of all intermo-

3 Results

2 Experimental

lecular and surface forces.

Figure 1.2: loss of unity in the forces of nature. According to current
theories, the individual forces separated out one by one from a single
superforce as the universe expanded and cooled down. Grand Unified
Theories (GUTs) try to merge the strong force, the weak force, and the
electromagnetic force. Weak force and electromagnetic force are unified in the electroweak force.

4 Discussion

Properties of
the fundamental forces

According to modern quantum theories, these fundamental
forces are conveyed by means of virtual particles. Table 1.1 summarises the force-carrying particles and indicates the relative strength
and range of interaction.
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Table 1.1: the fundamental forces, their carriers and properties.

4

Force

Carrier

Range

Strength

Gravitation

Graviton

very long

weak

Strong nuclear force

Gluon

very short

very strong

Weak nuclear force

Boson

short

very weak

Electromagnetic force

Photon

long

weak

Surface forces

Although all intermolecular interactions are thought to have
the same fundamental origin, it is useful to classify them into a
1 Introduction

Classification(s)

number of categories. Unfortunately, different disciplines such as
chemistry, biology, or physics have developed their own nomenclature. Terms such as ionic bond, metallic bond, hydrogen bond, van
der Waals force, solvation force, or hydrophobic interaction are
commonly encountered and often subdivided into strong and weak
interactions as well as short-range and long-range forces. This mul-

2 Experimental

titude of terms may lead to considerable confusion! According to
Israelachvili [3], intermolecular forces may loosely be classified
into three (physical) categories, namely: i) purely electrostatic
interactions arising from the Coulomb force between charges,
ii) polarisation forces due to induced dipole moments, and
iii) quantum mechanical forces which give rise to chemical bonding
and repulsive steric or exchange interactions due to the Pauli exclu-

Structural
forces

3 Results

sion principle.
Structural forces, to be considered in more detail later, are an
example of such a short-range exclusion interaction. They arise
when certain liquid molecules are confined between two flat, parallel surfaces or in highly restricted geometries such as a pore network.
The intermolecular forces described above may manifest
4 Discussion

themselves in qualitatively new ways if their action is to be
summed up in the case of extended bodies or surfaces. To illustrate
this, we shall consider the force between two planar, infinite surfaces a distance D apart. Starting off from a given pair potential
between two atoms or small molecules of the form
C
w ( r ) = – ----j ,
r
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Intermolecular vs.
intersurface
forces

eq. 1.1

we will first calculate the interaction energy of a single particle
with a planar surface made up of like particles (figure 1.3a)).

5

Surface forces

b)

2 Experimental

1 Introduction

a)

Figure 1.3: integration of interparticle forces to obtain the interaction
energy of a) a single molecule with an infinite surface at a distance D,
and b) a unit area surface with a parallel, infinite surface separated by
a distance D.

3 Results

Particlesurface
interaction

All particles contained in a circular ring of cross-sectional
area dxdz and radius x exhibit the same distance r = (x2 + z2)0.5
from the isolated particle at x = z = 0, so that the integration is
straightforward. Let r be the number density of particles in the
solid, then the number of molecules in the ring is 2pxrdxdz, and
z=•

x=•

z=D

x=0

w' ( D ) = – 2pCr Ú

dz Ú

x dx
2pCr
--------------------------- = --------------j
§
2
2
2
(j – 2)
(x + z )

4 Discussion

– 2pCr
= --------------------------------------------------j–3
(j – 2) ◊ (j – 3) ◊ D

•

ÚD

dz
---------=
j–2
z
eq. 1.2

with j > 3. Here, we have used the common assumption of simple
additivity of intermolecular forces.
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Surfacesurface
interaction

We may now calculate the interaction energy of two planar,
infinite surfaces separated by a distance D. Therefore, we integrate
over a thin sheet of unit area and of thickness dz (figure 1.3b)):
– 2 pCr
W ( D ) = ----------------------------------(j – 2) ◊ (j – 3)

•

ÚD

rdz
---------=
j–3
z

2

– 2 pCr
= ----------------------------------------------------------------------j–4
(j – 2) ◊ (j – 3) ◊ (j – 4) ◊ D

6

eq. 1.3

Surface forces

with j > 4. Note that equation 1.3 is for a unit area of one surface
1 Introduction

interacting with an infinite area of the other surface. This normalisation is necessary because otherwise the result would be infinity.
Also note that W and D have been used in connection with macroscopic bodies, whereas the interaction between atoms or molecules
has been characterised by w and r, respectively.
Thus, starting off from a 1/rj intermolecular potential, we
ended up with an interaction energy exhibiting a 1/Dj-4 depend2 Experimental

ence! Or more generally speaking, the interaction energy between
two macroscopic bodies decays much more slowly with distance
than the underlying intermolecular potential.
Cylindercylinder
interaction

The integration of interparticle forces may be carried out in
a very similar way for various macroscopic geometries. For the relevant case of two cylinders with radii Rx and Ry, respectively, and
with their axes at an angle w (cf. section 1.5), Derjaguin derived in

2p R x R y
F ( D ) = ------------------------ W ( D )
sin w

3 Results

his beautiful 1934 paper [4]:
eq. 1.4

Equation 1.4 relates the force between two cylinders to the interaction energy of two planar surfaces at the same separation D; it is
known as the Derjaguin approximation. In his derivation, Derjagassumed

that

D << Ri

and

that

the

intermolecular

4 Discussion

uin

potential, w(r), rapidly decays with distance. However, no assumptions concerning the detailed functional form of w(r) were made,
and equation 1.4 is therefore generally valid.
For two crossed cylinders (w = p/2), the Derjaguin approximation reduces to
F ( D ) = 2p R x R y W ( D )

eq. 1.5

1
F(D)
W ( D ) = ------------------------ F ( D ) µ ----------R
2p R x R y

eq. 1.6
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The
Derjaguin
approximation

or

7

Molecular-level confinement

with
1 Introduction

R=

Rx Ry

eq. 1.7

Thus, for two crossed cylinders, the interaction energy is proportional to the macroscopically measured force divided by the mean
radius of curvature, R, and therefore, all force vs. distance curves
in this thesis will be plotted as F/R vs. D.

2 Experimental

Measurement
of surface
forces

In order to measure such force vs. distance curves, essentially two experimental techniques have been established within
the past three decades. Both the Surface Forces Apparatus (SFA)
as well as the Atomic Force Microscope (AFM) determine tiny surface forces by measuring the deflection of a spring, which carries
either the sample surface or a probe. The SFA technique, as
described in section 1.5, was the main experimental tool used in the
course of this thesis, whereas only a few but nonetheless important

3 Results

results were obtained with an AFM (cf. section 1.4).

1.2 Molecular-level confinement
As already mentioned in the previous section, surface effects
become significant for small objects. In a similar way, a completely
“new” and unusual physics is encountered when molecules are con-

4 Discussion

fined to restricted geometries, i.e. when the distance between the
confining walls drops below a small multiple of molecular dimensions.
Key players

In such confined systems, wall forces are introduced as key
players, and the resulting competition between fluid-wall and
fluid-fluid interactions leads to a variety of new phenomena.
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Effects

For instance, diffusion within a pore has been reported to be
much slower than in the bulk liquid [5] while being faster than in
the solid phase. Furthermore, new kinds of phase transitions not
found in the bulk phase, confinement-induced phase transitions [6],
as well as shifting of bulk phase transition temperatures [7-11]
have been observed. The most prominent example illustrating the

8

Molecular-level confinement

latter effect is the so-called capillary condensation: a fluid, whose
1 Introduction

chemical potential is less than its value at saturation and which is
therefore gaseous in bulk, condenses to form a liquid in the pores of
a solid or in a narrow capillary [9, 12, 13]. The effects of confinement seen in the light of thermodynamics shall be illustrated in the
next section, with the experimentally observed shifting of the melting temperature as the basis of our considerations.
Applications

On the applied side, micro- and meso-porous materials are
2 Experimental

widely used in the chemical industry, for instance for separations
or as catalysts and catalyst supports. Confinement effects also play
a role in boundary lubrication and adhesion. Furthermore, many
rocks and soils are porous. Thus, geologists and geophysicists also
have to deal with confinement, for instance in the removal of pollutants from ground water and soils. Last but not least, the macroscopic properties of ceramics and many other materials critically

3 Results

depend on their crystallinity and the occurrence of grain boundaries, in the vicinity of which fluids are expected to behave differently than in the bulk.
Fundamental
interest

From a scientific point of view, the study of confined fluids
may lead to a fundamental understanding of both finite-size effects
as well as varying dimensionality: when the pore width is on the
order of typical molecular length scales, a large fraction of the mol4 Discussion

ecules will experience a reduction in the number of like nearest-neighbours. Moreover, a reduction of pore width will change the
dimensionality from three- to two- or even one-dimensional, in the
case of a slit or cylindrical pore, respectively [14, 15]. Note that
although experiments with cylindrical pore geometry and slit pore

5 Conclusions & Outlook

geometry might show some quantitative differences, their qualitative behaviour is similar [16].
Nanoporous
materials

There exists a large number of nanoporous materials used in
experimental studies of fluids in slits and pores, ranging from crystalline aluminosilicates or carbon nanotubes to amorphous porous
glass or activated carbon fibre [17]. However, many of these sys-

9
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tems are hampered by multiply connected networks of considerable
1 Introduction

polydispersity, and even if the pores are more or less uniform in
size, it may be impossible to actually vary their size. As opposed to
studies involving nanoporous materials, the surface forces apparatus to be presented in section 1.5 permits accurate adjustment and
measurement of the wall separation of a single-slit pore.

2 Experimental

1.3 Thermodynamics of confinement
The effect of confinement on a fluid’s properties as illustrated in the
previous section is just one example of a much more general phenomenon, namely the extraordinary properties of small systems.
Since the thermodynamic functions and equations of ordinary thermodynamics are derived for infinite systems, macroscopic thermodynamics has to be modified if it is to be used to describe small systems such as confined fluids. Two prominent, yet conceptually
3 Results

different approaches may be employed to treat the thermodynamics
of a fluid confined to a slit pore.
T.L. Hill’s
concept: truly
small systems

The pioneering work by Hill [18] aims at generalising the
equations of macroscopic thermodynamics such, that they describe
the thermodynamics of small systems. Rather than applying macroscopic thermodynamics to a large sample of (invariable, fixed)

4 Discussion

small systems, Hill allows the size of the small system to actually
vary. By considering an ensemble of independent small systems,
the link to macroscopic thermodynamics is established. A central
feature of Hill’s theory is, that the modified equations converge to
the ordinary equations in the limit of an infinite number of parti-

5 Conclusions & Outlook

cles. Abandoning the Gibbs-Duhem equation and thereby allowing
for an extra degree of freedom as compared to the corresponding
macroscopic system is a necessary implication of Hill’s treatment.
Applied to a confined fluid in the surface forces apparatus, Hill’s
approach would additionally require at least one extra variable (for
instance the slit width) to account for the anisotropy of the contact
geometry, whereas no extra variable occurs in an isotropic system.

10

Thermodynamics of confinement

On the other hand, the approach presented by Evans and
Marconi [19] immerses the small system into a larger system of
1 Introduction

Macroscopic
approach

identical molecules (reservoir), to which macroscopic thermodynamic principles are applied. Such a treatment requires the introduction of two extra variables (for instance the slit width, D, and
the surface area of the slit, A), and it has to take two additional contributions to the increase in internal energy into account. The first
extra term, 2gdA, is associated with the fluid-wall interfacial

2 Experimental

tension, g, whereas the second term, -(Af)dD, is related to the structural force per unit area, f (cf. page 5).
While Hill’s approach seems to be conceptually much more
general and valuable, the treatment of Evans and Marconi is very
much oriented towards the experimental situation of confined fluids in the surface forces apparatus, and it is thus not surprising
that it has successfully been utilised to treat the problem of capil-

Application to
solid-liquid
phase
transition

3 Results

lary condensation in slits with identical walls.
The result derived by Evans and Marconi [19] is a first-order
approximation, which may be adapted to any first-order phase
transition of a pure substance by appropriate identification of the
variables. For the shift of the melting point under confinement, one
would have to write:
eq. 1.8

4 Discussion

( g ws – g wl ) ◊ n
T m, bulk – T m, pore
----------------------------------------- = 2 ◊ ---------------------------------D ◊ l m, bulk
T m, bulk

Here, Tm,bulk and Tm,pore denote the melting temperatures of the
bulk and the confined sample, respectively, gws and gwl are the
wall-solid and wall-liquid surface tensions, n is the molar volume of

5 Conclusions & Outlook

the bulk, lm,bulk is the latent heat of melting in the bulk, and D is
the pore width.
GibbsThomson
equation

Equation 1.8, which is often referred to as the Gibbs-Thomson equation, states that the shift of the melting temperature is
proportional to D-1. In other words, under confinement, phase transitions can be induced by varying D-1, whereas a variation of temperature, for instance, causes phase transitions in the bulk. Note
11
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that, depending on the relative magnitude of gws and gwl, the melt1 Introduction

ing temperature may be shifted towards either higher or lower temperatures. A final remark concerns the “sharpness” of first-order
phase transitions: strictly speaking, discontinuities are sharp only
in the limit of infinite systems, and they become more and more
gradual the smaller the system gets [18]. It may therefore not be
appropriate to talk about a melting point in this context.

2 Experimental

Experimental
verification

Nevertheless, the Gibbs-Thomson equation has been verified
in a number of experimental studies working with a variety of confinement media and confined liquids (for an extensive review see,
for instance, ref. [17]). Other experiments found that both NMR
deuteron relaxation times [14] as well as Raman vibrational and
reorientational correlation times [20] scale with 1/D. A common

1/D scaling

feature of all these studies is, however, that the 1/D scaling breaks
down for D ≤ 3-10 nm. There are only very few (contradictionary)

3 Results

experimental reports for smaller pores, and theoretical considerations based on the “extrapolation” of macroscopic thermodynamics
naturally have to fail in this pore size regime.
Numerical
methods

However, numerical methods seem to be a conceivable way of
dealing with these very small systems. Both grand canonical Monte
Carlo simulations, grand canonical molecular dynamics simulations, as well as density functional models have been used to

4 Discussion

describe the behaviour of confined fluids rather successfully.

1.4 The atomic force microscope
The scanning probe microscope (SPM), also called the atomic force

5 Conclusions & Outlook

microscope (AFM), naturally evolved from the scanning tunnelling
microscope [21], with which non-conductive materials could hardly
be investigated. The AFM, as proposed by Binnig, Quate and
Gerber [22], does not have that limitation, and it is thus not surprising that the development of the technique and its applications
have experienced an immense growth since the invention of the
AFM in 1986.
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The atomic force microscope

2 Experimental

Figure 1.4: schematic of the scanning
probe microscope. While rastering a probe
(tip) over a sample surface, the deflection
of a cantilever beam carrying the tip is
measured, most often by the optical lever
technique.

Operating
principle

The operating principle of the SPM is embedded in its name:
a sharp mechanical probe (“tip”), which is attached to a cantilever
3 Results

beam, is scanned over the surface of interest (figure 1.4). Any interaction force between the probe and the surface acts towards deflecting the beam, the corresponding force, F, being given by Hooke’s
law:
F = - k ◊ Dz

eq. 1.9

Here, k denotes the spring constant of the cantilever beam, which
4 Discussion

may be calibrated by various means (cf. for instance refs. [23]
or [24]). The beam deflection, Dz, was originally measured with a
scanning tunnelling microscope [21], but other methods such as
capacitance [25], interferometry [26], piezo resistance [27], and,
most prominently, the optical lever detection technique [28] have
greatly simplified the experimental setup.
Figure 1.4 shows a schematic of the optical lever technique;
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Optical lever
technique

light from a laser diode is focused onto the reverse side of the cantilever and the reflected beam directed onto a four-quadrant photodiode. The position of the beam is inferred from the relative outputs
of the four individual active areas. Namely, vertical deflection is
expressed by (VA + VB) - (VC + VD), whereas the difference between
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the signals from the left and the right segments, i.e. (VA + VD) 1 Introduction

(VB + VC), monitors torsional deflection as induced by frictional
forces.
Scanning
actuators

Scanning is conveniently achieved by means of lead zirconate
titanate (PZT) piezoelectric actuators, which move either the probe
or the sample. These elements yield high lateral resolution (down
to 0.1 Å), which, however, might be significantly reduced by effects
such as non-linearity or creep when operated in open-loop mode.

2 Experimental

Calibration of the lateral actuators is performed by scanning over
well-defined calibration gratings.
Operating
modes

The SPM may be used in different operating modes [29],
which can be divided into two categories. In the AC modes, either
the cantilever or the sample is oscillated in normal direction,
whereas no oscillations are present in the DC modes. Constant
force mode, deflection mode, force vs. distance measurements, and

3 Results

friction force microscopy are among the most prominent DC modes.
A very prominent dynamic mode is called TappingModeTM.
Constant
force mode

In constant force mode, the surface is brought into contact
with the tip and scanned laterally (x and y). Thereby, a feedback
loop actuates the z-piezo such that the cantilever z-deflection, and
hence the force, remain constant. The resulting image of z-piezo
displacement as a function of (x, y) reflects first of all surface topo-

4 Discussion

graphic features but also tip-surface interactions. Note thus that
an AFM image may significantly vary from the “true” surface
topography and is a convolution of sample and tip morphologies.
Deflection
mode

If the feedback loop is switched off and the cantilever deflection recorded directly, one works in deflection mode. This mode pro-
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vides information on surface topography.
Force vs.
distance
measurements

In order to get a force vs. distance measurement, i.e. cantilever deflection as a function of the probe-surface separation, the
surface is ramped towards the probe by means of the z-piezo. The
measured cantilever deflection is calibrated and converted into
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force (cf. equation 1.9), and the separation is calculated as the (cal-

Mechanical
instability

1 Introduction

ibrated) piezo displacement minus the cantilever deflection.
An intrinsic, unavoidable feature of measuring forces via a
spring of finite stiffness is that the arrangement becomes mechanically unstable whenever the sample force gradient exceeds the
spring constant of the cantilever, i.e. dF/dz > k. This leads to both
a “jump into contact” upon approaching two (adhesive) surfaces as
well as a “jump out of contact” upon separating them again.
2 Experimental

This phenomenon is not only present in the AFM but also in
the surface forces apparatus, which will be described in the next
section. These two techniques actually exhibit many similarities,
but they also differ in many ways. Therefore, they may successfully
be used complementarily to one another. For instance, the AFM,
with its high spatial resolution, might provide lateral information
not resolved by the surface forces apparatus, whereas only the lat-

3 Results

ter allows for an absolute measurement of surface separation.

1.5 The surface forces apparatus

The determination of the interaction between macroscopic
bodies has been of interest for a long time. The first attempts date
4 Discussion

Predecessor

Historical

back to the early 1950s, when Derjaguin and co-workers measured
the forces between an SiO2 lens and a plate using their force
balance [30, 31]. Their experiments were, however, constrained to
rather large surface separations due to the difficulty of obtaining
molecularly smooth surfaces. In 1954, Bailey and Courtney-Pratt
introduced a method “by which molecularly smooth surfaces may
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1.5.1

be placed together and the area of contact formed between them
measured using multiple beam interference techniques” [32]. Their
setup had a great number of similarities to the later developed surface forces apparatus and may therefore be regarded as its predecessor.
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First SFA

The first “real” surface forces apparatuses (SFAs) to measure

1 Introduction

van der Waals forces between surfaces in air were then developed
by Tabor and Winterton in 1969 [33], and subsequently by
Israelachvili and Tabor [34] in 1972.
SFA Mk I

In 1976, Israelachvili and Adams [35, 36] built an instrument later known as the SFA Mk I, which could measure forces
between surfaces both in liquids as well as in vapours.

SFA Mk II

A number of attachments greatly extended the scope and ver-

2 Experimental

satility of the SFA Mk II, the successor of the SFA Mk I. In particular, the first so-called friction device to measure shear forces on
the nanoscale was designed by Israelachvili et al. [37, 38].
SFA Mk III

In an effort to overcome the Mk II’s most serious drawbacks
such as thermal drifts, lack of a linear, friction-free drive mechanism, as well as a cumbersome cleaning procedure due to a large
volume and internal surface, Israelachvili and McGuiggan [39]

3 Results

designed and tested a new apparatus during the years 1985-89. The
resulting instrument, the SFA Mk III, with some significant modifications to be described later, was used for all SFA experiments
presented in this thesis.
SFA Mk IV
and variations

In parallel, a number of other instruments based on the
Mks I and II, yet simpler to assemble and use, were built (e.g.
SFA Mk IV by Parker et al. [40]). Furthermore, SFAs have been

4 Discussion

adapted to operate as nanoscale rheometers [41-44]. Rather recent
developments include the combination of spectroscopic techniques
such as sum-frequency generation [45] or X-ray diffraction [46]
with the SFA, the construction of a two-dimensional friction force
apparatus [47], as well as the setup of the extended SFA (cf.
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section 1.6).

1.5.2

Normal force determination
The principle of the SFA is genuinely simple–yet its practical realisation is not, as will be illustrated on many occasions in the course
of this thesis.
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Setup

As illustrated in figure 1.5, the instrument essentially con1 Introduction

sists of two frames, which may be displaced against one another.
While the upper sample is rigidly connected to the upper frame, the
lower sample is supported by a double-cantilever spring, whose

3 Results

2 Experimental

base is coupled to the lower frame.

Distance
measurement

4 Discussion

Figure 1.5: principle of the surface forces apparatus (SFA). At the heart of the technique
is an optical distance measurement based on multiple beam interferometry, which allows the
operator to accurately determine the surface separation, D (cf. inset). Comparing the actual
surface separation to the calibrated position of a normal actuator, A, allows for the spring
deflection of the force-measuring spring to be calculated. Multiplying this deflection with
the previously calibrated spring constant, kn, yields the actual surface force, F = kn.(D-A).
A number of functional attachments supporting the upper surface extends the versatility of
the instrument (cf. figure 1.6).

By means of an optical distance measurement, which is
based on multiple beam interferometry (section 1.5.3), the separation, D, between the two samples may be determined accurately.
The two surfaces under investigation normally consist of two
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Samples

smooth, equally thick sheets of mica, which are brought together in
crossed-cylinder geometry and thus imitate a single asperity contact. As will be illustrated in section 1.7, mica guarantees a meaningful force measurement since its compressibility is very small,
and its surface is both atomically smooth and chemically inert. Furthermore, when cleaved to sufficiently thin sheets (2-4 µm), mica is
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transparent for visible light, which is a prerequisite for the optical
1 Introduction

distance measurement. In order to mechanically stabilise these
thin, fragile sheets, they are usually glued onto cylindrical silica
formers.
Methodology

The well-established method used to measure intermolecular
potentials with an SFA is to start bringing the two surfaces
together from a sufficiently large separation, such that the spring

2 Experimental

Calibration
of normal
actuator

is initially not deflected by surface forces. It is in this force-free
regime where the normal actuator calibration is readily obtained as
CAA = DD/DEAA, with DD being the change in surface separation
associated with a change DEAA of the normal actuator position, as
measured in hardware (encoder) units.

Loading

Additional motion of the approach mechanism brings the
surfaces closer together until, eventually, the spring is deflected
when the surfaces are close enough to interact. Due to the spring

3 Results

deflection,

the

optically

measured

distance

between

the

surfaces, D, is no longer a linear function of the actuator
reading, EAA. Knowing the spring constant, kn, the surface
force, F, can be calculated according to Hooke’s law:
F ( D ) = k n ◊ ( D – C AA ◊ E AA ) = k n ◊ ( D – A )

eq. 1.10

Note that A specifies the normal actuator position in calibrated,
4 Discussion

real-space units, whereas EAA is measured in hardware units.
In the case of a repulsive potential, this scheme may be continued until the surfaces reach (or are close to) molecular contact.
Mechanical
instability

If, however, there is an attractive interaction, the apparatus displays a mechanical instability as the force gradient exceeds kn and
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hence the surfaces snap into contact. Note that equation 1.10 is
valid independently of whether there are instabilities present or
not; instabilities merely mark certain distance regimes, which are
inaccessible to equilibrium force measurements.
Unloading

In an analogous way, unloading may be accomplished, if
desired. Again, one observes a mechanical instability when measuring in an attractive potential.
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Prerequisites

An inherent disadvantage of this method is that any (una1 Introduction

voidable) drift of the instrument frame is not explicitly taken into
account. The herewith associated systematic errors have, to my
knowledge, never been estimated or calculated in detail, and they
are therefore considered in more detail in section 4.2.2. Another
prerequisite to the above scheme is that the positioning accuracy of
the actuator must be high (in the order of 1 nm or better). To meet
the goal of high positioning accuracy, yet the large enough travel
2 Experimental

range of a few millimetres necessary to mount the surfaces, the
SFA Mk III features four distance controls of carefully tuned range
and resolution [39].
At the heart of the approach control mechanism is a unit consisting of four double-cantilever springs. These eight springs
ensure that the motion of the surfaces is perfectly vertical and linear, with no wobble, rotation, or any other unwanted movement.

3 Results

Due to the absence of friction, the motion is furthermore perfectly
smooth. Three mechanical controls allow this spring unit to be
deflected, thereby moving the lower sample. Both a coarse and a
differential micrometer act as coarse controls, while a differential
spring mechanism provides a medium control; a soft helical spring,
which is compressed against a stiffer spring by a micrometer rod,
provides a “gear”, the ratio of which is determined by the compo4 Discussion

nent spring constants, and which is typically around 1:1000. The
final, fourth distance control, which is only available in conjunction
with a certain attachment, is non-mechanical and is effected by
applying a voltage across a piezoelectric tube that supports the
upper surface. Table 1.2 summarises the operating principle,
range, and resolution of the four distance controls:
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Distance
controls
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1 Introduction

Table 1.2: distance controls in the SFA Mk III

Variations

Control

Operation

Range

Resolution

1) normal micrometer

manual

± 3 mm

500 nm

2) differential micrometer

manual

± 50 µm

50 nm

3) differential spring

dc motor

± 2 µm

1 nm

4) piezo tube

high-voltage

± 170 nm

< 0.1 nm

Variations of the above scheme include the well-established

2 Experimental

use of magnetic forces to control the surface separation [48]. In that
design, a magnetic field gradient created by a current passing
through two coils deflects the force-measuring spring, which carries a small magnet. This setup thus features a large travel range
and high linearity in the absence of any hysteresis or creep. It furthermore provides active control of the spring deflection and, in
combination with a deflection sensor, thus allows for force-feedback

3 Results

measurements [49].

1.5.3

Distance measurement
As already mentioned in the previous section, an optical distance
measurement based on multiple beam interferometry [50] allows
for the surface separation to be measured very accurately.

4 Discussion

Multiple beam
interferometry

Two atomically flat, thin sheets of mica with an intermediate
gap form an interferometer, which selectively filters white light in
transmission. For optimal spectral contrast, the interferometer is
routinely terminated by two mirrors made of silver layers (c.f.
figure 1.5). Its optical resonance condition is altered as the total
optical distance, W, between the mirrors is changed:
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P

W =

Â Wi
i

P

=

Â ni ◊ Di

eq. 1.11

i

with P being the number of layers and ni and Di being the refractive
index and the thickness of the ith layer, respectively. The transmission function, I(l), of such an interferometer is represented by a
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series of sharp fringes of equal chromatic order (FECOs), and it
1 Introduction

contains information about the thickness and the refractive index
of all optical layers in the interferometer. Provided that (2P-p) of
the 2P parameters are known, a certain number, p, of unknown
parameters may thus be extracted from the measured transmission
function. Obviously, the number of unknown parameters, p,
directly determines the accuracy of the measurement: the fewer
parameters need to be determined simultaneously, the more accu2 Experimental

rate and straightforward the evaluation will be. Consequently, one
usually tries to keep p small. Complex multilayer interferometers
are therefore built up sequentially, with each step introducing
one (or a few) unknown parameters only [51].
Three-layer
interferometer

In the most common and simple case of a symmetric threelayer mica interferometer (P = 3) with a gap layer of thickness, D,
and refractive index, n, it is possible to derive an analytical solution
3 Results

to the problem of extracting D and n from the measured
spectrum [52].
This analytical method establishes a so-called optical zero in
a mica-mica contact by determining the wavelength, lo, as well as
the chromatic order, No, of a (usually odd-ordered) lead fringe.
Based on this optical zero as a universal reference, the actual surface separation, D, is then derived from the wavelength shift of the

( l – lo ) ◊ No
D ( l ) ª ------------------------------2 ◊ n mica

for odd No

eq. 1.12

( l – l o ) ◊ N o ◊ n mica
D ( l ) ª ----------------------------------------------2
2◊n

for even No

eq. 1.13

4 Discussion

lead fringe, (l - lo), as [52]:
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Analytical
solution

with nmica being the refractive index of mica. Equations 1.12
and 1.13, being approximations, are valid for surface separations
smaller than some 200 nm. For larger surface separations, other,
yet less accurate, approximations are available [52].
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From equations 1.12 and 1.13, which were derived from the
1 Introduction

Maxwell equations, it follows that the wavelength shifts of odd- and
even-ordered fringes will in general be different; while odd-ordered
fringes shift as a function of the surface separation, D, only, the
position of even-ordered fringes additionally depends on the refractive index, n, of the intervening medium. Thus, by measuring the
wavelength shifts of at least two consecutive fringes, D and n may
be determined simultaneously.
2 Experimental

Generalisations

Although the above mentioned treatment of the symmetric
three-layer interferometer is, by far, the most frequently used out
of an array of analytical solutions, the more general case of an
asymmetric three-layer interferometer has also been treated analytically in the literature [53], as has the case of a five-layer
interferometer [54]. Furthermore, the influence of mica birefringence (cf. page 32) on the resonance condition of the interferometer
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has been carefully analysed [55].
Our approach

The approach adapted in our lab fundamentally differs from
the analytical solutions known hitherto. Wave propagation in
stratified media is a well-known problem, which is described by the
Maxwell equations and corresponding boundary conditions. A very
elegant mathematical tool to handle this set of equations is provided by the well-established multilayer matrix method (MMM).

4 Discussion

Multilayer
matrix
method

The MMM [156] calculates the transmitted intensity of multilayer interference filters, thereby taking into account effects such
as dispersion of, as well as absorption or emission by the optical layers. Loosely speaking, the so-called characteristic matrix, and with
it the transmission coefficient, t, of an interferometer consisting of
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P layers may be obtained by multiplying the characteristic matrices of all individual layers:
P

M =

’
j=1

and
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Mj =

m 11

m 12

m 21

m 22

eq. 1.14
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eq. 1.15
1 Introduction

2n o e o
t ( l ) = -----------------------------------------------------------------------------( m 11 + m 12 p o )p o + m 12 + m 22 p o
with

Mj =

cos q j

( – i § p j ) sin q j

– i p j sin q j

cos q j

eq. 1.16

pj = nj eo

eq. 1.17

2 p n j D j cos q j
q j = ---------------------------------l

eq. 1.18

2 Experimental

where

and according to Snell’s law,
nj ◊ sin q j = nj – 1 ◊ sin q j – 1

eq. 1.19

In the above equations, nj ( l ) = n j ( l ) + ik j ( l ) is the complex refrac3 Results

tive index of the jth layer, n o is the refractive index of the medium
surrounding the interferometer, q is the angle of incidence, eo is the
permittivity of space, and l is the wavelength.
Note that, as opposed to most analytical treatments, the
MMM counts the silver mirrors as additional, individual layers; the
aforementioned three-layer interferometer (page 21) would thus be

Being much more flexible than the mentioned analytical
approaches, the MMM unfortunately lacks an analytical inversion,
that is, there is no simple analytical expression for the transformations D[I(l)] and n[I(l)].
Therefore, we have implemented a numerical approach to the
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Numerical
approach

4 Discussion

considered a five-layer interferometer in the context of the MMM.

problem of analysing spectral information using the MMM. Fast
spectral correlation interferometry (FSC), as further described in
section 2.4, has been designed to numerically extract D, n, and
other quantities from interference spectra at unprecedented speed
and resolution.
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1.5.4

Lateral force measurement

1 Introduction

Figure 1.6 again shows a schematic of the SFA, this time equipped
with an attachment that allows for lateral force measurements.

3 Results

2 Experimental

Figure 1.6: friction measurement
in the SFA. The so-called friction
device introduces a motor-driven,
lateral motion between the surfaces and measures the occurring
shear forces via strain gauges,
which are mounted on the lateral
force-measuring spring. The normal load is generated by the normal force-measuring spring and
adjusted with the normal actuator.

Friction
device

The so-called friction device [37, 38] introduces a shear
motion between the two surfaces by means of a dc motor actuating
a micrometer, which in turn displaces a double-cantilever spring
(not shown in figure 1.6). This translation mechanism, again,
ensures a parallel motion, and a stiff helical spring pressing the

4 Discussion

double-cantilever spring against the micrometer guarantees for a
backlash-free operation. Attached to the translation stage is
another double-cantilever spring, the so-callled lateral force-measuring spring, which supports the upper surface. If a friction force
between the two surfaces occurs, the lateral force-measuring spring
deflects, the deflection being measured via strain gauges feeding a
5 Conclusions & Outlook

Wheatstone bridge. Finally, the strain-gauge output is calibrated
with the aid of a series of known forces and hence may be transformed into a friction force.
Adjustment
of normal
load

The applied load, L, in a friction experiment is routinely
adjusted

using

the

interferometric

distance

measurement

described in the previous paragraph, which allows one to determine
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the initial, non-zero surface separation, Do. Knowing the spring
1 Introduction

constant of the normal force-measuring spring, kn, as well as the
calibration of the normal actuator, CAA, the initially separated surfaces are loaded by moving the normal actuator by an amount
|DA| = |CAAEAA| = L/kn + Do.
Note thus, that in most SFA designs, the normal load is not
measured but relies on the interferometric distance measurement
as well as accurate calibrations of normal actuator and normal

2 Experimental

force-measuring spring.

1.6 The extended SFA
Although the traditional SFA has played a pivotal role in the discovery and experimental assessment of a variety of surface forces
such as dispersion forces [34, 56], double-layer forces [35, 36, 57], or
structural forces [58, 59], its dynamic range is very limited with

Distance
resolution

3 Results

respect to both time and space (figure 1.7).
The approximative methods traditionally used to determine
surface separation in the SFA are based on the acquisition of a single fringe wavelength (cf. section 1.5.3) and have a resolution of, at
best, ±1 Å [52]. The distance resolution has been considerably
improved in our setup to ± 25 pm due to the acquisition of multiple

4 Discussion

fringe wavelengths (cf. section 2.3) as well as the novel evaluation
procedure for interference spectra using fast spectral correlation
interferometry (cf. section 2.4).
Additionally, the accessible distance range has traditionally
been limited to D ≤ 200 nm due to the approximative nature of the
methods used to calculate D. The desired extension towards larger
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Distance
range

surface separations has been brought about by our modified detection setup as well as the novel evaluation procedure. Surface separations in the range from 0-50 µm may easily be measured with one
and the same numerical algorithm.
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The extended SFA

3 Results

Figure 1.7: dynamic ranges of the traditional, manually operated
SFA (dark gray area) and the extended SFA (eSFA, light gray
area). Measures that helped to extend the accessible dynamic
range in the eSFA setup are indicated in the figure; they include
complete automation, control of drift, implementation of a photodiode detector (PDD), as well as the invention of fast spectral
correlation interferometry (FSC) to evaluate interference spectra.

Refractive
index
measurements

Measurements of the gap layer refractive index have been
performed ever since the invention of the SFA technique [52, 60].
However, due to the limited precision of manual wavelengths
acquisition and the use of only two fringes, films thinner than some
100 Å have traditionally been inaccessible to refractive index

4 Discussion

measurements [61]. Fast spectral correlation interferometry now
allows for the refractive index of films as thin as 10 Å to be measured. Furthermore, the precision of the measurement has been
improved considerably, based on the automated acquisition of a
multitude of fringe wavelengths and a different evaluation procedure.
5 Conclusions & Outlook

Fast
measurements

Moreover, the implementation of a photodiode detector, as
described in section 2.5, has increased time resolution in our setup
by roughly four orders of magnitude as compared to the manual
acquisition of data points, which is limited to sampling rates of
≈ 0.1-1 Hz. Although four orders of magnitude faster, the photodi-
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ode setup features a distance resolution, which is comparable to or

Slow
measurements

1 Introduction

better than the resolution of the traditional, manual method.
Drifts of various origin clearly constitute the lower end of the
instrument’s dynamic range. By some major constructive modifications and by setting up an accurate temperature control system (cf.
sections 2.6 and 2.2, respectively), we managed to reduce drift of
our instruments by almost four orders of magnitude from initially
100 nm/min to 0.05 nm/min. If the maximal time interval between
2 Experimental

measurements is taken to be the time during which the instrument
drifts a certain system-dependent distance, much larger measurement intervals are thus feasible with our modified apparatus.
Total
duration of
measurements

Such very slow measurements would infinitely tax the
patience of any human operator, whereas in our automated setup,
the maximal total duration of an experiment is large and only limited by non-human factors such as available computer memory or,

3 Results

more likely, the intrinsic stability of the system under investigation. Similar arguments apply to the number of measurement
points taken in the course of an experiment. I routinely programmed the acquisition of 1000 or more data points within an
experiment, which, again, would surpass any human being’s
patience if these data points were to be acquired manually.
Last but not least, our optical setup features full lateral scanning ability (section 2.3), which is not the case for the traditional

4 Discussion

Scanning
ability

disposition of optical elements.
Force
resolution

Note that the force resolution is not listed here, because it
depends on a number of factors such as the distance resolution and
the spring constant of the normal force-measuring spring [62]. It is
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important to appreciate that SFAs primarily measure distance, not
force, and it is therefore not straightforward to state the force resolution of a certain instrument.
Why eSFA?

To summarise, we have greatly improved the specifications
and extended the distance as well as the dynamic range of our
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instrument as compared to traditional SFAs. Thus, we call it the
1 Introduction

“extended surface forces apparatus (eSFA)”.

1.7 Properties of muscovite mica
Since all experiments described in this thesis have been performed
on mica surfaces, there seems to be a natural need to give some
detailed information concerning the structure and properties of

2 Experimental

mica. Of foremost interest in the present context are its surface
composition and properties, as well as related phenomena such as
adhesion.

1.7.1
Clay minerals

Introduction
Very generally speaking, clay minerals are stacks of alumino-silicate layers, a layer consisting of one aluminium octahedral
sheet (O) and either one or two sheets of silicate tetrahedra (T).

3 Results

These silicate tetrahedra share three corners with one another (the
basal oxygens), thus forming a hexagonal mesh pattern, while the
fourth corner (the apical oxygen) is linked to the octahedral sheet.
Individual octahedra are linked laterally by sharing edges. Note
that, in practice, this stylised hexagonal arrangement of the tetrahedral and octahedral sheets may be considerably distorted (cf. for

4 Discussion

instance chapter 2 in ref. [63] for details).
Layer
sequence

In a 1:1 layer mineral (sequence T-O), the unit cell contains
4 tetrahedra and 6 octahedra, as opposed to a 2:1 layer mineral
(sequence T-O-T), where 8 tetrahedra and 6 octahedra are incorporated in the unit cell. If only 4 of the 6 octahedra are occupied by
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cations, the mineral is called dioctahedral; if, however, all
6 octahedral sites are occupied, one deals with a trioctahedral clay
mineral.
Charge

Most commonly, clay minerals have a permanent negative
layer charge, which is induced by the substitution of a certain element by another of lower valence. As will be illustrated later, in the
case of muscovite mica, Si(+IV) in the tetrahedral sheet is substi-
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tuted by Al(+III), resulting in a negative net charge, which is com-

Classification

1 Introduction

pensated by associated cations (here: K+).
According to Bailey [64], clay minerals may be classified
based on their charge and layer type:

1:1

2:1

Subgroupb

Examples

Serpentines

Amesite

Kaolins

Kaolinite

Talcs (tri)

Talc

Pyrophyllites (di)

Pyrophyllite

x ª 0.2-0.6

Montmorillonites (di)

Montmorillonite

x ª 0.6-0.9

Vermiculites (tri)

Vermiculite (tri)

Vermiculites (di)

Vermiculite (di)

True micas (tri)

Phlogopite

True micas (di)

Muscovite

Brittle micas (tri)

Clintonite

Brittle micas (di)

Margarite

Chlorites (tri)

Nimite

Chlorites (di)

Donbassite

Chlorites (di, tri)

Sudoite

xª0

xª0

x ª 1.0

x ª 2.0

x variable
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Layer type Chargea

2 Experimental

Table 1.3: classification of clay minerals according to Bailey [64].

Muscovite
mica

4 Discussion

a. x = charge per unit formula
b. (di): dioctahedral, (tri): trioctahedral; in practice, numbers are not whole but 2.5
is considered a convenient boundary for classification.

Thus, the muscovite mica used in the present study is a 2:1
dioctahedral mineral with one charge per unit formula (cf. shaded
cells in table 1.3). Note that according to table 1.3, the term “mica”
is very general and not limited to muscovite mica. Moreover, mus-
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covite mica may even be subdivided into two colour groups, namely
ruby and green. Nevertheless, “mica” will be used as a generic term
to denote (ruby) muscovite mica throughout this thesis.

1.7.2

Bulk properties of muscovite mica
This section gives a compilation of (ruby) muscovite’s most relevant
bulk properties and its crystallographic structure. As will be illus29
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trated, mica exhibits a most outstanding combination of mechani1 Introduction

cal, physical, chemical, crystallographic, optical, electrical, and
thermal properties, which make it a prominent substrate for a
number of surface-related studies.
Mechanical

Mica is an elastic, rather soft and tough material with high
shear and tensile strength. It may be hand cut.
[GPa]

172a

[1]

0.1

Tensile strength

[MPa]

175

Compressive strength

[MPa]

190 - 285

Shear strength

[MPa]

220 - 270

Elastic modulus

2 Experimental

Poisson’s ratio

a. all values are typical and are given for guidance only;
they may vary!

Physical

As already mentioned briefly, mica’s colour ranges from
almost white through pink to a light ruby and into shades of brown-

3 Results

ish ruby and brown.
Colour

transparent to
(brownish) ruby

Density
Hardness

4 Discussion

Chemical

[103 kg/m3]

2.6 - 3.2

[Mohs scale]

2.8 - 3.2

From a chemical point of view, mica is very stable and inert
to most agents such as water, acids, alkalis, oil, and common solvents. It may, however, be affected by hydrofluoric acid. As opposed
to some other clays, water absorption of micas is very low (nonswelling clay).
H2KAl3(SiO4)3 is the empirical formula for muscovite, which
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thus has a molecular weight of Mmica = 398.31 g/mol with the following composition (in at-%):
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Potassium

Aluminium

Silicon

Hydrogen

Oxygen

9.82

20.32

21.15

0.51

48.20
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Apart from these main constituents, mica may contain traces
1 Introduction

of other elements such as magnesium, iron, titanium, sulphur,
graphitic carbon, fluorine, sodium, and lithium, depending on its

3 Results

2 Experimental

origin [65, 66]. These elements determine its colour.

Figure 1.8: crystal structure of muscovite mica. Perfect cleavage along
the (001) plane is due to the layered structure with T-O-T sequence, i.e.
a series of (Si, Al)O4 tetrahedral sheets (T) and AlO6 octahedral
sheets (O). The apices of the octahedra are formed by the
inward-pointing apical oxygen ions of the tetrahedral layer and by
hydroxyl ions. Potassium ions balance the charge induced by substitution
of Si with Al within the tetrahedral sheets.

4 Discussion

As already indicated in the introduction to this section, mica
is a layered alumino-silicate with a charge of x ≈ 1 per unit formula
and potassium as the charge-balancing cation (figure 1.8). Its layering sequence is T-O-T, describing the stacking of (Si, Al)O4 tetrahedral sheets (T) and AlO6 octahedral sheets (O). The tetrahedra
within a T-sheet are all pointing in the same direction, with the
oxygen ions forming their bases being shared and thus having their

5 Conclusions & Outlook

Crystallographic

valences satisfied. However, only two-thirds of the oxygen ions at
the unshared tetrahedral corners may fill their valences by sharing
octahedron corners; the remaining positions are occupied by
hydroxide ions [66].
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Mica belongs to the monoclinic-prismatic crystal system,
1 Introduction

space group C2/m, and is characterised by the following unit cell
dimensions:
a = 5.19 Å

b = 9.03 Å

c = 20.05 Å

ba = 95.53°

Zb = 4

a. b = angle (a, c)
b. Z = number of molecules per unit cell

2 Experimental

Perfect
cleavage

The fact that cleavage is perfect along the (001) plane has
made mica one of the most prominent substrates for surface science
studies. The exposed surfaces are supposedly clean and atomically
flat, thus removing the complexities otherwise introduced by surface roughness. It is commonly accepted that upon cleavage, the
potassium ions are statistically shared between the two freshly
exposed surfaces, thereby leaving half a monolayer of potassium
ions [67]. No specific ordering of these ions has been detected [67].

Optical

Also mica’s optical properties are very relevant for its appli-

3 Results

cation in the surface forces apparatus. When cleaved to sufficiently
thin sheets, it is transparent to white light, exhibiting the following
refractive indices with slight dispersion [35, 53, 68-70]:
nalpha = 1.552 - 1.580

Birefringence

nbeta = 1.582 - 1.620

ngamma = 1.587 - 1.623

Thus, muscovite is an optically biaxial, birefringent crystal.

4 Discussion

Figure 1.9 schematically displays the relative orientation of crystallographic and indicatrix axes, respectively. As for any monoclinic
crystal, the b crystallographic axis in muscovite coincides with a
single twofold rotation axis and is perpendicular to a single mirror
plane, (010). The a and c axes are perpendicular to b and intersect
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at an angle of 95.5°. Also the X and Y indicatrix axes lie within the
(010) mirror plane and are perpendicular to the Z axis, which coincides with b. Note, however, that X and Y are not parallel to c and
a, respectively, although the deviation is very small.
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2 Experimental

Figure 1.9: optical properties
of muscovite mica. Indicated are
the crystallographic axes (a, b,
and c), the indicatrix axes (X, Y,
and Z = b), as well as the optical
axes (OA). Crystallographic
planes are labelled with their
Miller indices.

As a consequence of birefringence, each fringe of chromatic order
will generally be split into two sub-fringes, namely a b and a g com3 Results

ponent. However, birefringence cancels out in a symmetric interferometer if the sheets’ Y axes are oriented at 90° and the mismatch
between X and c is small: what is the ordinary beam in one sheet
becomes the extraordinary beam in the other sheet and vice versa,
and since the sheets are equally thick, birefringence cancels out.
Two crossed polarisers and a white light source are sufficient to

4 Discussion

accurately determine the indicatrix axes of cleaved mica sheets, as
will be described in more detail in the experimental section on
page 89.
Electrical

Because mica has a unique combination of great dielectric
strength, uniform dielectric constant, low dielectric loss (high Q factor), high electric resistivity and low temperature coefficient as well
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as capacitance, it has become a very prominent insulation material
in the electrical industry. Furthermore, it is known for enduring
both arc and corona discharges with no permanent damage.
Thermal

Finally, mica may be exposed to temperatures of up to 600°C
without any noticeable effect. It is fire-proof, incombustible and
non-flammable, and its thermal expansion perpendicular to the sil-
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icate layers may be greatly enhanced by implantation of Xe
1 Introduction

atoms [71]. Thermal actuators or heat sensors may be based on
these properties.

1.7.3
Structure

Surface properties of muscovite mica
Atomic force microscopy has successfully been used to image
the surface structure of mica cleavage planes. Baba et al. [72] were
able to clearly discern the exposed potassium and basal oxygen lay-

2 Experimental

ers using their novel image processing procedure. The periodicity of
the hexagonal SiO4 layer has also been demonstrated by Erlandsson et al. [73], who found that the frictional force, as measured with
a tungsten tip in an AFM, varies with exactly that periodicity.
Chemical
composition

The surface chemical composition of both air-cleaved and
vacuum-cleaved mica has been investigated mainly by X-ray photoelectron spectroscopy (XPS), although mica is non-conductive and

3 Results

thus gives rise to serious charging problems. Nevertheless, it has
been reported that the chemical composition of the near-surface
region is non-stoichiometric and differs from that of the bulk. In
particular, the air-cleaved mica surface has long been known to be
carbon contaminated, the origin of which has been attributed to
both carbonaceous gases (CO, CO2, hydrocarbons) from the atmosphere [74] as well as to atmospheric dust [75]. As opposed to
4 Discussion

air-cleaved samples, no such carbon contamination was found on
vacuum-cleaved mica [75, 76]. This is in contrast to a more recent
study [65], which could not detect any difference between micas
cleaved under vacuum and air-cleaved samples. The authors of the
latter study [65, 77] also suggested that aluminium-rich (gibbsite,

5 Conclusions & Outlook

kaolinite, or pyrophyllite) interlayers as well as graphite-rich
microinclusion planes are exposed upon cleavage. Furthermore,
there have been speculations about a strongly bound water layer
being present even on vacuum-cleaved mica [76]. It seems not yet
clear whether or not the reported differences may be due to the different origin of the micas under investigation. Attempts to “clean”
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air-cleaved mica from the observed carbon contamination by vac1 Introduction

uum outgassing at 500-600°C [74, 75] or by sputter cleaning [75]
have failed. However, extended heating at temperatures of 500°C
in oxygen at about 10-5 torr partial pressure has been shown to
eliminate carbon contamination [74].
Effect of
plasma
etching

XPS has also been used to investigate the effect of oxygen RF
plasma etching on the surface chemical composition [78]. It has
been found that exposure to oxygen plasma changes the chemical
2 Experimental

properties inasmuch as the build-up of oxygen species is observed
while the aluminium and silicon signal are decreased significantly.
Dramatic changes were also detected in topography using
AFM [78]; regular topographic features were formed, which were
attributed to lattice anisotropy of and defects on the mica surface.
Water on
mica

The interaction of aqueous solutions with mineral surfaces is
of great importance, affecting for example composition and quality
3 Results

of natural waters or the mobility of heavy metal contaminants . It
has therefore attracted much interest [79], and mica has been a
prominent substrate. Results span from the observation of a
strongly bound and ordered first layer [80] to the disclosure of density oscillations due to hard-wall effects [81].
The ion-exchange properties of naturally occurring clays
have long been recognised because of their importance in, for
4 Discussion

instance, plant nutrition. Of course, for surface science studies it is
also desirable to be able to exchange surface ions, thereby providing
a controlled series of slightly different substrates.
Mica

surfaces

have

been

demonstrated

to

provide

ion-exchangable potassium cations. Techniques to characterise the
ion-exchange kinetics and capacity include but are not limited to
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Ion-exchange
properties

radioactive tracer measurements [82], X-ray emission spectrography [82], titration [82], X-ray photoelectron spectroscopy [83], conductivity measurements [84], as well as photometry [85]. As
opposed to surface cations, the potassium ions in the interlayers do
not exchange with alkali metals under ambient conditions [84].
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The potassium ions may not only be exchanged for other
1 Introduction

monovalent alkali metal ions such as H+, Li+, Na+, Rb+ or Cs+ [84],
but also for divalent ions including Mg2+, Ca2+ [83] and Ba2+ [82].
Furthermore, dyes like crystal violet or malachite green, as well as
complex cations such as quaternary ammonium surfactants have
been subject of detailed investigations [86].
Ion-exchange of the potassium not only changes the local surface composition and electronic structure, but also results in
2 Experimental

longer-ranged, measurable effects. Pashley [87], for instance, has
scrutinised the forces between mica surfaces in Li+, Na+, K+, and
Cs+ electrolyte solutions. He found that hydration forces were only
observable above some critical bulk concentration, which was different for each electrolyte.
Adhesion

Last but not least, the adhesion between mica surfaces critically depends on the nature of the charge-balancing ion;

3 Results

Christenson [88] found that ion-exchanging potassium for hydrogen in acidic solution produces so-called hydrogen mica, which
exhibits significantly higher adhesion than potassium mica. The
ion-exchange procedure seemed to reproducibly clean the surface of
contaminants.

4 Discussion

1.8 Properties of cyclohexane
1.8.1

General
Merriam-Webster’s collegiate“ dictionary describes cyclohexane as
“a pungent saturated cyclic hydrocarbon, C6H12, found in petroleum or made synthetically and used chiefly as a solvent and in
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organic synthesis”.
Synonyms and
translations

Synonyms and translations include hexahydrobenzene, hexamethylene,

hexa-naphthene,

cicloeasano,

cykloheksan,

and

Cyclohexan.
Chemical
structure and
conformations
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Cyclohexane’s chemical structure and conformations are
shown in figure 1.10. There is a rapid (every 10 µs at room temper-
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ature) interconversion between two degenerate ring conformations
1 Introduction

(chair1 and chair2) by rotation about carbon-carbon bonds, with the
twist-boat conformation being a less stable intermediate. This
interconversion moves the axial hydrogens into the equatorial posi-

3 Results

2 Experimental

tion and vice versa (figure 1.11).

4 Discussion

Figure 1.10: conformations of cyclohexane. A rapid interconversion
transforms chair1 to chair2 and vice versa, with the twist-boat conformation being a less stable intermediate.

Properties
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Figure 1.11: equatorial and axial hydrogen atoms in cyclohexane. Six out of twelve hydrogens lie
within an imaginary average plane of the carbon atoms; these are in an equatorial position (e). The
axial atoms (a) are situated three above and three below this plane, respectively. Interconversion
from chair1 to chair2 transforms axial bonds to equatorial ones and vice versa.

Table 1.4 summarises some important physical and chemical
properties of cyclohexane [89]:
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Table 1.4: properties of cyclohexane [89].
1 Introduction

Molecular weight

[g/mol]

84

Melting point

[°C]

6.5

Boiling point

[°C]

81

[103 kg/m3]

0.778

[kg/m3]

4.46

Vapour pressure @ 21°C

[mmHg]

78.8

Solubility in water @25°C

[wt.-%]

0.0055

Solubility of water @25°C

[wt.-%]

0.01

[1]

1.424

[MPa]

3.7

[K]

625

Liquid density

2 Experimental

Vapour density

Refractive index @25°C
Critical pressure

3 Results

Critical temperature

1.8.2

Reactivity

flammable; reacts with oxidising
agents

Use

production of adipic acid and
caprolactam (both nylon
intermediates); small amounts as
solvent for lacquers and resins;
reference material for calibration
of DTA and DSC
instrumentation [90]

Bulk phase diagram and structure
The phase behaviour of cyclohexane has attracted considerable

4 Discussion

interest, both for bulk as well as for confined samples. This is due
to the fact that cyclohexane, although possessing a rather simple
structure, exhibits an interesting variety of solid phases, and it has
been regarded as a good example of a so-called plastic crystal, i.e. a
disordered molecular solid in which translational and rotational
degrees of freedom are effectively decoupled (cf. page 40 for more
5 Conclusions & Outlook

details).
Phase
diagram

High-pressure differential thermal analysis (DTA) provides
detailed PVT data for both liquid and solid cyclohexane over a wide
range of temperatures and pressures [91, 92]. The corresponding
phase diagram may be reconstructed from these data and is shown
in figure 1.12. Upon cooling at ambient pressure, the liquid
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phase (l) freezes into a solid phase (sI), which upon further cooling
1 Introduction

transforms into another solid phase (sII). At somewhat higher pressures, p = 20 MPa, and at a temperature T = 191 K, there is a triple
point, from which an intermediate phase, (sIII), emerges between
(sI) and (sII). Complete deuteration to C6D12 does not substantially
change this behaviour, apart from the emergence of a new
high-pressure solid phase, (sIV) [92].

(l)

320
Temperature, T [K]

Figure 1.12: phase diagram of bulk
cyclohexane according to tables 3 and 6 in
ref. [91]. Apart from the liquid phase (l),
there exist three solid phases, (sI), (sII),
and (sIII) with a triple point at T = 191 K and
p = 20 MPa. Phase (sI) is plastically crystalline.

2 Experimental

340
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180
300

Pressure, p [MPa]

Structural changes during both the (l) Æ (sI) and the
(sI) Æ (sII) phase transitions have been investigated in some more
4 Discussion

detail. Proton nuclear magnetic resonance (NMR) revealed that
below 186 K, i.e. in the (sII) phase, molecules only rotate about
their triad axis, whereas above 186 K, re-orientation about other
axes besides the triad is possible. The absence of a discontinuity in
both the second moment and the spin-lattice relaxation time at the
melting point was interpreted to emphasise considerable molecular
freedom just below the melting point [93, 94]. Similar conclusions
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Phase
transitions

emerged from X-ray diffraction patterns acquired at 10 K below the
melting point, which showed features characteristic of a lattice
with rotating molecules [95]. Also neutron scattering [96] and early
neutron diffraction studies [97] are in line with the above observations, although Farman et al. later found the free rotator model to
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be inadequate to describe their neutron diffraction results [98-100].
1 Introduction

Only the introduction of lattice distortions and orientational correlations between adjacent molecules reconciled their model with
experimental observations. In fact, such relatively strong orientational correlation was also found in the liquid phase [101].
Phase
change data

Table 1.5 summarises the phase change thermodynamic
data for cyclohexane:
Table 1.5: thermodynamic data for cyclohexane’s phase changes [102].

2 Experimental

Quantity

Temp.

Enthalpy of phase transition (sI) Æ (sII)

186.1 K

6.69

kJ/mol

Entropy of phase transition (s ) Æ (s )

186.1 K

35.9

Jmol-1K-1

Enthalpy of fusion (sI) Æ (l)

279.8 K

2.63

kJ/mol

Entropy of fusion (sI) Æ (l)

279.8 K

9.39

Jmol-1K-1

Enthalpy of vaporization (l) Æ (g)

298.15 K

33.33

Entropy of vaporization (l) Æ (g)

298.15 K

111.80

I

3 Results

Value Unit

II

kJ/mol
Jmol-1K-1

As stated in table 1.5, cyclohexane exhibits a relatively high melting point and a very low entropy of fusion as compared to other,
similar organic substances. Not only cyclohexane but a large variety of other substances have shown such behaviour. In 1938,
4 Discussion

Timmermans [103] introduced the term “cristaux organiques plasPlastic
crystals

tiques” for this new class of materials, which later became known
as plastic crystals or orientationally disordered crystals (ODICs).
This extraordinary class of substances is known in literature for
the following properties [104, 105]:
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• crystal lattices of high symmetry (often cubic)
• large defect concentration
• therefore very soft and plastic
• high melting point and vapour pressure
• low entropy of fusion (DSfus < 2.5 R = 20.8 Jmol-1K-1)
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• “globular” molecular shape (more precise criteria have
1 Introduction

been formulated as well; cf. for instance ref. [106])
• transformation to normally crystalline phase at low
temperatures
Melting

Thus, melting of a plastic crystal occurs in two stages. Upon
heating, the normally crystalline phase undergoes a solid-solid
phase transition, liberating some rotational degrees of freedom of

2 Experimental

individual molecules. Thereby, the orientational order is lost or
greatly reduced (hence the term ODIC). Further heating of this
plastic phase results in the loss of positional order as well, as evidenced by melting.
Deformation
mechanism

It is interesting to note that the deformation mechanism of
plastic crystals exhibiting large defect densities may be reminiscent of that of high-temperature creep under low stresses found in
gold and other metals as described by Nabarro and Herring (c.f. for

3 Results

instance ref. [107]). Nabarro-Herring creep occurs via the diffusion
of vacancies from one side of a crystal or grain to the other, the
creep rate thus being determined by the temperature-dependent
diffusion coefficient of the vacancies as well as the average crystal
or grain size.
Having described the bulk properties of cyclohexane, we

4 Discussion

shall now sum up how this behaviour is altered in restricted
geometries.

Phase transitions and dynamics under confinement
A vast array of experimental techniques including Raman
spectroscopy [108, 109], both 1H and 2H NMR [8, 14, 15, 110, 111],
neutron diffraction [97], and differential scanning calorimetry
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1.8.3

[112, 113] have been used to study both the (sI) Æ (sII) as well as
the (sI) Æ (l) phase transition of cyclohexane confined within
porous materials. Physical confinement was most frequently
induced by porous silica (also: sol-gel glass) [8, 14, 15, 97, 108, 109,
111-113], but zeolites have also been used [110].
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1 Introduction

Depression
of phase
transition
temperature

All studies indicated above consistently reported a depression of the phase transition temperatures as compared to the bulk
sample. If quantified, the shift was found to inversely scale with the
pore radius [108, 112], R, except for the case of liquids with weak
surface interactions in the smallest pores, where the scaling
changed to R-2 [14]. Note that R-1-scaling is expected from theory
as shown in section 1.3.

2 Experimental

Chemistry of
confining
walls

The magnitude of the shift showed a clear dependence on the
chemical nature of the confining walls as reported by Malhotra
et al. [113], who compared nude-, trimethyl derivatised-, and hexyl
derivatised porous silica. The enhanced suppression observed for
trimethyl- and hexyl derivatised pores as compared to the nude
sample could not simply be attributed to the reduction of effective
pore size due to the presence of surface hydrocarbon groups, and
neither could it be satisfactorily explained by a possible alteration
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of the cyclohexane-wall interaction.
Transition
enthalpy

Not only are the transition temperatures depressed when
confining the liquid, but the transition enthalpies are also significantly reduced, as indicated by differential scanning calorimetry
(DSC) [112]. Furthermore, DSC peaks were observed to broaden for
small pores [112].

4 Discussion

Crystal
structure

Moreover, the crystal structure of the (sII) solid phase is substantially different for the bulk and confined samples, respectively,
as evidenced by neutron diffraction measurements [97]. For the
plastic crystalline phase, (sI), differences were also found to exist
between bulk and confined samples, but were observed to be less
distinct than in the (sII) case [97].
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Diffusion and
coexistence

NMR detected anomalously fast diffusion within the pores,
and evidence for the coexistence of an ordered nanocrystal and a
highly disordered region was found [8].

Bulk phase
and surfaceaffected
phase

42

To interpret their findings, most studies cited above necessitated a distinction to be made between molecules in the centre of
the pore (bulk phase) and molecules adsorbed to or close to the
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surface (surface-affected phase). Concepts introduced in this con1 Introduction

text include, for instance, dividing molecules into “idle” and “nonidle” species, where idle (i.e. adsorbed) molecules would not participate in the phase transition [112]. Although there seems to be some
undecidedness concerning the nature of the surface layer, which
has been termed “amorphous” or “glassy” [8, 109], “liquid-like” [8],
as well as “highly viscous” [112], it seems to be indispensable to
appreciate that there are inhomogenietes across the pore. Accord2 Experimental

ing to an increase in the ratio of “surface molecules” to “volume molecules”, such “gradients” would become more and more pronounced
the smaller the pore gets.
Dynamics of
exchange

The exchange of molecules between the surface-affected
phase and the bulk phase is often assumed to be fast. Residence
times of cyclohexane-d12 on the K+ ions of a KL zeolite, for instance,
have been reported to be temperature dependent and cover a range

3 Results

from 7.10-8 s to 2.10-4 s in the temperature range 160 - 360 K [110].
The cyclohexane molecules have been suggested to take their chair
conformation (cf. figure 1.10), both when adsorbed on K+ as well as
when located at the centre of the pore, with conformation inversion
initiating the exchange [110]. This model agrees well with the
observed temperature dependence of the mean residence times.

Forces under confinement

4 Discussion

1.8.4

The forces exerted by cyclohexane confined between solid walls
have been determined using the SFA. Christenson et al. [58] were
the first to find that the force is an oscillatory function of distance,
with the separation between successive minima being 0.56 nm (cf.
figure 1.13). Note that in figure 1.13, regions where ∂(F/R)/∂D > k/R
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Oscillatory
forces

are inaccessible to the experiment because the system is not
mechanically stable. The complete force curve, i.e. the force as a
function of surface separation, therefore has to be collected in a
number of successive approach and separation cycles. Christenson
described his experiments as “not at all reproducible below

43

Properties of cyclohexane

D < 2 nm” and “occasional irregular steps in the otherwise regular
1 Introduction

oscillations” were noted. Nevertheless, the results have been interpreted as discrete layers of molecules being packed between the two
smooth surfaces, referring to the observation that minima occur at
certain distances which are multiples of the cyclohexane molecular
diameter. The same, or similar, results and interpretations have
re-occurred in the literature within the past 20 years [114-117].
b)

3 Results

2 Experimental

__a)

4 Discussion

Figure 1.13: forces across a cyclohexane film confined between two mica surfaces as measured
by Christenson [114]. Panel a) shows data acquired during one single advancing-receding cycle with
a series of jump-ins and one jump-out, all indicated by arrows. Panel b) is the result of a series of
advancing-receding cycles. The force is interpreted to oscillate between maxima and minima with
a periodicity of roughly 6Å (line between points). Note that dotted regions are not accessible to
the experiment due to a mechanical instability of the force-measuring spring; arrows indicate the
associated jumps.

Oscillatory
forces under
shear

Film thickness discretisation, as found by Christenson et al.
under non-shearing conditions, has been demonstrated to persist
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even if the surfaces are sheared against one another, by Matsuoka
and Kato [118] using their home-built, SFA-reminiscent apparatus
featuring a capacitive rather than interferometric distance measurement.
Oscillatory
forces in
other liquids

Such oscillatory forces, also called structural forces [3], have
not only been found in cyclohexane but also in a large number of
other liquids such as linear n-alkanes [119], alcohols [57, 120-122],
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cyclic hydrocarbons [123], aromatic hydrocarbons [116], ketones
1 Introduction

[57], aqueous salt solutions [57, 59], and, for the first time and most
prominently, in octamethylcyclotetrasiloxane (OMCTS) [7, 116,
124-126].

1.8.5

Why cyclohexane?
The following arguments led to the choice of cyclohexane as a suitable (starting) candidate for my studies:

2 Experimental

• Its chemical structure and associated properties are
easily modifiable.
• It was among the first liquids found to exhibit oscillatory forces under confinement in the SFA.
• It has a well-documented structure and thermodynamic properties of all known phases.
• It has been a prominent substance in experiments con-

3 Results

ducted with porous materials.
• It is a prime example of a plastic crystal.
• It is a non-polar substance and thus only weak
wall-liquid interactions are to be expected.
Consequently, physical confinement and surface effects are
expected to be clearly distinguishable. Furthermore, we considered

4 Discussion

cyclohexane as a model substance suitable for initial experiments
with the eSFA because its behaviour is so well known. Last but not
least, the substance is liquid at room temperature, readily available, affordable, and nontoxic.

5 Conclusions & Outlook

1.9 Properties of cyclohexanol
Substitution of a hydrogen atom of cyclohexane by a hydroxyl group
yields cyclohexanol. The two substances are thus expected to be
very similar. Yet, there are two features present in cyclohexanol
not found in cyclohexane, thus clearly distinguishing the two liquids: i) the possibility of intermolecular hydrogen bonding, and ii)
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a shift of the conformational equilibrium due to the intrinsic asym1 Introduction

metry of the molecule (cf. below). Furthermore, one would expect
the hydroxyl group to show a much stronger interaction with the
mica surface than does a hydrogen atom.
Why
cyclohexanol?

A comparison of cyclohexanol with cyclohexane should therefore yield valuable information about the role of intermolecular as
well as fluid-wall interactions, and it may furthermore reveal the
influence of conformational degrees of freedom.

2 Experimental

Chemical
structure and
conformations

Cyclohexanol may adopt several conformations depending on
whether the cyclohexane ring is in the chair or boat form (cf.
figure 1.10) and whether the hydroxyl group is in the equatorial or
axial position (cf. figure 1.11). Whereas the boat form can largely be
neglected for both the liquid and the solid state, the energy difference between axial and equatorial conformers is much lower.
Reported values range from 3.4 kJ/mol, as measured by Raman

3 Results

spectroscopy [127], to 3.6 kJ/mol for cyclohexanol in DMSO [128]
and 5.2 kJ/mol for 3,3,4,4,5,5-hexadeuteriocyclohexanol in D2O, as
deduced from NMR coupling constants [129]. This energy difference is due to steric repulsion between the hydroxyl group in the
axial position and axial hydrogen atoms (figure 1.14). The relaxation process observed in ultrasonic absorption experiments in pure,
liquid cyclohexanol has been assigned to this chair-chair
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4 Discussion

interconversion [130].

Figure 1.14: equatorial and axial position of hydroxyl group in cyclohexanol.
Because there is a steric repulsion for the hydroxyl group in axial position (left),
the chair conformation with the substituent in the equatorial position (right) is
preferred.
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Table 1.6 summarises some important physical and chemical
properties of cyclohexanol [89]. Observe how the ability to form
1 Introduction

Physical and
chemical
properties

hydrogen bonds markedly changes the properties compared to
cyclohexane (cf. table 1.4 on page 38).

100.18

Melting point

[°C]

25.0

Boiling point

[°C]

161

[103 kg/m3]

0.949

[kg/m3]

5.31

Vapour pressure @ 21°C

[mmHg]

1.14

Solubility in water @25°C

[wt.-%]

4.3

Solubility of water @25°C

[wt.-%]

11.8

[1]

1.465

[MPa]

3.7

[K]

625

Liquid density
Vapour density

Refractive index @25°C
Critical pressure
Critical temperature

violent reaction with nitric acid;
incompatible with strong
oxidisers; hygroscopic

Use

laboratory reagent, source of
adipic acid for Nylon, textile
finishing, solvent, blending agent,
lacquers, paints and varnishes,
plastics and germicides

As in the case of cyclohexane, a vast array of experimental
techniques including infrared spectroscopy [131, 132], Raman spectroscopy [127], inelastic incoherent neutron scattering [133],
dilatometry [134], calorimetry [135], differential thermal analysis
[135, 136], and the syphon method of Bridgman [137] have been
used to study the (bulk) phase behaviour of cyclohexanol. All stud-
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Bulk phase
diagram

Reactivity

3 Results

[g/mol]

4 Discussion

Molecular weight
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Table 1.6: properties of cyclohexanol [89].

ies consistently reported the occurrence of three solid phases:
phase I, which is stable between 265 and 298 K, is known to be
plastic, i.e. orientationally disordered. Both the axial as well as the
equatorial conformers are present in phase I with interconversion
between them not readily taking place [127]. Phase I is easily
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supercooled and the crystal undergoes a glass transition at around
1 Introduction

150 K [135]. This somewhat peculiar behaviour has made cyclohexanol a model substance for studying the so-called “glassy crystal
state” [138, 139]. Upon cooling of phase I, the first ordered
phase (phase II), which is the thermodynamically stable phase
below 265 K, is formed. Neutron scattering indicates a cyclic dimer
arrangement of phase II [133], and a chain polymer arrangement
has been observed in the metastable low-temperature phase III
2 Experimental

[133]. As opposed to “normal” molecular crystals, both axial and
equatorial conformers have been reported to be present in phases II
and III [131, 132], again pointing out the extraordinary status of
cyclohexanol. Another metastable phase (MS) obtainable under
very restricted conditions only has been identified as well [131].
Phase
change data

Table 1.7 summarises the phase transition thermodynamic
data for cyclohexanol:
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3 Results

Table 1.7: thermodynamic data for cyclohexanol’s phase changes [140].

Quantity

Temp.

Value Unit

Enthalpy of phase transition (sIII) Æ (sII)

220.9 K

0.378

Entropy of phase transition (sIII) Æ (sII)

220.9 K

1.71

Jmol-1K-1

Enthalpy of phase transition (sIII) Æ (sI)

244.5 K

8.62

kJ/mol

Entropy of phase transition (sIII) Æ (sI)

244.5 K

35.3

Jmol-1K-1

Enthalpy of phase transition (sII) Æ (sI)

264.9 K

8.66

kJ/mol

Entropy of phase transition (sII) Æ (sI)

264.9 K

32.7

Jmol-1K-1

Enthalpy of fusion (sI) Æ (l)

297.9 K

1.81

kJ/mol

Entropy of fusion (sI) Æ (l)

297.9 K

6.06

Jmol-1K-1

kJ/mol

Again, note the unusually low entropy of fusion, compared to that
typically encountered for plastic crystals.
Behaviour
under
confinement

Information on confined cyclohexanol seems to be very
sparse. No phase change data are available and the forces between
solid walls have never been determined. However, the conforma-
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tion equilibrium under confinement has been investigated by NMR.
1 Introduction

Aliev et al. [141] found that zeolitic host materials did not significantly change the fraction of molecules in the equatorial conformation, as compared to the situation in solution. This suggests that
the host material does not impose any stringent constraints on the
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4 Discussion

3 Results

2 Experimental

conformational equilibrium.
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Experimental
Abstract: this chapter is concerned with the sample preparation
and the setup used in the SFA experiments. The corresponding
experimental procedures as well as the calibration of all actuators
and sensors are described in detail. At the end of this chapter, a com-
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2.1

4 Discussion

plete list of equipment and materials is presented.
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2.1 Overview
1 Introduction

The current setup is centred around a commercially available surface forces apparatus SFA Mk IIITM placed within a temperaturecontrolled housing (section 2.2) and installed on a pneumatic vibration-damping table*1. The original instrument has yet been modified, the main modifications including measures to reduce mechanical, thermal, and pressure-induced drift (section 2.6), thereby

2 Experimental

providing a virtually drift-free face seal. For convenience, the apparatus’ fluid cell inlet and outlet have been equipped with a threeand a two-way valve*, respectively. These valves have proven to be
beneficial for operations such as purging or filling of the instrument. Hereafter, the designations introduced in figure 2.1 will be
used to describe the position of the valves. Purging of the SFA with
dry nitrogen*, for instance, was done with the three-way valve in

3 Results

position o12 and the two-way valve in position o.
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4 Discussion

Figure 2.1: settings of the eSFA 3-way
(upper panel) and 2-way (lower panel)
valves. Open positions are labelled “o”,
whereas “c” denotes closed configurations.

Furthermore, all relevant actuators have been equipped with optical encoders, which are connected to a PC*. The equipment is thus
fully computer controlled and automated. Fast spectral correlation
interferometry has been developed and is employed to determine
1. More details on items marked with an asterisk are given in section 2.10 starting on
page 109.
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both the surface separation as well as the refractive index at very
1 Introduction

high precision and moderate speeds (section 2.4), while a split photodiode* allows for high-speed distance measurements (section 2.5).

2.2 Temperature control system
Thermal stability is of great relevance to many high-precision scientific instruments. In the case of the SFA, variations of tempera-

2 Experimental

ture induce thermal drift, which results in uncontrolled relative
motion of the two sample surfaces (cf. section 2.6.1). As will be illustrated later, this introduces systematic errors in the force determination (section 4.2.2) and ultimately constitutes the lower end of
the dynamic range of the instrument. Besides stability, another
motivation for active temperature control is an extension of the
accessible temperature range. Combined with the extended
dynamic range, this can be a valuable advantage for the study of

System layout
To meet the requirements of high stability and low thermal gradients, a thermally insulated enclosure was built around the instru4 Discussion

ment (figure 2.2). The enclosure is made of 50 mm-thick sheets of
expanded polystyrene (EP). Its approximate inner dimensions are
0.3 x 0.3 x 0.5 m3. The ground plate of the thermal enclosure was
mechanically reinforced with a 4 mm-thick stainless steel plate,
which is in direct contact with the underlying stainless steel platform of the optical table. Polymer blocks were used to provide thermally insulated, yet mechanically stable, anchoring points for the
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2.2.1

3 Results

dynamic phenomena in diverse systems.

instrument and additional optical elements on the steel plate. A
small border around the insulating box’ base plate provides two
permanent passages for a variety of electric connections and purging gases, as well as an optically polished window* to input white
light.
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Temperature control system

3 Results

Figure 2.2: schematic illustration of the temperature control system.
Heat is pumped between two heat exchangers (HE 1 and HE 2) by four
Peltier elements (PE) with a total nominal input power of 216 W. Three
independent temperature sensors are used to feedback and to monitor
the temperature, respectively. To avoid overheating, two safety
switches (S1 and S2) have been provided.

The temperature-controlled housing has a withdrawable cover,
which features two removable perspex windows to both inspect and
adjust the instrument, as well as an optically polished window to
extract the transmitted light. The base plate and the cover are thermally sealed against one another via multiple compliant strips. To

4 Discussion

prevent condensation or even ice formation, the interior of the thermal enclosure is continuously purged with an adjustable flow of
dry, filtered air (dew point -20°C). Dry conditions inside the enclosure are also beneficial for maintaining low humidity inside the
instrument's fluid cell, which is sealed but may intentionally be
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vented towards the enclosure for pressure equilibration (cf.
section 2.6.3). This is particularly useful for experiments that are
sensitive to humidity (cf. section 3.4). The rear wall of the enclosure
carries the heater/cooler sub-unit, which consists of two heat
exchangers, four heat pumps, and suspended low-noise ventilation.
Heat exchanger 1 is a black aluminium heatsink, commonly used to
cool power electronic circuits. Two low-noise ventilators* maintain
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a forced convection inside the enclosure to prevent gradients and
1 Introduction

fluctuations due to spontaneous convection. The thermoelectric
heat pumps are Peltier elements*, which allow bidirectional heat
transfer depending on the polarity of the applied current. Special
care was taken to thermally insulate and seal the Peltier elements
in order to exclude thermal short-cut and humidity formation. Heat
exchanger 2 is a self-made solid/liquid exchanger, which provides
heat transfer between the heat pumps (Peltier) and a thermal res2 Experimental

ervoir (cooling water). Therefore, a meandering path was mill cut
into a thick aluminium plate, and a thinner plate pressing against
a Teflon“ sheet constitutes a flat-seal cover. Our thermal reservoir
is a closed-loop cooling water circuit provided by the building’s
infrastructure. The cooling water has an actively controlled temperature of 15±1°C, variations being mainly due to other cooling
water loads in the same building. The water flow is set to 2 litres

3 Results

per minute using a flow-limiting valve. Depending on power and
direction of the heat flow through the heat pumps, the recoil temperature may vary between 10°C and 25°C. A control unit based on
a commercial heat/cool PID temperature controller* regulates the
bipolar current to the Peltier elements. Its feedback temperature
sensor is a calibrated Pt100* standard. Two additional (control)
sensors* are available to monitor the temperature both inside the
4 Discussion

enclosure as well as inside the fluid cell of the instrument. These
sensors can be read out via an analog/digital board* in the computer.
The electric circuitry (cf. figure 2.3) essentially consists of a
commercially available PID temperature controller*, a power polarity switch*, a solid-state power relay*, a phase power regulator, and
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Control
circuitry

a number of interface circuits. Accessible from the front panel of the
control unit are the temperature controller with its display and control keys, a potentiometer to regulate the ventilation power, as well
as another potentiometer to adjust the phase power regulator.
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Plugs for various connections, e.g. power supply, are situated on the

2 Experimental

1 Introduction

rear of the control unit.

3 Results

Figure 2.3: schematic block diagram of the control unit (dotted rectangle) of figure 2.2. One of up to three Pt100 sensors is selectively connected to a commercial PID temperature controller with cool and heat
outputs (TTL). The Peltier elements are operated from an external power
supply (24V / 9A dc) through a power polarity switch, which is triggered
by the two TTL signals. For ancillary high-power heating control, additional unregulated (220V / 10A ac) and phase-power regulated
(0-60V / 10A ac) outputs are also built in.

Temperature
controller

The purchased temperature controller* is used in PID mode
and configured to accept a two-wire Pt100 sensor*, which is sampled at 5 Hz. An internal drift correction is made, providing high

4 Discussion

stability while preserving optimal response characteristics. The
controller itself has two outputs: a relay-operated output for the
function “cool” and a TTL-output for the function “heat”. The setpoint and the actual temperature are indicated on the integrated
LED display.
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Feedback
sensor

The temperature sensor used for the feedback loop is a platinum resistance thermometer of type Pt100*, tolerance class A
(100 Ω with relative error <0.06% at 0°C). This type of sensor has a
calibrated relationship between resistance and temperature, which
allows for highly accurate temperature measurement [142, 143]. Its
standardised calibration is 0.385 Ω/°C.
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Control sensors

Independently of the feedback sensor, the computer meas1 Introduction

ures the temperature both inside the SFA chamber–as close to the
sample surfaces as possible–as well as within the temperature controlled housing utilising two thermistors*. We based the absolute
calibration of these sensors on the Pt100 standard. After placing
two compensation resistors (10 kW voltage divider) inside the temperature-controlled area, the precision of this automated temperature measurement is around ±1 mK. Typically, the thermistor
2 Experimental

read-out is obtained at a sampling frequency of 25 kHz and averaged over 25'000 samples via a 16-bit analog/digital board.
Peltier
elements

The four Peltier elements*, which are connected in two parallel lines of two elements in series, are fed from an external, stabilised power supply* (24V, 9A). Since Peltier elements are locations
of high temperature gradients, the surroundings of the elements as
well as the entire space between the two heat exchangers has to be

3 Results

insulated and sealed with great care. The use of special thermal
paste is recommended for optimal thermal contact between the
plates of the Peltier elements and the heat exchangers.
Bidirectional
operation

In order to switch power supply and polarity, we use a
high-current (30A) quad switch*. Both control signals–“cool” and
“heat”–from the controller are used to control that switch. This
allows one to operate the heat pumps in bidirectional mode.
Since we use the same control unit also as heating regulator
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Alternative:
unidirectional
heating

(e.g. for a heating plate, cf. section 2.7), a solid-state relay is integrated to switch 220V / 10A AC line power. Furthermore, an
adjustable phase power regulator (0-60V / 10A, AC) provides the
same functionality for low-power, unidirectional heating.
Although we are using two suspended, low-noise ventila-
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Ventilators

tors*, it is important to be able to regulate their power in order to
adjust their revolutions per minute to a value sufficiently different
from any mechanical resonance in the system. The airflow needs to
be directed towards the heat exchanger profile to assure maximal
exchange efficiency.
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1 Introduction

Safety
features

With the use of powerful heat pumps it is recommended to
include safety features, which prevent uncontrolled temperatures
in the case of malfunction or user error. For this reason, we have
added two thermal switches*, S1 and S2, in the 24 V power circuit,
both in series with the Peltier elements (figure 2.2). The first switch
is mounted on the body of heat exchanger 1 and opens at 90°C to
prevent overheating of Peltier elements and thermal enclosure.
The second switch is mounted on heat exchanger 2 and opens at

2 Experimental

50°C to stop the system in case the connection to the thermal bath
(cooling water circuit) is missing. Both temperature switches
exhibit a 10°C-hysteresis before resetting automatically.
As an additional safety measure, the input cooling water is
fed through an electric valve, which closes automatically in the
event of an unexpected power failure.

3 Results

2.2.2

System optimisation and performance
The performance of any temperature-control system relies on careful tuning and is a function of the setpoint temperature.

Optimisation of
PID parameters

The temperature-dependent PID parameters have been optimised manually using closed-loop process reaction curve techniques [144-147]. First, the power ratio, C = (dT/dt)heat/(dT/dt)cool,

4 Discussion

was determined by intentionally evoking full-power heating and
cooling phases, respectively. The corresponding steady-state heating and cooling rates, dT/dt, were measured in a range of temperatures. Note that the temperature controller must compensate for
intrinsic asymmetries in bidirectional control using this power
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ratio. Second, the system was purposely forced to oscillate by
increasing the proportional amplification (i.e by reducing the proportional band in simple P-feedback mode). The oscillation period,
A, which corresponds to the characteristic time constant of the
closed-loop system, was measured. Third, the proportional band
was successively increased until the self-induced feedback oscillation ceased. This critical proportional bandwidth, B, was recorded.
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For straightforward PID feedback control, we used the rec1 Introduction

ommended settings, which are [145]: P = 1.7.B, I = 0.5.A, and D =
0.12.A.
The temperature-step response of the system under realistic
experimental conditions as illustrated in figure 2.4 was measured
with sensors 2 and 3, sensor 3 being placed inside the enclosure
close to the SFA and sensor 2 being located inside the SFA fluid
cell, respectively (figure 2.2). After establishing equilibrium condi2 Experimental

tions, the temperature setpoint value (sensor 1) was altered from
26.00°C to 28.00°C at t = 108 min.
29.0
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µ -e-t/7.7min
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Figure 2.4: step response of temperature control system. A temperature
step of 2.00°C was induced at t = 108 min by modifying the setpoint temperature on the temperature control unit. The characteristic time constant of the feedback-loop, including the air in the enclosure, is tbox =
7.7 min, whereas the temperature inside the empty (dry N2) fluid cell of
the SFA responds with a characteristic time constant of tSFA = 29 min.
The equilibrium temperature difference, ∆T = 402±2 mK, between inside
and outside of the instrument is due to the passage of light through the
fluid cell. After such a temperature step, the instrument is required to
equilibrate for a period of at least 4-5 hours (≈ 10 tSFA) before any
high-precision measurement can be carried out.
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Closed-loop
response

Note that all three sensors measure different equilibrium temperatures due to thermal gradients inside the enclosure. These gradients are partly due to absorption of IR components from the light
used for automated interferometry by optical elements and inter-
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faces (mirrors, aperture stops, windows, lenses, and interferometer
1 Introduction

itself). Such absorption establishes temperature differences in the
order of 0.2-1.0°C, although IR components of the white light are
filtered out using two dichroic mirrors in series outside the enclosure. Another source for thermal gradients is imperfect insulation
of the enclosure.
As seen in figure 2.4, the closed-loop response of the instrument (with its fluid cell empty) has a characteristic time constant
2 Experimental

of 29 minutes. For comparison, the characteristic time constant for
closed-loop response of the air inside the enclosure is roughly
8 minutes. This difference in response time allows for rapid feedback with simultaneous thermal stability inside the instrument. In
other words, the instrument essentially consists of a large mass of
stainless steel (mSFA ≈ 4 kg), which incorporates a small fluid cell
(V ≈ 80 ml), and with the sample surfaces being located inside this

3 Results

fluid cell. Due to the (large) heat capacity of the instrument, small
temperature variations inside the enclosure are thus passively filtered out.
Thermal
stability

Besides the above discussed dynamic response of the temperature control system, another important aspect is thermal stability,
which is among the most important parameters determining the
instrumental stability during an experiment. As a stability test, the

4 Discussion

temperatures of sensors 2 and 3 were recorded over a period of several days (figure 2.5a)). During the first five days, the temperature
control was operated under full experimental conditions. The light
source was then switched off on the evening of day 5 and finally, the
temperature control was switched off completely in the morning of
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day 7. The system equilibrated to room temperature over a period
of roughly 24 hours. This slow equilibration illustrates the quality
of the thermal insulation, which was removed around noon of
day 9. Human presence in the laboratory for about 4 hours is
detected as rapid temperature variations. Furthermore, a pronounced day-night cycle of the temperature can be observed with
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opened enclosure during days 10-11, which was a weekend, i.e. free
1 Introduction

of human presence.
The influence of the white light source on the thermal stability in the fluid cell is illustrated in figure 2.5b). One readily
observes that the short-term variations are efficiently filtered out
by the thermal mass of the instrument, while the light source can
induce slow temperature variations. Such medium-term variations

2 Experimental

are not present when the light is off.
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Figure 2.5: temperature stability and long-term performance. The temperature of the SFA fluid cell and the thermal enclosure was measured
with sensors 2 and 3, respectively, in 10 seconds intervals over a period of
12 days. a) is an overview of the entire experiment. Changes in experimental conditions are indicated by arrows and described in the text. Gridlines
designate midnight, b) is a selected time slot illustrating the heating due
to the Xenon arc lamp, which varies over time scales of several 10 hours,
and c) is an expanded view of the SFA fluid cell temperature over a period
of 10 hours; 0.001°C separate horizontal grid lines.

Figure 2.5c) shows the thermal stability inside the SFA fluid cell
during a period of 10 hours. The most rapid temperature variations
are in the order of 0.0005 K/min and a nominal temperature stabil4 Discussion

ity of ±0.001 K/h, or ±0.004 K/10h is readily achieved.
Accessible
temperature
range

Each Peltier element consists of four arrays of 127 thermoelectric junctions, each of which can maintain a temperature difference of ±65°C between two plates in both directions, depending on
the polarity of the applied voltage. This allows for a theoretical tem-
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perature range of 130°C around a reference temperature (thermal
bath). However, since each element has a finite efficiency, it also
produces heat through resistive losses. As a general result, it is
thus always easier to heat than to cool, resulting in an asymmetric
temperature range. It is for this reason that we decided to use a
cooling water circuit (15±1°C) as a thermal bath and starting point
for the available temperature range. Another important limitation
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is the fact that Peltier elements are assembled with a low-melting
1 Introduction

solder (44% In, 42% Sn and 14% Cd; Tm = 93°C). Temperatures
exceeding some 90°C should thus strictly be avoided. This effectively poses an upper limit to the accessible temperature range. In
conclusion, the current setup accesses a temperature range from
-5°C up to 90°C

2 Experimental

2.3 Optical setup
Figure 2.6 sketches the disposition of the optical elements necessary for multiple beam interferometry. To increase reproducibility
as well as ease of use, we have reduced both the number of optical
elements as well as their degrees of freedom to a minimum. A
number of aperture stops and light-absorbing walls along the light

4 Discussion
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path clearly reduced background light intensity.
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Figure 2.6: optical setup used for multiple beam interferometry. White
light from a Xe arc lamp is IR-filtered, redirected by mirror 1, filtered
by the interferometer, collected by an objective lens, diverted by
mirror 2, and finally directed onto the entrance slit of an imaging spectrograph. Attached to the spectrograph are three detectors: a 1-dimensional, high-resolution CCD array (primary detector), a 2-dimensional,
low-resolution CCD chip (secondary detector), as well as a split photodiode
(tertiary detector).
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Light path

The almost white light emitted from a water-cooled, 450 W

1 Introduction

xenon arc lamp* is filtered by two dichroic mirrors*, each having an
efficiency of 0.99. Infrared components in the lamp’s emission spectrum are thus reduced by roughly four orders of magnitude. The
escaping cold light is directed vertically through the interferometer
inside the SFA via a manually adjustable mirror 1. An objective
lens collects the transmitted light, which is finally diverted onto the
entrance slit of a spectrograph by a remotely rotatable mirror 2*.
2 Experimental

Imaging
spectrograph

The half-meter imaging spectrograph* contains a torroidal
mirror as well as a diffraction grating (300 l/mm), which disperses
the light into its wavelength components. Our spectrograph is a
fully computer-controlled version; the grating turret may be
rotated by a calibrated amount, resulting in a shift of the central
wavelength, lc. The corresponding positioning accuracy is sl =
8 pm. Unless otherwise stated, our standard setting was lc =

3 Results

500.0 nm. Furthermore, a remotely actuated diverter inside the
spectrograph alternatively projects the interference spectrum onto
either of two available exit ports.
Primary
detector

One exit port bears both our primary and secondary detector.
The primary detector is a high-resolution, linear charge-coupled
device (CCD)*, which can be vertically displaced. It features
5000 pixels, each being 7µm x 7µm large. The nominal pixel resolu-
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tion is thus d = 45 pm/pixel over a total spectral range of Dl =
225 nm. Typical exposure times for this device were between 100
and 3000 ms, depending on the absorbance of the actual interferometer and the desired precision of the measurement. Note that the
data transfer time of 280±10 ms effectively limits the acquisition
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rate to 3 Hz.
Secondary
detector

A 2-dimensional CCD chip* represents the secondary detector, which is partially covered by the primary detector. This 2-D
device covers a spectral range of Dl = 25 nm. It was routinely used
for real-time monitoring of the interference spectrum on a
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TV-screen, which allowed for convenient coarse adjustment of the

2 Experimental

1 Introduction

optical elements as well as of the primary detector (figure 2.7).

As described in more detail in section 2.5, our tertiary detector, a split photodiode*, is housed by an eyepiece*, which is attached
4 Discussion

Tertiary
detector

3 Results

Figure 2.7: the disposition of the primary (1-dim CCD) and secondary
(2-dim CCD) detector is such, that both are illuminated simultaneously.
This is realised via two 45°-mirrors deflecting the light onto the 2-dim
CCD, while the 1-dim CCD is illuminated through a tiny gap in between the
mirrors (dotted path). The 1-dim CCD/mirror assembly is mounted on a
translation stage such that the relative position of the two detectors may
be changed. Two representative images from the 2-dim detector are
shown on the RHS: in the top panel, the primary detector is in its central
position, whereas in the lower panel, it is in a limiting position.

to the second exit port of the spectrograph.
The arrangement of optical elements and detectors described
above offers full scanning ability, i.e. the surface separation and the
gap layer refractive index can be determined for any point within
the contact region. Scanning along the x-axis is achieved by vertically displacing the primary detector. The corresponding actuator
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Scanning
ability

will be referred to as “x-actuator” hereafter (cf. figure 2.8 for reference system). On the other hand, rotation of mirror 2 by the
y-actuator results in scanning along the y-axis (figure 2.8). Note
that due to the particular arrangement, rotational motion of
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mirror 2 is effectively translated into an almost perfectly parallel

2 Experimental

1 Introduction

displacement within the contact area.

3 Results

Figure 2.8: our MBI setup, illustrated both in perspective and top
view (inset), offers full scanning ability [1]. By moving the linear CCD along
x’, scanning along the real space x-axis is induced, while scanning along the
y-axis is realised via rotation of mirror 2. Using a 10x objective lens,
rotating mirror 2 results in an almost perfectly parallel movement within
the contact zone, since j ≈ 10.50µm/0.5.106µm = 10-3 rad = 0.06° (see
inset).

The lateral resolution in both x and y is constituted by the objective
lens and is in the order of 1-3 µm. In other words, the “optical
4 Discussion

probe” is a circular spot of 1-3 µm diameter, and any information
occurring on a smaller length scale will be averaged over by this
optical probe. Note that the x-resolution is not limited by the spectrograph since we are using an imaging spectrograph equipped
with a torroidal mirror and thus featuring a correspondingly high
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lateral resolution.

2.4 Fast spectral correlation interferometry
The interferometric SFA determines the surface separation by an
optical measurement based on multiple beam interferometry. As
illustrated in section 1.5.3, the evaluation of interference spectra is
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traditionally performed analytically and based on the shift of one or
1 Introduction

two interference fringes. In order to increase both speed, accuracy,
and versatility, we have automated the process of spectrum acquisition and evaluation. Our method is not analytical but numerical.
It is based on the multilayer matrix method and takes the position
of more than 20 interference fringes into account.
This section presents the numerical tool, which allows for
quick and precise analysis of interference spectra: fast spectral cor-

Objective

2 Experimental

relation interferometry (FSC).
Generally speaking, the task is to find a mathematical function or fitting argument, which is a measure of the correlation
between a measured and a calculated spectrum. Maximising (or
minimising) this correlation function by an appropriate fitting algorithm will then allow one to extract any desired information from
the measured spectrum. Specifically, two kinds of evaluation were

3 Results

used in the course of this thesis, namely the D-evaluation to extract
the thickness of any layer in the interferometer, and the Dn-evaluation to simultaneously determine the thickness and the refractive index of the gap layer.
Constraints

The similarity of two spectra may be quantified by various
numerical methods. In our case, minimisation of computational
effort while still preserving the essential pieces of information of
4 Discussion

the measured interference spectrum were the main criteria for the
design of FSC.
To this end, the measured spectrum, Imeas(l), is reduced to a
number of peak positions or, mathematically speaking, to a sum of
delta functions peaking at the respective wavelengths of the interference fringes:
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Measured
spectrum

N

I meas ( l ) Æ I' meas ( l ) =

Â d ( l – lj )

eq. 2.1

j=1

Here, N is the number of detected fringes and d is the delta function
which is defined as
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1
Ï
Ô lim --ed ( l – lj ) = Ì e Æ 0
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Ó 0

e
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l j – --- £ l £ l j + --2
2

eq. 2.2

otherwise

with lj being the wavelength of the jth detected fringe.
Peak detection

The necessary peak-detection algorithm, as illustrated in
figure 2.9, accepts a number of adjustable parameters, the main
parameter being the detection threshold, Ithreshold. In a first step,

2 Experimental

the peak detector filters the raw data from noise. It then determines all pixels whose intensity exceeds the selected threshold,
I > Ithreshold. If a sequence of a certain number of such pixels is
found, that array of pixels is considered to be a peak, the position of
which is determined by calculating the “centre of gravity” of that
array. Finally, the obtained peak position in units of pixels is transformed into units of wavelength using the calibration described in

3 Results

section 2.9.

4 Discussion

Figure 2.9: peak detection algorithm.
The peak detector determines all points
of the measured spectrum, whose intensity is higher than a certain threshold
(400 a.u. in the figure). If a connective
series of n > nmin such points is found, the
corresponding peak position is determined as those points’ centre of gravity
(cf. shaded area).
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Initial guess

In order to speed up the fitting procedure, an initial guess for
the actual surface separation, Do, is produced. The calculation is
based on the fact that the number of FECOs within a certain wavelength range gives a good estimate of the optical path in the interferometer. In case of the D-evaluation, a preset, fixed value taken
from literature was used for the gap layer refractive index, whereas
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for the Dn-evaluation, the starting value for the refractive index

Calculated
spectrum

1 Introduction

was always no = 1.5.
With this initial guess as input, the transmission function of
such a (hypothetical) interference filter is calculated using the
MMM (cf. page 22). In fact, not the complete spectrum is reproduced, but only the transmission at the detected peak wavelengths
(figure 2.10). This substantially increases calculation speed.

measured FECO positions
lj-1
lj
lj+1
calculated
spectrum
(MMM)

Intensity, I [a.u.]

measured
spectrum

404

Correlation
function

3 Results

Figure 2.10: principle of FSC [1]. The
transmitted intensity of an interferometer based on an initial guess is calculated at all measured FECO positions, lj,
and the correlation with the measured
spectrum expressed as X = S IMMM(lj).
This target function, X, is maximised to
yield the best fit to the measured spectrum.

2 Experimental

I intensities used for FSC

408
412
416
Wavelength, l [nm]

Consequently, the correlation between the calculated and the
measured spectrum is reduced to a simple sum of N terms:

X =

Â IMMM ( lj )

4 Discussion

N

eq. 2.3

j=1

IMMM stands for the transmissivity calculated using the multilayer
matrix method and lj numerates the wavelengths of the N detected
peaks. The correlation, X = X(Do, no), is a function of the input
Fitting
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parameter(s), i.e. Do or both Do and no.
Finally, D (and n) are varied recursively in order to maximise
the correlation function, finally yielding the best fit to the measured interference spectrum.
Performance

In this way, D (and n) may be determined at unprecedented
range and resolution. Figure 2.11 demonstrates the performance of
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the D-evaluation; the thermal expansion of two 4 µm-thick mica
1 Introduction

sheets was measured by monitoring the mica thickness as a function of temperature [1]. The value obtained for the coefficient of
thermal expansion, amica = 1.41.10-5 K-1, is in acceptable agreement with literature values, i.e. amica, lit = 1-3.10-5 K-1 [63]. After
subtraction of this linear term, the standard deviation of the data
points is 3sD = 19 pm.

Figure 2.11: thermal expansion of two
mica sheets, each being roughly 4 µm
thick, as measured in the SFA using fast
spectral correlation interferometry [1].
We find amica = 1.4.10-5K-1 as indicated
by the gray line. The precision of the
D-evaluation is demonstrated to be in the
order of 20 pm.

Mica thickness, Dmica [µm]

2 Experimental

4.1076
standard deviation: 19pm
4.1075

4.1074

4.1073
-5

4.1072

3 Results

-1

amica = 1.41x10 K
5

6

7

8

9

10

11

SFA temperature, TSFA [°C]

2.5 High-speed distance measurement
The wavelength of an interference fringe is traditionally measured
4 Discussion

manually, and the acquisition is thus rather limited in speed, manual sampling intervals being in the order of several seconds. An
extension of the experimental window towards higher sampling
rates is however desirable in order to observe fast events. Previously documented approaches towards increasing the rate of meas-
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urement include video methods [1, 148-150], capacitance dilatometry [151-154], as well as the use of piezoelectric bimorphs [155].
Photoelectric
approach

The photoelectric approach presented in this section offers a
large bandwidth, and due to its high stability, both dc and ac measurements are equally well possible. Furthermore, no additional
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sensor or wiring has to be added to the SFA. Last but not least, the

3 Results

2 Experimental

1 Introduction

costs of this setup are less than $300.
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Experimental
setup

4 Discussion

Figure 2.12: schematic of photodiode add-on. The transmitted light from
the interferometer is directed onto the entrance slit of the imaging spectrograph. The resulting interference spectrum can be monitored using
either the CCD or the photodiode. A computer-controlled mirror inside
the spectrograph allows one to switch between the two exit ports.The
semi-transparent photodiode has been incorporated into a Kellner eyepiece, which is attached to the spectrograph (cf. figure 2.13 for details).
This setup allows for very convenient coarse adjustment of the photodiode with respect to the spectrum, since both the interference pattern as
well as the active areas of the photodiode are visible simultaneously and
in a magnified view. The four active areas are labelled I1 - I4.

We have introduced a novel tertiary detector, a split photodiode*, to the second exit port of our spectrograph. The photodiode
detector (PDD) is capable of monitoring the position of one interference fringe using the same principle as the AFM optical lever
technique (section 1.4). For convenience, the PDD is integrated into
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a high quality Kellner eyepiece* with a 10x magnification
1 Introduction

(figures 2.12 and 2.13). The eyepiece can be fine-positioned both
horizontally (wavelength axis) as well as vertically using two

3 Results

2 Experimental

micrometers*. Rotation of the eyepiece is also possible (figure 2.13).

4 Discussion

Figure 2.13: photograph of photodiode add-on. A home-made attachment
is mounted to one exit port of the spectrograph using four clamping
screws. The attachment features a spring-loaded dovetail slider, which
can be displaced horizontally using a micrometer. The slider carries a
rotatable eyepiece, which houses the photodiode. Vertical displacement
of the photodiode is realised by moving the complete attachment along
low-tolerance, elongated slot holes with the aid of another micrometer.
The signal evaluation circuits are placed as close to the photodiode as possible (see upper left corner). Also shown is the CCD camera attached to
the alternate exit port.

A diverter inside the spectrograph allows one to alternatively per5 Conclusions & Outlook

form measurements with either the CCD or the PDD, which is a
valuable feature for absolute calibration of the PDD.
The PDD’s overall size is 6x5 mm2 and its active areas
(1.0x0.75 mm2 each) are separated by an element gap of 0.015 mm.
Having a transparent housing, the PDD may easily be adjusted
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with respect to the interference spectrum as illustrated in

Selection of
chromatic
order

1 Introduction

figure 2.12.
As discussed in the introduction, (section 1.5.3), the wavelengths of interference maxima are primarily sensitive to the optical distance between the silver mirrors. However, partial reflections at the interfaces between optical layers cause wavelength
shifts, which depend on the chromatic order, N. Discrimination
between D and n is thus possible through simultaneous measure2 Experimental

ment of multiple fringe wavelengths. In particular, it has been
shown [52] that even order fringes are sensitive to both the gap
layer thickness, D, and refractive index, n, whereas odd order
fringes shift as a function of the surface separation only (cf.
equations 1.12 and 1.13). We therefore always used the light of an
odd-order fringe to illuminate the PDD. Two PDDs and considerably more complex signal processing would be required to simulta-

Shape of
optical probe

3 Results

neously measure D and n.
While the optical probe in the FSC setup is a (nearly)
0-dimensional, circular spot of diameter f ≈ 1-3 µm [1], the PDD
averages over a rather complex geometry. In fact, it is adequate to
talk about a 1-dimensional optical probe, which may extend over a
lateral range of several micrometers due to the geometry of the
PDD. The response of the linear CCD detector and the PDD, respec4 Discussion

tively, to deformations of the contact geometry is therefore different; local deformations may be monitored by the CCD camera,
whereas the PDD produces an integral response. Note that the
smaller the PDD’s dimensions, the closer to the CCD its response
will be. Consequently, one might alternatively calibrate the PDD in
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the force-free regime or in the actual range of measurement,
depending on the occurring contact deformations and the dimensions of the PDD used.
Electric
circuits

Electrically, a quad photodiode is wired such that it provides
two currents, A and B (figure 2.12):
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A = I1 + I2

eq. 2.4

B = I3 + I4

eq. 2.5

As illustrated in figure 2.14, both currents A and B are converted
to low-impedance voltages in a first stage using a dual low-noise
precision Difet® operational amplifier*. This operational amplifier
as well as all other operational amplifiers in the signal evaluation
circuits are powered by a regulated ±15 V power supply*. In a sec-

2 Experimental

ond stage, the difference signal, d = A-B, is realised with a unitygain, precision trans-impedance amplifier*. Further amplification
of both the difference signal, d = A-B, as well as the sum
signal, S = A+B, is achieved in the third stage using two ultralow-noise precision amplifiers*. Finally, both signals, d and S, are
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4 Discussion

3 Results

converted to a 16-bit digital number in an analog/digital converter*.

Figure 2.14: electric wiring diagram of PDD evaluation circuits.The PDD signals are amplified in
three stages. The first stage, providing a 2000-fold amplification, is realised with a dual low-noise
precision Difet® operational amplifier (OPA2111). A precision unity-gain differential amplifier,
INA105, provides the difference signal, d, which is further amplified in the third stage by an
ultra-low-noise precision operational amplifier (OPA37). The same type of amplifier is used to generate the amplified sum signal, S.
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A PDD’s dark current (noise) scales with its active area, thus
favouring PDDs with a small active area. Moreover, the active area
1 Introduction

Design considerations

should be as small as possible in order to provide a small junction
capacitance, Cj, as well as a high junction shunt resistance, Rj. This
is because Cj is in parallel to Rj, which results in an increase of
high-frequency PDD noise. Last but not least, the lateral dimension
of the PDD has to be small in order to be least susceptible to deformations of the contact geometry; a large PDD would not only mon-

2 Experimental

itor the wavelength shift of an interference fringe, but also its
deformation.
Our PDD is operated in the photovoltaic mode, which combines high sensitivity with linear response. The somewhat reduced
bandwidth of this mode of operation (3 kHz) represents no limitation to our application.
The first amplification stage is realised by an operational

3 Results

amplifier, OPA2111, in order to achieve quasi-infinite impedance
(1013 W, cf. figure 2.14). As a consequence, careful shielding of the
conduits connecting the PDD with the OPA input is absolutely necessary. The same holds for the connections of the feedback
resistors R2 = 77 MW, which determine amplification gain and
bandwidth. It is interesting to note at this point that the signal-tonoise ratio improves by

R 2 , whereas the signal gain is proportional to R2. To avoid gain

4 Discussion

as

R 2 , since resistor thermal noise increases

peaking, we used low-capacitance feedback resistors; the total feedback capacitance is less than 1 pF and is realised by adequate positioning of the resistors relative to the OPA. By exclusively using
monolithic, low-offset amplifiers, we also reduced offset to a mini-

Interference

5 Conclusions & Outlook

mum.
The very high impedance circuit shown in figure 2.14 and
discussed above is extremely sensitive to noise coupling from electrostatic (e.g. power line), magnetic (mutual inductances), and
radio frequency sources. Careful shielding, effective power supply
bypassing, and attention to component physical location are there-
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fore not optional but absolutely necessary. We have shielded the
1 Introduction

PDD circuits in a metal housing. Furthermore, the circuits’ layout
is such that the connections between the high-value resistors and
the high-impedance op amp inputs are kept short; those connections would otherwise be prone to excessive magnetic coupling. The
connection between the PDD and the amplifying circuit is also kept
short and realised with a bifilar type, low-capacitance cable.

2 Experimental

Signal normalisation

The light intensity of the fringes of equal chromatic order
observed in the spectrograph varies from one experiment to
another as well as with time. It depends on a number of parameters, such as light-source illumination power, alignment of optics,
number and absorbance of optical layers in the interferometer,
spectrograph entrance slit width, as well as the diffraction grating
used. Furthermore, we expect that the light source exhibits variations of light flux in the order of a few percent. As shown in

3 Results

figure 2.15, the PDD response strongly depends on the actual illumination conditions (d1, d2 and d3 were recorded at different illumination power). This unfavourable dependence can be largely eliminated by applying the normalisation F = d/S, which maps
measurements acquired under different light conditions onto one

4 Discussion
5 Conclusions & Outlook
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Figure 2.15: effects of
signal normalisation. The
dashed curves labelled d1,
d2, and d3 represent the
photodiode
difference
response
acquired
at
three different illumination conditions. Curves are
plotted as d = (A-B) vs. D
(left scale). Normalisation
by S = (A+B) (solid line,
right scale) makes the
three individual curves fall
onto a single master curve.
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master curve (figure 2.15).
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The so-called coefficient of finesse is a measure of the sharpness of the interference fringes. It depends on the reflectance of the
1 Introduction

Optimisation of
silver layer
thickness

silver mirrors, which itself is a function of the silver thickness
[156]. Loosely speaking: the thicker the mirrors, the sharper the
interference fringes.
Not only the reflectance but also the phase change at the silver layer changes with its thickness [156]. However, the thickness
dependence is significant for mirrors thinner than some 40 nm

2 Experimental

only [157]. Above that, slight variations of the mirror layer thickness barely influence the position of the (primary) interference
fringes. This is one of the reasons why all standard SFA experiments use silver layers around 50-55 nm. However, such films naturally have a small transmittance (3%), resulting in comparably
low intensity of the interference fringes.
The present application calls for a compromise. On the one

3 Results

hand, sharp interference fringes, i.e. thick mirrors, produce a steep
PDD calibration, CPDD = DF/DD, and thus small errors in determining the surface separation from the PDD response. On the other
hand, the transmitted intensity and thus the s/n ratio decrease as
the mirror thickness increases. Furthermore, the useful range of
measurement is more and more reduced the steeper the calibration.
We found 40 nm-thick silver layers to be a good compromise
4 Discussion

between transmitted intensity (transmittance = 9%) and sharpness. The slight thickness dependence of these thin mirrors’ optical
properties is implicitly accounted for by calibrating the PDD using
the FSC technique.
The long-term signal stability of our PDD setup has been
characterised by monitoring both d and S as a function of time. In
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Performance:
signal drift

complete darkness, the predominant contribution to drift is caused
by electronic elements, this electronic drift being governed by temperature variations, which are in the order of ±5°C/24h (circuits are
not temperature controlled). As shown in figure 2.16, the largest
signal drift rates are in the order of 3 mV/h. Applied to thin-film
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interferometry in the SFA, this signal drift ultimately leads to an
1 Introduction

apparent drift in surface separation, which corresponds to a very
low value of 14 pm/h.
a)
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Figure 2.16: stability of photodiode response. We have measured both
the difference, d = (A-B) (top), as well as the sum, S = (A+B) (bottom), signals in complete darkness over a period of many hours. Sampling was performed in 1 min intervals at 25 kHz and 25’000 points were averaged for
each shot. The largest drift rates are in the order of 3 mV/h, which is
negligible for the present application.

78

Control of drift

Dark current measurements were used to characterise signal
noise. By averaging a number, Z, of points, sampled at a fixed sam1 Introduction

Performance:
signal noise

pling frequency of n = 25 kHz, the signals can be digitally low-pass
filtered. Increasing the filter length effectively limits the bandwidth (BW = n/Z) of the measurement. We have determined the
standard deviations (rms) sd and sS for a number of filter lengths
over at least 2400.Z samples. We found typical noise voltages of
V d ( rms ) = 3.6 mV/ Hz and V S ( rms ) = 5.8 mV/ Hz in a frequency

2 Experimental

range from 0-3000 Hz. The measured signal noise has a Gaussian
distribution and also shows a slight 1/n-type increase below
BW ≤ 10 Hz. Note that while the difference signal d cancels coherent noise sources (e.g. 50 Hz power lines), these contributions are
added in the S signal.
Performance:
distance
measurement

This noise limits wavelength resolution of our setup to
l ( rms ) @ 2.6 pm/ Hz . Similarly, the resolution of distance measure3 Results

ment is approximately D ( rms ) @ 0.8 ◊ N pm/ Hz , where N is the
chromatic order of the detected fringe.
The photoelectric approach described here thus allows for
unprecedented interferometric distance measurements in the SFA.
Force vs. distance profiles with 100 points can now be measured in

4 Discussion

less than a second with a competitive resolution of ±0.2 nm.

2.6 Control of drift
As shown in figure 1.5, the SFA determines surface forces via an
adjustable mechanical loop. Prerequisites for this practice include
a very high stability of that loop, as well as an accurate positioning
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mechanism. Any unwanted and uncontrolled motion within the
mechanical loop unavoidably leads to systematic errors in the force
determination, as will be discussed in detail in section 4.2.2.
We have therefore carefully characterised drift of our instrument, elucidated its origin, and implemented the measures necessary to reduce it to a minimum. Our measurements show that
mainly three factors contribute to drift. These are:
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• thermal expansion / contraction of the mechanical loop
1 Introduction

(hereafter referred to as “thermal drift”)
• relaxation of mechanical junctions within the loop
(mechanical drift)
• variations of the ambient atmospheric pressure.
Each of these contributions will be discussed in the following subsections. All presented measurements were exclusively conducted
2 Experimental

in non-contact situations, i.e. at surface separations of 2 - 8 µm,
and in a dry nitrogen atmosphere. The surfaces were atomically
smooth mica sheets of 2-3 µm thickness with a thermally evaporated, 55 nm-thick silver mirror on their reverse side. No actuator
movement was ever induced and all interference spectra were evaluated using FSC.

3 Results

2.6.1
Origin

Thermal drift
Any change of the temperature of the SFA is expected to
cause a variation of the surface separation due to thermal expansion or contraction of parts within the mechanical loop. Different
thermal capacities and thermal conductivities of individual parts,
as well as the parameters of the temperature control loop will intro-

4 Discussion

duce multiple, distinct time constants to the system. To accurately
measure thermal drift, one therefore has to measure over a period
longer than the largest thermal time constant in the system, which
was found to be in the order of one hour.
Characterisation

We have measured thermal drift of our instrument by inducing multiple, well-defined temperature steps (±2.00°C, ±5.00°C,
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±10.00°C) on a previously equilibrated instrument while monitoring the drift towards the new equilibrium surface separation. Distance measurements were typically taken over more than 10 hours
at 1- to 5-minute intervals. Both available functional attachments,
i.e. piezo device (PD) and friction device (FD), were characterised.
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As shown in figure 2.17, thermal drift indeed consists of mul1 Introduction

tiple contributions of different magnitudes and time constants.
Typical thermal time constants are in the range of 10-60 minutes.
The total thermal expansion is a nearly linear function of temperature. As can be determined from figure 2.17, we have dFD =
-100±5 nm/K in conjunction with the FD, whereas in combination
with the PD, the value was somewhat higher and of opposite sign,

2 Experimental
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Knowing the thermal expansion of the instrument, it is pos4 Discussion

sible to estimate what the long-term temperature stability of the
temperature control system must be in order to ensure an overall
drift of say ≤ 1Å/min. We conclude that the SFA temperature must
vary by less than 10mK/10minutes. This automatically excludes
the presence of variable heat sources, such as intensity variations
of the light source, spontaneous convection, or even the presence of
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Measures

2.0

3 Results

Figure 2.17: thermal drift of the SFA in
conjunction with two different attachments. A controlled temperature step
from 22.00 to 27.00°C was induced at t =
10 min after the instrument had been
equilibrating for 48 hours. The measured
coefficients of thermal expansion are
dPD = +350±15 nm/K for the piezo device
and dFD = -120±5 nm/K for the friction
device. The shortest time constant in the
system is around 10 min, whereas thermal
equilibration to the new setpoint temperature is complete after ≈60 min. Experiments with temperature steps of -5.00,
±2.00, and ±10.00 K are in close agreement with the data presented here.
Errors bars are smaller than the symbol
size.

Surface separation, D [µm] (offset)

namely dPD = +350±15 nm/K.

a human being in the temperature-controlled vicinity of the instrument. The complete automation of our equipment contributes
towards meeting the latter requirement, and the temperature control system presented in section 2.2 features the required stability
of 10mK/10min.
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In passing, it may be noted that it is virtually impossible to
1 Introduction

avoid thermal drift purely via a smart selection of materials. Even
an overall zero thermal expansion coefficient does not ensure a zero
thermal drift rate due to the presence of different time constants
within the system. The best way to deal with thermal drift is to
accurately control the temperature and to wait for the predetermined thermal equilibration time before each measurement.

2 Experimental

Once stable temperatures are reached, one can go a step further
and determine components of non-thermal drift. It shall be noted at
this point, however, that it is not easily possible to determine components of non-thermal drift that have time constants smaller than
the ones associated with thermal drift.

2.6.2

Mechanical drift

3 Results

Non-thermal, mechanical drift (MD) is typically characterised by
long decay times (days, weeks), and it is therefore necessary to
measure over extended periods of time. The complete automation of
our setup proved very convenient and useful at this point.
Origin

Flow and creep of materials under high local stresses may
cause MD in the mechanical loop of the SFA. The face seal of the

4 Discussion

functional attachment appears to be the most critical point in our
instrument. Another potentially important source for MD is the
interfacial relaxation of oxide and contamination layers between
different parts in the mechanical loop. This latter source could
become relevant whenever parts are moving against one another
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before or during an experiment, or when parts are being assembled
prior to an experiment.
The mechanical loop of the SFA is schematically displayed in
figure 2.18 with particular respect to MD. Point (A) in figure 2.18
points to the face seal as a potential source of MD. That face seal
was originally made of a Teflon® (PTFE) O-ring because of PTFEs
chemical inactivity, low swelling, wide temperature range and low
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friction. Unfortunately, PTFE also has some disadvantageous
1 Introduction

mechanical properties (e.g. deformation under compressive load–
see figure 8a) of ref. [158]) for its application as drift-free face seal
material in the SFA. Thus, the O-ring represents a latent source of
MD if the dimensions of the face seal are such, that the O-ring acts
as spacer, i.e. the functional attachment and the SFA main frame
are not in direct contact, and the sealing load is exclusively carried
by the polymer. In this situation, polymer relaxation can continue
2 Experimental

for weeks and proceed until the (decreasing) pressure on the face

3 Results

seal eventually no longer guarantees proper sealing.

5 Conclusions & Outlook

4 Discussion

Figure 2.18: schematic of the main components in the SFA mechanical
loop. The effective path is non-trivial and is schematically represented by
the black curve. The mechanical loop has exactly one gap, which is the separation between the surfaces. Emphasised by letters A-J are elements,
which might produce mechanical drift; these are: (A) viscoelastic behaviour of O-ring and/or interfacial relaxation between SFA frame and functional attachment (FA), (B) cold flow and stress relaxation of clamp,
(C) interfacial relaxation between tensioning screws and clamp, (D) plastic
deformation of screws and (E) threads, (F) intrinsic instabilities within
the functional attachment, (G) the sample fixation, (H) fixation and
relaxation of the force-measuring spring, and last but not least,
(J) slipping parts in the approach control mechanism.

Both the clamp (B) as well as the screws (D) used to build up a considerable sealing force on the functional attachment may undergo
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stress relaxation or even plastic deformation if not carefully
1 Introduction

designed, thereby producing outward MD, i.e. dD/dt > 0.
Interfacial relaxation between the tensioning screws and the
clamp (C) as well as the threads (E) is expected to result in outward
MD, too.
Point (F) in figure 2.18 refers to MD inside the functional
attachment. Neither of the tested attachments produced any
detectable intrinsic MD.
2 Experimental

Point (G) designates the surfaces and sample fixation as a
potential source of MD. After a minor modification, which helped to
achieve a better connection between the sample and the sample
holder, MD from this origin was undetectable as well.
Similarly, the base fixation of our spring assembly (H) with a
fixed spring constant produced no measurable MD.
Finally, point (J) in figure 2.18 designates the approach con-

3 Results

trol mechanics as a potential source of MD, which, however, proved
not to produce any measurable drift.
Characterisation

Figure 2.19a) illustrates measured MD of our SFA when
used in conjunction with a protruding PTFE O-ring (design
option 1). The measured MD rate depends on the O-ring history,
geometry and temperature, as well as on the load on the face seal.
With design option 1, we observed a significant inward drift, rang-

4 Discussion

ing up to -100 nm/min. A characteristic feature is the long decay
time–after 96 hours, the inward drift rate was still around
-2 nm/min.
Figure 2.19b) displays MD after installing design option 2,
which consists of a rigid backup ring between the functional attach-
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ment and the SFA main frame. This second design variant can
reduce MD by roughly two orders of magnitude as compared to
design option 1 discussed above. After the predetermined thermal
equilibration time of 60 minutes, the sum drift rate is in the order
of + 1nm/min. The associated time constant is significantly larger
than any practicable waiting time (some 12 hours).
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Figure 2.19: simplified mechanical model of the SFA face seal (right panels) and corresponding
drift curves (left panels) for three different design variants. (a) Design option 1 - protruding
O-ring. Typical drift rates are in the order of -100 nm/min, depending on a number of parameters.
(b) Design option 2 - insertion of a steel backup ring in parallel to the O-ring. This measure results
in significantly reduced drift rates of ≈ 1 nm/min. (c) Design option 3 - introduction of a load stabilising element in series with the screw. Drift rates are now much more reproducible and in the
order of ±0.05 nm/min.
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Finally, figure 2.19c) shows drift curves as measured after
1 Introduction

installation of design option 3, which will be described in more
detail below. Our measurements reveal at least another order of
magnitude reduction of MD as compared to design option 2. Using
design option 3, the routinely achieved drift rates in our SFA are in
the order of ±0.05 nm/min and seem limited, again, by the temperature stability of the system.
Measures

Figure 2.19a) shows a schematic of the critical face seal

2 Experimental

according to design option 1. The flange of the functional attachment is pressed against the protruding O-ring via a clamp with
screws as the force-exerting element. Screws and O-ring can be
modelled as two springs in parallel, so that the total stiffness, K, of
the face seal is essentially the sum of the two spring
constants, K = k1+k2. Note that, for simplicity, only a Hookean
component was used to describe the O-ring. For a M3.5 steel screw

3 Results

(r = 1.4 mm) of free length U = 10 mm and elastic modulus
E = 2.1011 Pa, one has k1 ≈ p. r2.E / U = 1.2.108 N/m within the linear-elastic regime. Additionally taking the compliance of both
screw head and thread into account [159], we obtain a more accurate value of k1 = 0.9.108 N/m. An O-ring with simplified square
cross-section (W = 1 mm, H = 3 mm), an inner radius Ri = 20 mm,
and an elastic modulus E = 0.41.109 Pa would exhibit k2 =
4 Discussion

2.p.Ri.W.E / H = 1.7.107 N/m, again assuming a linear-elastic
response.
It is common practice in mechanical engineering to tighten
screws such, that the material experiences stresses close to its (offset) yield strength [159]. The design of both screws and appropriate
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tools is optimised towards this premise. For one 316-grade stainless
steel M3.5 screw with sys, 0.2% = 205 N/mm2 [160] and assuming a
safety factor of 1.25, this would correspond to a load, L1, of roughly
1000 N. Therefore, for a clamp with two tensioning screws, the
maximal drift distance DD = 2.L1 / K becomes roughly 20 µm. This
drift is essentially given by the total applied load, L = 2.L1, and the
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face seal stiffness, K = k1 + k2. Consequently, tightening the
1 Introduction

screws more will increase drift, as was indeed experimentally
observed. Also note that if the PTFE O-ring protrudes only some
100 µm, this source of drift may vanish without further measures
after a few months, when the O-ring has flowed enough to allow for
a direct contact between the metal parts. If, however, the protrusion is larger, it is essential to reroute the mechanical loop away
from the relaxing O-ring.
2 Experimental

Design option 2, the insertion of a steel backup ring in parallel to the O-ring, is depicted in figure 2.19b). This modification
mainly serves to increase K by adding a third spring, k3, in parallel. With typical dimensions R = 22 mm, W = 1 mm, H = 3 mm and
E = 2.1011 Pa, one has k3 = 0.9.1010 N/m. Thus, with this minor
modification, K can easily be made 100x stiffer, resulting in
≈ 100x smaller drift, as our measurements in figure 2.19b) indeed

3 Results

demonstrate. The total stiffness, K = k1+k2+k3, is now dominated
by k3 and the mechanical loop is hence effectively rerouted via the
steel backup ring.
Correct dimensioning of parts in design option 2 is crucial
because one wants to achieve sealing by the O-ring without reaching the elastic limit of the O-ring material. The most widely used
materials for the O-ring are Teflon® and Viton® –both being fluor-

4 Discussion

opolymers. For the reasons already mentioned above, Viton® seems
to be the better choice. Although it has a similar compressive
strength as Teflon®, its elastic modulus is significantly lower,
which makes it a much better sealant. Unfortunately, it displays
greater friction against steel, which may pose minor difficulties for
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manual fine positioning of the functional attachment. For the realisation of design option 2, we therefore decided to use Viton®
O-rings. We have observed optimal drift and sealing properties
over the full temperature range (-5 to +70°C).
Using design option 2, the MD rate is in the order of
1 nm/min, which is still about one or two orders of magnitude above
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the desired value. Note that drift is now directed outwards (i.e.
1 Introduction

increasing gap size), suggesting relaxation and/or cold flow of the
face-seal loading parts (screws and clamp).
We have therefore introduced design option 3, which is schematically depicted in figure 2.19c). The basic idea is to provide a
controllable, reproducible and constant load on the face seal,
regardless of any interfacial relaxation and/or plastic deformation.
This is achieved via a seal-loading spring of low spring
2 Experimental

constant, k4 = 1000 N/m, which is in series with the much stiffer
tensioning screw. It is important to note that this additional spring
does not reduce the overall stiffness, K, of the face seal, whereas the
effective spring constant of the tensioning element (screw) is
greatly reduced. Our measurements (figure 2.19c)) reveal that MD
can further be reduced by at least one order of magnitude in this
way. In combination with design option 3, the routinely achieved

3 Results

drift rates in our SFA are in the order of ±0.05 nm/min, and since
design option 3 allows one to precisely control the load on the face
seal, drift of our SFA has furthermore become considerably more
predictable.

2.6.3

Pressure-induced drift

4 Discussion

The ideal situation would be a perfectly sealed instrument for reasons of cleanliness and for keeping constant conditions inside the
SFA fluid cell, while drift is minimal.
Origin

A peculiarity of the SFA Mk III™ is, however, that the
approach mechanics is sealed off from the fluid cell via a Teflon®
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membrane. Once properly sealed, any temperature variation inside
the chamber or any outside variation of atmospheric pressure thus
leads to a pressure difference, which essentially acts as a drift actuator. Even if no further perturbation is introduced, the smallest
leak can then produce rather high drift rates of 1-10 Å/min, lasting
for many hours (pressure relaxation).
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The variation of surface separation, D, with temperature, T,
for the properly sealed instrument was found to be large
1 Introduction

Characterisation

(DD/DT > 1µm/°C), i.e. much bigger than the instrument's thermal
expansion discussed above. For the variation of surface separation
with pressure, p, I measured DD/Dp ≈ 25 nm/mbar.
Measures

To allow for pressure equilibration while simultaneously controlling the atmosphere within the instrument, we found it profitable to use a specially designed vent consisting of a three-way valve
2 Experimental

with one line being connected to dry nitrogen, another line venting
to ambient via a specially designed filter unit, and the third line
being connected to the SFA fluid cell.
The filter unit consists of a 100x100x25 mm3 aluminium
block into which a meandering path was mill cut. Depending on the
liquid under investigation, the path was loaded with either phosphorus pentoxide powder (P2O5) or 4 Å molecular sieves and then

3 Results

sealed by a thin plate pressing against a Teflon® sheet. Loading
was done in a controlled (i.e. dry and inert) atmosphere.

2.7 Sample preparation
As already mentioned in the introduction (page 32), mica is a
birefringent material. To ensure reproducible conditions for the
4 Discussion

experiments, the orientation of the optical b and g axis of purchased, randomly oriented mica blocks* was determined. To this
end, the mica block was placed between two crossed polarisers* illuminated by white light and rotated until the transmitted intensity
vanished. In this configuration, the b and g axis, being parallel to
the polarisers’ axes, were marked by correspondingly cutting the
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Orientation
of mica

edges of the mica block with strong scissors. Flakes, as potentially
produced by cutting thick pieces of mica, were carefully removed.
During these and all subsequent steps, the experimenter wore powder-free, surgical gloves* to prevent oily secretions from spreading
over the mica surface, as well as a mouth protection* to avoid dust
and other particles being directed towards the samples.
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Preparations
for cleaving

Before cleaving the oriented mica blocks into thinner sheets,
the laminar flow cabinet* was cleaned with ethanol*, as were the
subsequently used tools such as tweezers*, petri dishes, and brass
blocks for holding the mica sheets during cutting. Potential residues from the wipes* were blown off with a strong flow of nitrogen.

Backing sheet

Cleaving of a mica block*, having an initial size of roughly
100x100x0.5 mm3, was initiated by introducing the tip of pointed
tweezers into its edge, opening up the developing crack a little, and

2 Experimental

finally slowly peeling apart the two sheets. If the two exposed,
freshly cleaved surfaces were largely step-free, one of them was
used as a “backing sheet”, i.e. as a carrier for the much thinner
sheets to be cleaved later on and to be used as the substrates in the
experiments. The backing sheet was stored in a petri dish away
from the cleaving area to avoid contamination of its freshly cleaved
surface.

3 Results

Cleaving

In order to get very thin sheets, the initial block was cleaved
repeatedly as described above until eventually, it was too thin to be
cleaved any further using tweezers. At that point, such a thin sheet,
exhibiting one freshly cleaved side, was torn apart manually, possibly resulting in the lift-off of even thinner sections as the propagating crack passed a step edge on the surface. If the produced
sheet’s thickness was below some 10 µm, it produced interference

4 Discussion

colours, which changed abruptly at cleavage steps. Once a large
enough, step-free area was obtained, the mica sheet was positioned
on a number of brass blocks and pinned down onto them with
smaller brass bars. Care was taken to always have the most
recently cleaved surface facing upwards.
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Cutting

A roughly 10 mm long and 0.2 mm thick platinum wire*,
which was mounted vertically on a x-y-z microscope translation
stage*, was used to cut the larger piece into small, rectangular
sheets of approximately 12x8 mm2 size. The wire was heated up
above the melting point of mica by resistive heating. Typical currents required to make the wire glow yellowish-white were in the
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order of 7.4-7.7 A at voltages of 1.8-1.9 V. To allow for outgassing,
1 Introduction

the wire was heated up away from the mica sheet, and only after a
few seconds was it placed close to it. The translation stage was
adjusted such, that the centre of the wire was exactly at the level of
the mica sheet and its x and y travel directions were parallel to the
sheet’s b and g axis, respectively. Cutting was performed as rapidly
as possible, and once a small sheet was cut free from the main
sheet, it was picked up with straight, pointed tweezers. Finally, the
2 Experimental

small sheet was placed on the earlier prepared backing sheet with
its upper side facing down. Sheets that did not adhere immediately
and over their whole area except the cut edges were rejected. In this
way, a number of small, rectangular sheets of identical thickness
were prepared and stored on the backing sheet in order to protect
them from contamination. The origin, orientation and position on
the backing sheet was kept track of for each sheet.
Immediately after cleaving, the backing sheet was trans-
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Silvering

ferred into a thermal evaporation vacuum coating unit* with a typical base pressure of 5.0.10-7 mbar. As illustrated in figure 2.20, the
distance to the source (tungsten boat*) was 48 cm, which was
shown to be large enough to produce uniform silver* layers. Silvering, after careful outgassing, was performed at deposition rates
between 1.0 and 1.5 Å/s as measured by a vibrating quartz deposi-

4 Discussion

tion monitor*. Depending on the application, the final silver thickness was 40 or 55 nm. To avoid oxidation or sulphidation of the silver film, the system was never vented earlier than one hour after
the deposition had been completed. Either dry nitrogen* or argon*
were used to vent.
The approximate thickness of the silvered mica sheets was
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Quick determination of
mica thickness

routinely determined after silvering. To this end, a small piece of
mica was put down onto a strip of adhesive tape with its silvered
side down. The tape was then folded to produce a simple mica interferometer of thickness 2.Dmica, which was mounted directly to the
spectrograph entrance slit. Shining white light through the inter-
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ferometer and using FSC to evaluate the resulting interference

4 Discussion

3 Results

2 Experimental

1 Introduction

spectrum yielded the mica thickness to within ±5 nm.

Figure 2.20: schematic of the thermal evaporation system used to deposit thin silver
mirrors onto mica. A turbo molecular pump and a mechanical pre-pump produce the
desired vacuum of p ≤ 1.10-6 mbar. Monitoring items include pressure gauges both in the
high- and in the low-vacuum section, as well as a quartz crystal thickness monitor. The
sample (backing sheet) is attached to an air-lock located at the top of the vacuum chamber; its distance from the source is large enough to produce uniform films.
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Storage

The remaining, silvered sheets were stored in a desiccator*
for later use. Care was taken to keep the desiccator atmosphere dry
and free of oily vapours. In particular, the sheets were stored above
silica gel, and evacuation of the desiccator was performed with an
oil-free diaphragm pump*. The desiccator main seal was realised
with an O-ring* held by a specially designed aluminium backup
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ring and was thus oil-free as well. A very high-viscosity grease was

Prior to gluing the mica sheets onto cylindrical silica formers,
the laminar flow cabinet as well as a number of tweezers and an
electrically heated hot plate* were carefully cleaned. The silica
disks* were always immersed in the liquid of interest for at least
24 hours before use and subsequently sonicated for 15 minutes at
50 kHz*. After drying the sonicated disks with nitrogen, they were

2 Experimental

treated in an oxygen plasma* for 1 minute at 60 W and then immediately transferred into toluene*. The so-prepared disks were blown
dry with nitrogen and placed onto a hot plate*, the temperature of
which was controlled to ±0.1°C using the temperature control unit
described in section 2.2. If a 1:1 mixture of galactose* and glucose*
was used to glue, the initial setpoint temperature was 162°C; this
was the case for all cyclohexane* experiments. A spatula tip of the

3 Results

sugar mixture was placed on each disk, and the forming liquid was
spread evenly over the disks’ surface using blunt tweezers. After
having made sure that there were no air bubbles left in the liquid,
the hot plate was cooled down to 144.0°C. As the new setpoint temperature had been reached, a mica sheet was carefully peeled off
the backing sheet with straight, sharp tweezers and, the silvered
side down, put on top of the glue. Thereby, care was taken to pro4 Discussion

duce a smooth, unbuckled surface. The previously determined b
(or g) axis of the mica sheet was aligned parallel to the cylinder
axis. To avoid deterioration of the silver layer, the disk was
removed from the hot plate as soon as good adhesive contact was
established. Any edges or flakes that might have been sticking out
were removed at this point. In the same way, at least two more
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Gluing

1 Introduction

used to seal the venting valve.

disks with sheets of the same thickness and orientation as the first
one were prepared.
A somewhat different procedure was adapted for the samples
to be used in cyclohexanol. The plasma-treated, dried disk was
placed on a spin-coating unit and completely covered with a
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20 wt.-% solution of epoxy glue* in chloroform*. Then, spinning was
1 Introduction

initiated immediately and sustained for 1 minute. The so-produced,
homogeneous film was allowed to dry for at least 5 minutes, subsequently heated to 132.0°C on the hot plate, and finally covered with
a mica sheet.
After an experiment, the silica disks were stored in water (if
glued with sugar) or chloroform (if glued with epoxy) overnight in

2 Experimental

order to remove the mica sheets.

2.8 Experimental procedures
Mounting of
surfaces

Prior to mounting the surfaces into the instrument, the SFA,
including any relevant attachment, was subjected to the following
cleaning procedure: in a first step, all parts were cleaned with ethanol and immediately blown dry with a strong flow of nitrogen. The
instrument (without samples) was then assembled, its fluid cell

3 Results

filled with the liquid to be investigated later, left for at least
48 hours, emptied, and finally purged with nitrogen.
The disks carrying the sample surfaces were mounted in the
apparatus, which had previously been cleaned according to the procedure above, with their axes at right angles immediately after gluing. The orientation of the mica sheets was thus such, that birefrin-

4 Discussion

gence cancelled out. When mounting the disks, it was always made
sure that they were sitting in place firmly by carefully trying to
move them with a screwdriver.
As the force-measuring spring, I only used home-built assemblies with a fixed spring constant of kn = 1004 ± 77 N/m or kn =

5 Conclusions & Outlook

108 ± 14 N/m.
Finally, the upper and the lower SFA chamber were sealed
against one another and the assembled apparatus tested for leaks
using nitrogen overpressure. If no leaks were detected, the instrument was purged with dry nitrogen for at least 30 minutes before
all valves were closed to ambient.
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The apparatus was then placed on the anti-vibration table,
the objective lens installed, and the light source switched on. All
1 Introduction

Initial observation of
surfaces:
Newton’s rings

connections to the instrument were established at this point; these
included: dry nitrogen supply, electrical connections to all actuators and thermistors, as well as a connection to ground.
As the initially distant samples were manually brought
together, they produced Newton’s Rings, which were observed in
transmission through a monochromatic narrow-band filter* and an

2 Experimental

eyepiece*. The surfaces were gently approached until they finally
came into contact. Cleanliness of a particular contact was accepted
if, upon receding, a clear jump-out was observed and, upon
approaching, the weak vibrations suddenly stopped, accompanied
by a sharpening of the rings. If these indicators were absent, the
surfaces were separated by some millimetres, the clamping screws
loosened, and the functional attachment shifted in a 45° direction

3 Results

relative to the cylinder axes. This was done under a constant flow
of nitrogen with the three-way valve in position o12 and the
two-way valve closed. After re-tightening the clamping screws, the
surfaces were brought close together again, the Newton’s rings
observed, and the new surface location checked for cleanliness.
Once a presumably clean spot was found, the surfaces were
separated by some 50 µm and the emerging light beam directed
4 Discussion

onto the spectrograph entrance slit using a right-angled prism*
(referred to as “mirror 2” in figure 2.6 on page 63). This produced
FECOs, which were observed through an eyepiece mounted to one
of the spectrograph exit ports or alternatively as projected onto a
TV screen. Again, the surfaces were carefully brought into contact
thereby not loading them too heavily. The contact area was scanned
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Observation of
FECO fringes

by rotating mirror 2 to ensure that no particles were trapped
within the contact. Final adjustments of the optics including
fine-focussing of the spectrum, optimisation of mirror 1 (figure 2.6
on page 63) towards both highest light intensity and maximal
red-shift of the fringes, as well as coarse positioning of the prism
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onto the centre of contact area, were done with the surfaces in con1 Introduction

tact as well.
Equilibration

Having all manual adjustments done and the surfaces separated by some 5 µm, the cover of the temperature-controlled enclosure was put in place and the temperature controller switched on.
During the temperature equilibration, a weak flow of nitrogen was
maintained with the 3-way valve in position o and the two-way
valve closed.

2 Experimental

Installation of
filter unit

After roughly 12 hours or when the temperature had reached
equilibrium, the filter unit was connected to the SFA with the
3-way valve still in position o. The filter unit had previously been
loaded with phosphorus pentoxide powder (P2O5) for the cyclohexane experiments or with 4 Å molecular sieves for the cyclohexanol
experiments in an inert and dry atmosphere. After the filter unit
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had been installed, the 3-way valve’s position was changed to o13,
i.e. venting to ambient via the filter unit.
Within the 12-hours period, drift of the recently assembled
instrument had usually settled to an acceptable level, i.e.
dD/dt ≤ 1 Å/min.
Determination
of mica
thickness

The apparatus was now ready for an exact determination of
the (temperature-dependent) mica thickness in dry air. In order to
measure the thickness in the centre of the contact region, i.e. where

4 Discussion

the actual experiment was going to take place later on, the point of
closest approach (PCA) was first of all determined. To this end, the
earlier determined, approximate mica thickness (page 91) was used
as input for the FSC interferometer definition; despite the approximative nature of the interferometer input, the PCA could be deter-
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mined accurately. Further details on how the PCA was found will
be described on page 99.
Once both the x- and y-actuator were positioned onto the centre of the contact, the surfaces were brought into purely adhesive
contact (i.e. zero applied load) using the calibrated SFA motor. At
least 64 interference spectra were recorded and evaluated with
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FSC. The corresponding interferometer definition contained two
1 Introduction

equally thick sheets of mica with no gap layer in between. The fitting parameter was the thickness of a single mica sheet, Dmica,
which was routinely determined to better than ±25 pm.
Consistency
check

By subsequently changing the interferometer definition to a
mica-air gap-mica stack, thereby setting the mica thickness to the
just determined average value, Dmica, and defining the air gap
thickness as the fitting parameter, the optical zero was checked for
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consistency. In most experiments, the obtained air gap thickness
was around 100±25 pm.
Having determined the exact mica thickness and checked the
optical zero for consistency, the surfaces were separated manually
to a separation of roughly 200 µm.
Liquid transfer

For the liquid transfer, we have machined a specially
designed container with a volume of 170 ml as schematically dis3 Results

played in figure 2.21:
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4 Discussion

Figure 2.21: schematic of container
used for liquid transfer. A 3-way valve on
top and a 2-way valve at the bottom
serve as N2 and liquid in- and outlet,
respectively. The approximate liquid
capacity is 170 ml.

Nitrogen was used to dry the assembled container before it was
filled with liquid. Filling was performed from top against a gentle,
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ascending counter-flow of nitrogen. To avoid contamination, this
1 Introduction

was done in the laminar flow cabinet as rapidly as possible. Like
the SFA, the transfer container had been cleaned with ethanol,
dried with nitrogen, exposed to the liquid of interest for at least
48 hours, and dried again prior to this procedure.
The tempered liquid was transferred into the instrument via
the SFA 2-way valve by exerting a nitrogen overpressure of 1 atm
to the container through its top valve and drawing liquid from its
2 Experimental

2-way valve. During filling, the SFA 3-way valve was in its
o position, with a gentle flow of nitrogen (0.2 atm) on, to allow for
excess gas to escape from the instrument. As the final liquid level
was reached, the SFA 2-way valve was closed, its 3-way valve
switched back to the o13 position, and the transfer container
removed.
In the case of cyclohexanol, filling of the apparatus was some-

3 Results

what more cumbersome. Since the melting point of the liquid is
close to or above room temperature, special precautions had to be
taken in order to prevent it from crystallising. To this end, the SFA
as well as the transfer container were heated to 35°C before the
transfer, and a hair-dryer was used to maintain this somewhat elevated temperature during the transfer.

4 Discussion

Exit window
heating for FD

If the FD attachment was used, the SFA upper exit window
was slightly warmed via radiation from an external, resistively
heated wire, which prevented liquid vapour from condensing onto
the window (figure 2.22) . Liquid droplets would result in blurring
of the interference fringes. This measure was necessary because
the current design of the FD does not allow for the SFA upper exit
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window to be completely immersed in the liquid, which was however possible in conjunction with the PD.
Equilibration

Again, the instrument was allowed to thermally equilibrate
for at least 12 hours before doing any further measurements.
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Figure 2.22: warming of the SFA
upper exit window was necessary in
conjunction with the friction device
in order to avoid liquid condensation
onto the window. The actual design
did not allow for the exit window to
be immersed in liquid without wetting the strain gauges at the same
time.

The scanning feature described on page 65 was routinely
used to determine both the point of closest approach (PCA) as well
as the effective radii of curvature of the sample surfaces prior to an
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Determination
of PCA and
radii of
curvature

experiment. Typically, a lateral range of 100 µm symmetrically distributed around the initial position of the scanning actuator was
scanned in 10 steps. The measured spectra were evaluated with
FSC, and a sphere was numerically fitted to the resulting
D-vs.-lateral position data, the sphere-fitting algorithm calculating

100.00

4 Discussion

both the radius as well as the centre of the sphere (figure 2.23).

linear CCD

11
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Do 2D scan

Fit radius
-0.24

24159

Figure 2.23: screen shot of the 2D-scan window of the linear CCD detector virtual instrument.
This piece of software is part of a much more extensive data acquisition package programmed
in house by M. Heuberger. The graph on the LHS shows the acquired raw data, while the calibrated data, from which the radius of curvature was determined to be Rx = 24.2 mm (lower right
corner), is plotted in a second graph next to the raw data.
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If the centre of the sphere was not equal to zero, the initial
1 Introduction

position of the actuator was off-centre, and consequently, the actuator was moved to the newly determined central position.
This iterative procedure was alternatively repeated for the xand the y-actuator, respectively, until both zero positions converged to the PCA (cf. figure 2.24). Only then, the fitted radii were

2 Experimental

taken as the ”true” radii of curvature, Rx and Ry.

3 Results

Figure 2.24: iterative, manual procedure adopted to find the point of closest approach (PCA) by alternative and
repeated lateral scanning in two
orthogonal directions.

4 Discussion

Force run:
acquisition

The acquisition of force vs. distance curves was routinely programmed according to the following scheme (figure 2.25):
1) Measure drift for at least 2 hours at a separation of
1000 nm.
2) Approach the surfaces to 500 nm at a speed of
5 nm/s using the SFA motor.
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3) Accelerate / decelerate SFA motor to measurement
speed.
4) Acquire 200 interference spectra at predetermined
timing, choosing the timing grid such that all spectra are collected as the surfaces are 300 nm apart.
5) Approach to 100 nm at 1 nm/s.
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Experimental procedures

6) Switch to measurement speed.
1 Introduction

7) Acquire 1000 interference spectra timed such that a
load of typically 0.9 mm.kn is finally built up.
8) Stop motor and eventually measure relaxation.
9) Launch SFA motor in reverse direction and at
measurement speed.
10) Acquire another 1000 spectra during receding.
11) Separate to 300 nm at 1 nm/s.
2 Experimental

12) Collect 200 spectra at measurement speed.
13) Separate to 1000 nm at 5 nm/s.
14) Stop and measure drift for another 2 hours mini-

drift after

drift before
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outward calibration (200 pts.)

-0.5

receding
(1000 pts.)

0.0

relaxation

0.5
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Elapsed time, t [a.u.]

Force run:
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5 Conclusions & Outlook

Figure 2.25: acquisition of a force vs. distance curve (see text for
details). Drift was routinely measured before and after each experiment
with the approach actuator at rest. Both an inward as well as an outward
calibration were established in the distance range 500nm > D > 300nm.
During advancing and receding, 1000 interference spectra were typically
collected. Optionally, the relaxation of the contact was measured in
between advancing and receding.

All the acquired spectra were evaluated using FSC. With the
distance values collected in steps 4) and 12), respectively, both the
actuator’s advancing, CAA, adv, as well as the actuator’s receding
calibration, CAA, rec, were obtained by establishing a least-square
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linear fit to D(EAA), with EAA being the actuator’s position as meas1 Introduction

ured in hardware (encoder) units.
The normalised surface force as measured in steps 7) and 10)
was calculated according to:
F
---- = k n ◊ [ D – ( A – A o ) ]
R

eq. 2.6

Here, kn denotes the spring constant of the normal force-measuring
2 Experimental

spring, D is the surface separation, A = EAA.CAA is the calibrated
position of the normal actuator, and Ao is a potential offset correction, which was determined by the requirement that
!

F ( D > 100nm ) = 0

eq. 2.7

The radius of curvature, R, was taken as the geometrical mean of
the

radii

of

curvature

measured

in

x-

and

y-direction,

respectively [4, 161]:
3 Results

R =

R x◊ R y

eq. 2.8

2.9 Calibrations
Since both the SFA technique as well as FSC heavily rely on a
number of calibrations, special care was taken to perform those
4 Discussion

carefully and reproducibly.
Silver
thickness

Because the flow from the deposition source may not be perfectly uniform, one has to account for different amounts of material
being deposited on the quartz crystal microbalance sensor and the
sample by a so-called tooling parameter. The tooling factor of our
setup was established iteratively by running a number of test dep-
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ositions:
1) The initial weight, mo, of a test mica sheet was
determined on a high-precision balance* and the
sheet placed in the evaporation system’s substrate
holder. The substrate holder was designed such
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that only a well determined area, A, was exposed to
1 Introduction

the source.
2) A test deposition was run and the thickness measured by the sensor, Treading, noted.
3) The actual thickness, Tactual, was calculated by
re-weighing the sheet including the deposited
amount of silver (total mass m), and transforming
the deposited mass to an average film thickness

m–m
T actual = -----------------o
r Ag A

2 Experimental

using the density of silver, rAg = 10’550 kg/m3:
eq. 2.9

4) The new tooling factor, TFi+1, was determined from
the actual tooling factor, TFi, as:
eq. 2.10

3 Results

T actual
TF i + 1 = TF i ◊ -----------------T reading
5) Steps 1) to 4) were repeated recursively until

TFi+1/TFi = 1, i.e. the monitored thickness equalled
the actual thickness. In this way, a final tooling factor of TF = 0.589 was determined.
The Z-ratio, which is a correction for the effects of acoustic imped-

4 Discussion

ance between the quartz crystal and the coating material, was set
to the tabulated value of 0.529 [162].
To fully exploit the scanning ability of the system as well as
to determine the radii of curvature of the surfaces, both the x- as
well as the y-actuator were calibrated in terms of real space
distances (cf. figure 2.8 on page 66 for definition of reference sys-
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Scanning
actuator: x

tem). With the SFA removed, a scaled gauge was placed under the
objective lens and imaged onto the 2D CCD detector using white
light. This was done with the same objective lens as used in the
actual experiment and without changing its focus. Placing the
1D CCD line onto the graticule lines as observed on the TV screen
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allowed for calibration of the x-actuator over a lateral range of
1 Introduction

roughly 150 µm (cf. table 2.1 below for calibration constants).
Scanning
actuator: y

The y-actuator was calibrated in a similar way, but with the
scaled gauge rotated by 90°.
To ensure reproducibility, the relative positions of the apparatus, the objective lens, mirror 2 as well as spectrograph remained
unchanged from one experiment to another. Table 2.1 summarises
the calibrations, Cx and Cy, of the lateral scanning actuators for

2 Experimental

both objective lenses used:
Table 2.1: calibrations of x- and y- lateral actuators.

3 Results

Approach
actuator:
dc motor

Objective lens

Cx [µm/encoder]

Cy [µm/encoder]

PD objective lens

(2.5200 ± 0.0110).10-2

(3.7979 ±0.0083).10-5

FD objective lens

(1.2895 ± 0.0051).10-2

(2.1925 ± 0.0072).10-5

Calibration of the relevant approach actuator(s) (AA) was
done repeatedly before and after each experiment. It was based on
a MBI distance measurement using the linear CCD detector and
FSC. Typically, 200 distance measurements were taken in the
force-free distance range between 300 and 500 nm and a
least-square linear fit to the distance vs. actuator position (in hardware units) data established. This was done both upon approaching

4 Discussion

as well as upon separating the surfaces, yielding the inward and
outward calibration, respectively. These generally differed slightly
due to unavoidable drifts. To best account for these (presumably
linear) drifts, the calibration was always performed under exactly
the same conditions (velocity, timing grid) as the actual experiment. In this way, drift was implicitly accounted for (cf. ref. [62]
5 Conclusions & Outlook

and section 4.4.2). Typical values for the dc motor were in the order
of CAA = 2.0000.10-6 µm/encoder and the error was estimated to be
DCAA = ± 0.0002.10-6 µm/encoder.
Approach
actuator: PD

The piezo device was calibrated in a very similar way, yielding typical values of CAA, PD = 1.6000 nm/V with a corresponding
error of DCAA, PD = 0.0002 nm/V.
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An objective lens with a scaled gauge was used to calibrate
the lateral actuator (LA). A series of displacements was induced
1 Introduction

Lateral
actuator:
dc motor

and measured over a lateral range of ±2 mm, yielding a linear calibration of CLA = (4.632 ± 0.090).10-3 µm/encoder.
The strain gauge output from the friction device, as measured with a 16 bit analog/digital converter, was calibrated as follows: known weights were placed on the sample holder with the FD
in a horizontal position and without introducing any unwanted tor-

2 Experimental

ques. Since the FD was oriented horizontally during the calibration, the mass of the sample holder itself had to be considered. The
procedure described below and illustrated in figure 2.26 accounts
for this as well as for signal offset:
1) Orient FD springs vertically. Determine offset signal, Vo.
2) Orient FD springs horizontally with the driver (dc

3 Results

motor) pointing upwards. Measure signal, Vup.
3) In the same position as in 2), place a series of n
known weights and measure signals. Digitally correct the measured signals for the sample holder’s
own weight and electric offset according to:
Vcorrected = Vmeasured - (Vup - Vo).

4 Discussion

4) Rotate FD such that the driver points downwards.
Place the same series of weights and measure signals. Subsequently correct as in 3):
Vcorected = Vmeasured - (Vdown - Vo).
5) Same position as in 4), but with no external weight,
yielding Vdown.
5 Conclusions & Outlook

FD strain
gauges

6) Check again the offset signal as in 1) to detect possible signal drifts. If drifts were present, the measurement was rejected.
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Measured / corrected signal [mV]

1 Introduction

Calibrations

1.4

3c)
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1.2

3b)
3a)

2
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1.0
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Figure 2.26: calibration of the friction device strain gauge output to
friction force. The measured signal has been corrected for (electric) offset as measured in steps 1 and 6, as well as the sample holder’s own weight
as determined in steps 2 and 5 (cf. text for details).

A least-square linear fit to the corrected data points yielded the
desired relationship between friction force, FF, and the strain
gauge output, Vmeasured:
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FF [mN] µ (191.7 ± 4.4).Vmeasured [mV]
The sample holder mass was determined to be m = 2.07 g.
Lateral forcemeasuring
spring

Based on the above calibrations of the FD strain gauges and
the lateral actuator, the spring constant of the lateral force-measuring spring, kl, was determined by moving the FD sample holder
against a rigid support; the lateral actuator was displaced for a
number of known distances over a range of ±100 µm and the result-
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ing forces, i.e. the strain gauge output, measured. A least-square
1 Introduction

linear fit to the calibrated “friction force” vs. displacement data
gave kl = 2674 ± 54 N/m.
Normal forcemeasuring
spring

We used two assemblies with fixed spring constant as the
normal force-measuring spring, one assembly with stiffer
(≈ 1000 N/m) and one with softer (≈ 100 N/m) springs. The spring
assemblies were calibrated by putting small, known weights into
the disk mount and measuring the occurring deflection. In order

2 Experimental

not to induce additional torques during the calibration, the shape
of the weights was such that they resembled the silica disks used in
the experiments. Furthermore, all weights were of identical geometry, and materials of different density were used to adjust their
mass, which was determined using a high-precision balance*.
Tweezers were always used to handle the weights in order to avoid
their weight being changed by deposition of human secretions. The

3 Results

spring deflection was measured using a home-built telescope* with
a graticule installed. Calibration of the graticule was done against
a scaled gauge*. Thereby, care was taken not to change the focus of
the telescope for the two independent measurements.

100.0

85.0

60.0
40.0
20.0

80.0

75.0

-1

0.0
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slope m1 = 18.88 mm

-1

4 Discussion

80.0

Telescope units [a.u.]

Telescope units [a.u.]

slope m2 = - 0.01881 mN

70.0
15

16

17
18
19
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20

0

100 200 300 400 500 600
Force [mN]

Figure 2.27: calibration of a normal force-measuring spring assembly. In a first step, the telescope graticule is calibrated against a scaled gauge (left panel). The spring deflection in telescope
units as a function of the applied load is measured in a second step (right panel). In the above
example, the spring constant is kn = |m1/m2| = (18.88 mm-1)/(0.01881 mN-1) = 1004 N/m. Error
bars are smaller than the symbol size.
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Figure 2.27 displays typical calibration graphs. For the
1 Introduction

spring constants of our spring assemblies, we obtained kn, soft =
108 ± 14 N/m and kn, stiff = 1004 ± 77 N/m, respectively.
linear CCD:
orientation

In order to orient the linear CCD array parallel to the spectrometer l-axis, the position of a calibration line from a mercury
pen lamp* was monitored while the CCD line was scanned over a
x-range of 100 µm. If the detector was well aligned, the Hg-line
always fell onto the same pixel(s), if not, its position shifted. The

2 Experimental

detector had thus to be rotated slightly, and the procedure
repeated.
linear CCD:
background

Charge-coupled devices produce both intrinsic as well as
transfer noise. The CCD dark signal was therefore characterised
for every single pixel and for a number of relevant exposure times
varying from 0 ms to 4500 ms. A second-order polynomial was fitted to the noise intensity vs. exposure time data for each pixel. Dur-

3 Results

ing an actual experiment, this background noise was always subtracted from the acquired spectrum according to the selected
exposure time.
linear CCD:
wavelength

Spectrometer dispersion at the CCD exit port was calibrated
using a mercury pen lamp* with characteristic emission lines at l =
404.66 nm, 435.83 nm, 546.07 nm, 576.96 nm and 579.07 nm
mounted to the entrance slit. The position of the emission lines on

4 Discussion

the linear CCD array was detected in units of pixels using the peak
detector described earlier (cf. page 68). Finally, the corresponding
transformation of pixel number, j, to wavelength, l, was described
by a second-order polynomial. Such a calibration typically looked as
follows:
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l [nm] = - 4.435.10-8 . j2 - 4.548.10-2 . j + 6.119.102
PDD:
micrometer

In order to position the PDD onto a certain fringe, it proved
very convenient to calibrate the micrometer of the PDD horizontal
translation stage. This was done by placing the PDD onto a
Hg calibration line and noting the position of the micrometer. Moving the calibration line by a calibrated amount by rotating the grat-
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ing turret of the spectrograph and correspondingly readjusting the
1 Introduction

PDD position yielded the following relationship between wavelength, l, and micrometer reading, M, i.e. spectrometer dispersion
at the PDD exit port:
l-lo [nm] = - 6.53.(M - Mo) [mm]
Mo and lo denote arbitrary offsets of micrometer position and wavelength, respectively.
PDD: distance

The PDD calibration was based on an absolute, interferomet2 Experimental

ric distance measurement as performed using the linear CCD
detector and FSC. To this end, the approach actuator was moved to
a series of positions covering the distance range of interest. For
each position, both the surface separation as well as the PDD
response were recorded by alternatively switching between the two
exit ports using the mirror inside the spectrograph. This procedure
yielded F(D), i.e. a relationship to convert the PDD response, F, to

Thermistors

3 Results

surface separation, D.
Calibration of the thermistors was based on the Pt100 standard. Therefore, both thermistors as well as the Pt100 gauge were
brought into intimate contact, making sure that no thermal gradients could arise. A series of temperatures in the range -10 to +60°C
was established with the temperature sensors in the temperature-controlled housing and the thermistor voltage readings
4 Discussion

recorded. The data points were best fitted by a third-order polynomial:
T2 [°C] = - 1.4702.(V2)3 + 12.362.(V2)2 - 52.305.(V2) + 101.34
T3 [°C] = - 1.4788.(V3)3 + 12.412.(V3)2 - 52.374.(V3) + 101.31
V2 and V3 denote the thermistor outputs as measured in units of
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volts.

2.10 List of materials and equipment
As a general rule, all parts had an excellent chemical resistance
against the liquids used. Materials that were employed are:
316L-grade stainless steel, Teflon®, Viton®,Kel-F®, and glass.
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All chemicals were of high purity level and used as-received
1 Introduction

without any further purification or other treatment unless otherwise stated.
Tables 2.2 and 2.3 completely list the chemicals as well as
the equipment used, respectively.
Table 2.2: List of chemicals

2 Experimental

Glues

Gases

3 Results

Liquids

4 Discussion

Drying agents

Item

Supplier

Purity

Remarks

D(+)-Galactose

Fluka AG, Switzerland

≥ 99%

D(+)-Glucose

Fluka AG, Switzerland

≥ 99%

Epoxy glue

Shell Chemicals, USA

Argon

Pangas AG, Switzerland

5.0

Nitrogen

Pangas AG, Switzerland

5.0

Oxygen

Pangas AG, Switzerland

3.5

Acetone

Merck AG, Germany

spec. grade
(≥ 99.8%)

Chloroform

J.T. Baker, Holland

p.a.

Cyclohexane

Fluka AG, Switzerland

p.a. (≥ 99.5%)

H2O £ 0.02%

Cyclohexanol

Riedel-deHaen GmbH,
Germany

≥ 99%

H2O £ 0.1%

Ethanol

Merck AG, Germany, and
J.T. Baker, Holland

p.a. (≥ 99.9%)

Nitric acid

Merck AG, Germany

p.a.

Toluene

J.T. Baker, Holland

p.a.

Phosphorus
pentoxide (P2O5)

Fluka AG, Switzerland

purum
(≥ 97%)

hygroscopic

Molecular sieve

CU Chemie Uetikon AG,
Switzerland

-

Zeochem®
Z4-01, 2-3mm

anhydrous
EPON 1004

65%
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Table 2.3: List of equipment
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Item

Supplier

Type

Remarks

Atomic force microscope

Digital Instruments, USA

Nanoscope IIIa

Surface forces apparatus

SurforceTM cooperation,
USA

SFA Mark III

modified

2- and 3-way valves

Hamilton, USA

Luer connectors

Hamilton, USA

misc.

Kel-F

Item

Supplier

Type

Remarks

O-rings

Johanssen AG, Switzerland

misc.

Viton

Strain gauge amplifier to
read out FD

Hottinger Baldwin
Messtechnik, Germany

ADI 101

High voltage amplifier to
drive PD

Swiss Federal Institute of
Technology, Lausanne,
Switzerland

HT APEX 89

Vibration damping table

Newport, USA

I-2000 series

Xenon light source

Müller Optoelektronik,
Germany

SVX-1450

Dichroic mirror (IR filter)

Müller Optoelektronik,
Germany

Narrow-band yellow filter

Omega® Optical, USA

XA 40

Eyepiece

Nikon, Japan

CFWE 10 XA/18

Right angle prism (mirror 2)

Leica AG, Switzerland

Imaging spectrograph

Acton Research
Cooperation, USA

SpectraPro®-500i

1-dim and 2-dim CCD
camera

Optix, Germany

custom-made

1-dim CCD translation stage

National Aperture, Inc., USA

Photodiode

Hamamatsu, Japan

S6242

four quadrants

Eyepiece

University Optics, USA

Kellners

f.l. = 12 mm

Dual low-noise precision
Difet® operational amplifier

Burr-Brown, USA

OPA2111

Precision unity-gain
differential amplifier

Burr-Brown, USA

INA 105

Ultra-low-noise precision
operational amplifier

Burr-Brown, USA

OPA37

Translation stage for PDD

-

home-built

Micrometers

Mitutoyo, Japan

series 153 and
series 148

25 mm / 1 µm
6.5 mm / 1 µm

Personal computer

Intel, USA

Pentium II

300 MHz

Operating system

Microsoft, USA

Windows NT 4.0

Acquisition software

National Instruments, USA

LabView 5.1

PID controller for minimotors

PMC, USA

DCX-PC100

Analog/digital board

National Instruments, USA

PCI-MIO-16XE10

General purpose interface
bus communication board

National Instruments, USA

NI-488.2MTM
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450 W
99% efficiency

3 Results

l = 589.5 nm
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4 Discussion

positioning
accuracy = 7 µm

16 bit
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Item

Supplier

Type

Video frame grabber card

National Instruments, USA

IMAQ PCI/PXITM1409

PID temperature controller

Eurotherm, Germany

2132

Optically polished windows

Edmund Scientific, USA

diam. 25x4 mm

Low-noise ventilators

Papst, Germany

Megafan
3414NGL

Peltier elements

All Electronics, USA

Quad switch

Infineon Technologies,
Germany

Solid-state relay

Eurotherm, USA

Thermal switches

Klixon, USA

opening at 50 and
90°C, resp.

Pt100

Farnell, England, and
Eurotherm, England

3.2x30x1000mm

Class A

Thermistor

SurforceTM cooperation,
USA

unknown

supplied with
SFA Mk III

Laminar flow cabinet

Heraeus Instruments,
Germany

HPH 12/65

class 100,
horizontal flow

Powder-free gloves

SafeSkin
USA

Face mask

Ulma, USA

124.20.00

Mica

Mica New York Cooperation,
USAa, and CVC Mining,
India, and Spruce Pine Mica,
USA

optical quality, V-1
(ASTM D-351)

Polarisers

Prinz, Japan

42 mm diameter

Tweezers

Dumont, Switzerland

No. 5 and no. 7

Microscope stage

Prior, England

166

Platinum wire

Strem Chemicals, USA

≥ 99.99%

Power supply

EA-Elektro-Automatik
GmbH, Germany

PS-7032-100

Metal evaporation chamber

McAllister, USA

custom-made

Silver shot

Strem Chemicals, USA

≥ 99.99%

Tungsten evaporation boats

Balzers AG, Principality of
Liechtenstein

BD 482 008-T

Rotary vane vacuum pump

Leybold AG, Germany

Trivac D8B

Exhaust filter

Leybold AG, Germany

AF 4-8

Turbo molecular pump

Leybold AG, Germany

Turbovac 151

®

Cooperation,

Remarks

12 V/4.5 A dc
BTS 780GP
40 A

PFE

ruby muscovite

0.2 mm diameter

modified

air-cooled

List of materials and equipment

Type

Electronic frequency
converter for TMP

Leybold AG, Germany

NT 151/361

Fore-vaccum probe head

Leybold AG, Germany

TR 211

Pirani type

High-vacuum probe head

Leybold AG, Germany

PR 36

cold cathode

Universal vacuum gauge
controller

Leybold AG, Germany

CM 31

Thermal evaporation power
supply

Kurt J. Lesker Company,
USA

EPS-2000

Deposition monitor

Leybold Inficon Inc. USA

XTM/2

Glass desiccator

Merck AG, Germany

Diaphragm pump

Vacuubrand GmbH,
Germany

MZ 2C

1.7 m3/h

Ultrasonic cleaner

Bandelin Electronic,
Germany

TK 30

50 kHz, 36 W

Plasma cleaner

Harrick, USA

PDC-32G

Hot plate

Barnstead / Thermolyne,
USA

2300

Silica disks

face seal modified

300 W, modified

home-built
Mark Optics, USA

Calibration microscope

custom-made

3 Results

Spin-coating unit

Remarks
1 Introduction

Supplier

2 Experimental

Item

10 mm diam.,
20 mm radius

home-built

Scaled gauge

Leica AG, Switzerland

10310345

50 mm / 0.1 mm

High-precision balance

Mettler AG, Switzerland

AE 260

Dm = 0.0001 g

Hg calibration pen lamp

Acton Research Coop., USA

MS 416
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Abstract: the most important results acquired in the course of this
thesis are presented in this chapter, which is divided into four sections. AFM images of mica substrates prepared in various ways are
presented in section 3.2. Section 3.3 is concerned with the thickness,
the forces, and the refractive index of confined films of cyclohexane,
both in the absence of shear as well as in the presence of shear, while

4 Discussion

section 3.4 concentrates on the behaviour of confined cyclohexanol.
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The chapter will be introduced by giving some general remarks.
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3.1 General remarks
1 Introduction

I would like to introduce this chapter by giving a few remarks concerning the terminology used, the error bars plotted, as well as the
FSC evaluation method used.
Terminology

The following terms will often be encountered in the course
of this chapter, and they shall therefore be defined;
The action of actively decreasing the surface separation, i.e.

2 Experimental

dD/dt < 0, in the force-free regime by means of an actuator will be
called “approach”. Correspondingly, an intentional increase of the
surface separation is termed “separation”.
If upon approaching, the actuator movement is sustained
beyond the point where the surfaces actually come into contact, the
load between them is being increased, dL/dt > 0. This shall be
referred to as “loading”. Accordingly, “unloading” designates the
opposite process of decreasing the load, dL/dt < 0.
3 Results

The term “advancing” (acronym: “adv”) shall include any
movement of an actuator acting either towards approaching the
surfaces or increasing the load. By convention, dA/dt < 0. If on the
other hand dA/dt > 0, the surfaces are being unloaded or separated
as expressed by the term “receding” (acronym: “rec”).
A force run is a temporal sequence of approaching -

4 Discussion

loading - unloading - and separating the surfaces, thereby recording both the actuator position, A, as well as the surface
separation, D(A), and the refractive index, n(A).
The result of a force run is called a “force vs. distance curve”
or simply a “force curve”. Such a force curve represents the force
as a function of surface separation, i.e. F(D).
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The relative position of the upper and the lower sample
determines the surface location on which a force run is carried out.
Such a surface location will often be referred to as a “spot”.
Normalisation

Following common practice and motivated by the Derjaguin
approximation (cf. page 7), I have normalised all force curves by the
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mean radius of curvature of the confining cylinders, R =

Rx ◊ Ry ,

Error bars

1 Introduction

and plotted F/R as a function of surface separation.
It is good practice to include error bars in all graphs. Due to
an unusual interplay of systematic and statistical errors pertinent
to the SFA technique, stating the force error is however not always
straightforward as will be shown later (cf. section 4.2.2). Therefore,
two sets of error bars might occur in the force curves, the outer set
2 Experimental

corresponding to the “worst-case” scenario being relevant if two
completely different experiments are to be compared, and the inner
set representing true point-to-point scatter. By “completely different”, I refer to experiments that were carried out using different
spring constants of the force-measuring spring, kn, as well as different radii of curvature, R; in that case, the errors of both kn and R
contribute to the statistical error in F (section 4.2.2). If only one set

3 Results

of error bars is given, these correspond to the maximal error and
point-to-point scatter may be assumed to be smaller than the symbol size.
For all other quantities except the force, one set of error bars
is adequate. If no error bars are shown, the reader may implicitly
assume that the errors are smaller than the symbol size, or are of

All SFA data presented in this chapter were obtained from
the Dn-evaluation, i.e. the FSC algorithm was operated such, that
both the refractive index, n, as well as the surface separation, D,
were fitted simultaneously. This is in contrast to the drift measurements in chapter 2, where the D-evaluation was applied, i.e. only
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FSC fit method
and input

4 Discussion

no relevance in the actual context.

the surface separation was fitted, whereas a preset value for the
gap layer refractive index was used. The D-evaluation was likewise
used to calibrate the approach actuator(s). This practice is based
on, and justified by an error calculation for FSC, which will be presented in the next chapter (section 4.2.1).
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Input for the multilayer matrix method was a seven-layer,
1 Introduction

symmetric interferometer, the layer sequence being glue - silver mica - gap layer - mica - silver - glue. The glue layer’s thickness
was set to infinity, while the value obtained from the thickness
monitor during deposition was input as the silver layer thickness.
The mica thickness was obtained in a dry air contact (cf. page 96).
Refractive indeces and dispersions were specified as follows:
nglue(l) = 1.500
2 Experimental

nsilver(l): cubic spline interpolation to tabulated values taken
from ref. [163]
nmica(l) = 1.5820 + 4.76.10-15/(l/µm)2 [35]
ndry air(l): cubic spline interpolation to ref. [163]
ncyclohexane(l): cubic spline interpolation to ref. [164]
ncyclohexanol(l): cubic spline interpolation to ref. [164]

3 Results

3.2 Mica surfaces in the AFM
We used a Digital Instruments NanoscopeTM IIIa* scanning force
microscope equipped with a J-scanner to image mica surfaces prepared in various ways. All pictures were recorded in contact mode
at a constant load of approximately 5 nN under ambient conditions.
Reference

Figure 3.1 displays a reference image, which was obtained on

4 Discussion

a freshly-cleaved mica surface; the sample was mechanically cut to
its appropriate size using a sharp knife and then cleaved right
before the insertion into the AFM (i.e. after cutting).
The image is virtually featureless, and high-resolution
images clearly resolved the hexagonal structure of the mica
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surface (not shown).
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As opposed to a freshly-cleaved sample, we find a great
number of particles on a mica surface prepared in the standard
way (figure 3.2). “Standard way” refers to the procedure described
in chapter 2, section 2.7, i.e. the mica was cleaved to thin sheets
and subsequently cut using a hot platinum wire (“melt-cut”). The
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Melt-cut

4 Discussion

Figure 3.1: contact mode AFM image of a mica surface, which was freshly
cleaved right before imaging. The sample was cut to its appropriate size before
cleaving. Shown is an SFA-relevant scan size of 10x10 µm.

particles had a typical height of 5-20 nm and a lateral dimension of
150-250 nm. Their density was in the order of 1 particle/µm2, but
strongly varied on different samples.
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Figure 3.2: contact mode AFM image of a mica surface, which was melt-cut
after cleaving, i.e. which was prepared according to the standard way of SFA
sample preparation as described in section 2.7. Imaged is the side, which was
pointing upwards during the cutting procedure.

Melt-cut and
immersed in
cyclohexane

In order to investigate the behaviour of these particles, such
a standard, melt-cut surface was immersed in cyclohexane overnight, subsequently withdrawn, blown dry with nitrogen, and
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imaged in the AFM. Figure 3.3 shows that the particle density had
decreased after this treatment. However, some particles were left
and a great number of features reminiscent of scratches were
found.
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Immersing the melt-cut surface in an aqueous 1M sodium
chloride solution could not significantly reduce the particle
density (figure 3.4). The AFM image rather revealed areas of large
particle density adjacent to virtually clean patches. Some microm-
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Melt-cut and
immersed in
NaCl solution

4 Discussion

Figure 3.3: contact mode AFM image of a mica surface, which was melt-cut and
subsequently immersed in cyclohexane overnight. Imaged is the side, which was
pointing upwards during cutting and which was exposed to cyclohexane.

eter-sized structures were found, which might be attributed to salt
crystals.
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Figure 3.4: contact mode AFM image of a mica surface, which was melt-cut and
subsequently immersed in an aqueous 1M NaCl solution overnight. Imaged is the
side, which was pointing upwards during cutting and which was exposed to the
NaCl solution.

Mechanically cut

Finally, figure 3.5 is the AFM image of a mica surface, which
was mechanically cut after cleavage to 2-5 µm-thick sheets.
Mechanical cutting was performed using a pair of surgical scissors,
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which was rigidly mounted to a microscope stage. Very much like
on the reference surface shown in figure 3.1, virtually no features
could be resolved on large areas of this mechanically-cut sample.
Rarely, irregular shaped, flake-like features with a density
≤ 0.002 µm-2 were however found.
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Figure 3.5: contact mode AFM image of a mica surface, which was mechanically
cut after cleaving. Imaged is the side, which was pointing upwards during the
cutting procedure.

3.3 Cyclohexane in the SFA
The cyclohexane used in all experiments presented below was of
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analytical grade and used as-received from Fluka AG, Switzerland.
Care was taken to use never liquid from a bottle that was opened
more than four months ago, and an opened bottle was always carefully re-sealed after liquid had been drawn.
I will present a number of force curves and refractive index
measurements collected at similar conditions in a series of experi-
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ments. This seems adequate since I observed quite some variability
1 Introduction

between experiments, which were carried out on different sets of
surfaces, or on different surface locations of one set of surfaces. A
distinction will be made between experiments carried out in the
absence of shear and data obtained in the presence of shear. Unless
otherwise stated, all experiments were done at a setpoint temperature of T = 25.00°C.

2 Experimental

3.3.1
August 2000

Force runs without shear
A first set of data, which was obtained in August 2000 on surface location SAug 2000, 1, is plotted in figure 3.6. Note that no filter
unit (cf. pages 89 and 96) was present in these experiments but
pressure equilibration was allowed for.
Panels a) and b) of figure 3.6 illustrate the forces occurring as

3 Results

the cyclohexane film is progressively confined between two mica
surfaces at a constant actuator speed |dA/dt| = |vadv| =
0.11 nm/s. We found that the force was below the detection limit for
surface separations larger than some 10 nm. Below D = 10 nm, a
repulsive force arose, the magnitude and steepness of which
increased with decreasing surface separation.
The surface separation did not decrease continuously, but
4 Discussion

was rather grouped into stable bands of little variation. The spacing between such bands was DD = 5-6 Å, and a fast transition from
one band to the next was observed. A total of five such transitions
may be identified. The variation of D within individual bands was
in the order of 2-3 Å and was thus clearly larger than the corre-
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sponding statistical error, 3sD ≈ 50pm.
For the refractive index, we found an excellent agreement
with the literature value for surface separations larger than some
20 nm (not shown). As the surface separation was decreased, the
(time-averaged) refractive index tended to reduce, the reduction
being large for D < 5 nm (panel c) of figure 3.6) and culminating in
an average refractive index of 1.1 at D = 2.5 nm. Furthermore, the
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refractive index exhibited strong fluctuations below 5 nm, the fluc1 Introduction

tuations being largest for the smallest surface separation, i.e. D =
2.5 nm, and covering a range of Dn = ±0.17 there.
a)

b)
5

70

advancing

advancing
4

50
40
30
20

3
2 Experimental

Force, F/R [mN/m]

Force, F/R [mN/m]

60

2
1

10
0

0
2

3

4

5

6

7

3

Surface separation, D [nm]

4

5

6

Surface separation, D [nm]

1.3
1.2
1.1

4 Discussion

Figure 3.6: force curve and refractive index
of a confined cyclohexane film as measured on
11th August 2000 at |vadv| = 0.109 nm/s with
kn = 1004 N/m and R = 0.016 m on surface location SAug 2000, 1. The bulk refractive index of
cyclohexane is indicated by the dash-dotted
line.
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Refractive index, n [1]

1.5

3 Results

c)

both

forces (panel a)) as well as refractive index (panel b)). These data
were all collected on surface location SAug 2000, 1. The slowest force
run at |vadv| = 0.10 nm/s was carried out first, followed by
|vadv| = 0.44 nm/s, and concluded by |vadv| = 0.85 nm/s. A
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two-hour pause with the surfaces separated by D ≈ 1.0 µm was typ1 Introduction

ically allowed for in between individual force runs. We did not find
any striking differences within the scanned velocity range, neither
among the force curves nor in the refractive index data. A slight
shift along the D-axis may, however, be present. A reservation has
to be made concerning the behaviour for forces smaller than
1 mN/m due to the rather low force resolution at which these data
were acquired.
2 Experimental
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Figure 3.7: velocity dependence of forces and refractive index as measured with kn = 1004 N/m
and R = 0.016 m on surface location SAug 2000, 1. The dash-dotted line in panel b) indicates the bulk
refractive index of cyclohexane.

Time
dependence

A last experiment on surface location SAug 2000, 1 was carried
out on 16th August at |vadv| = 0.10 nm/s. Figure 3.8 compares the
result to the first measurement, which was acquired on
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11th August and which is plotted in figure 3.6.
The force curve had changed considerably within these five
days. Corresponding repulsive branches had become less steep and
the film-thickness transitions were shifted towards higher forces,
with the number of transitions yet being unaffected. An outward
shift in D was observed as well. Furthermore, the smallest average
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value of the refractive index was around 1.3 as compared to 1.1
1 Introduction

encountered earlier. The refractive index fluctuations were still
present, yet slightly less pronounced.
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The set of experiments to be presented next was carried out

4 Discussion

in October 2000 on two different surface locations, SOct 2000, 1 and
SOct 2000, 2.1
Results obtained on SOct 2000, 1 are shown in figure 3.9. Both
the forces as well as the refractive index showed the same features
as found in August 2000, i.e. repulsive forces upon advancing, film
thickness discretisation, film-thickness transitions, reduction of
the average refractive index, as well as refractive index fluctuations. However, there are distinct differences among the two exper-
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October 2000

3 Results

Figure 3.8: time dependence of forces and refractive index as measured at |vadv, 11 Aug| =
0.109 nm/s and |vadv, 16 Aug| = 0.115 nm/s with kn = 1004 N/m and R = 0.016 m on surface location
SAug 2000, 1. The dash-dotted line in panel b) indicates the bulk refractive index of cyclohexane.

iments. First, the force curves are offset along the distance axis by
roughly 1.5 nm. Second, the forces measured at the transitions differ by up to 1 mN/m or 20% within the scanned force range. Third,
the average reduction of the refractive index is 0.2 larger in the
1. Some of these data have been published elsewhere [165].
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August experiments as compared to the October measurements.
1 Introduction

And fourth, the range of the refractive index fluctuations is clearly
larger for the October data.
Furthermore, figure 3.9 reveals two features not encountered so far, namely i) the occurrence of a “sub-transition” with
DD = 2 Å at F/R ≈ 4.5 mN/m, and ii) the presence of hysteresis upon
receding. The receding branch, as opposed to the advancing branch,
reached into the adhesive force regime, and it did not exhibit any
2 Experimental

film-thickness transitions. At F/R ≈ -1.5 mN/m, a jump-out was
observed.
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Figure 3.9: forces and refractive index as measured on 11th October 2000 at |vadv| = 0.311 nm/s
and |vrec| = 0.619 nm/s with kn = 1004 N/m and R = 0.017 m on surface location SOct 2000 1. No further film-thickness transitions were observed for forces up to 25 mN/m. The dash-dotted line in
panel b) indicates the bulk refractive index of cyclohexane.
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Reproducibility

As opposed to experiments carried out on two different sets
of surfaces, figure 3.10 demonstrates that the (short-term) reproducibility on a fixed surface location of one set of surfaces is good.
The two advancing branches shown in figure 3.10 were both collected on SOct 2000, 1 in two separate experiments with a two-hour
break in between them. Both the force curve as well as the refrac-
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tive index data of experiment 1 and 2 correspond very well, and
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Figure 3.11 depicts the results obtained after shifting the
surface location from SOct 2000, 1 to SOct 2000, 2, but still using the
same set of surfaces. Striking differences between the two spots are
4 Discussion

found. Not only was the repulsive force found upon advancing much
longer-ranged, but, moreover, the receding branch did not reach
into the adhesive force regime. The receding branch, furthermore,
showed a discontinuous film-thickness transition from D = 2 nm to
D = 6 nm at F/R ≈ 1 mN/m (panel a) in figure 3.11). On the advancing branch, the surface separation showed discontinuities of
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Alternative
surface
location

3 Results

Figure 3.10: reproducibility of consecutive experiments carried out on the same surface location,
SOct 2000 1, at |vadv, 1| = 0.311 nm/s and |vadv, 2| = 0.309 nm/s with kn = 1004 N/m and R = 0.017 m.
No deviations were found for forces up to 25 mN/m and the receding branches coincided (not
shown). The dash-dotted line in panel b) indicates the bulk refractive index of cyclohexane.

DD = 5Å at film thicknesses as large as D ≈ 11 nm, as illustrated in
figure 3.11, panel b). Last but not least, the average refractive
index was slightly reduced between D = 10 nm and D = 5 nm.
Below D = 5 nm, however, an increase rather than a decrease was
found, and the range of the fluctuations was rather large.
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Figure 3.11: forces and refractive index as
measured on 13th October 2000 at |vadv| =
0.313 nm/s and |vrec| = 0.302 nm/s with kn =
1004 N/m and R = 0.018 m on surface location
SOct 2000, 2. The dash-dotted line in panel c)
indicates the bulk refractive index of cyclohexane.
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Dec. 2000
until Jan. 2001

The data collected in December 2000 on surface location
SDec 2000, 1 qualitatively show a very similar behaviour to what has
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just been described for spot SOct 2000, 2. Note that a force-measuring spring with kn = 108 N/m was used for the December 2000
experiments, with a correspondingly increased force resolution as
compared to the data presented so far.
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Figure 3.12: forces and refractive index as measured on 08th December 2000 at |vadv| =
0.0994 nm/s and |vrec| = 0.102 nm/s with kn = 108 N/m and R = 0.019 m on surface location
SDec 2000, 1. The dash-dotted lines in panels c) and d) indicate the bulk refractive index of
cyclohexane.

The advancing branch of the force curve measured on SDec 2000, 1
revealed a repulsion setting in at a comparably large surface separation of D ≈ 15 nm (figure 3.12a)), and at least seven film-thickness transitions were clearly visible (figure 3.12b)). The same
number of transitions was found on the receding branch, which did
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not reach into the adhesive force regime. The refractive index
1 Introduction

started to increase at D ≈ 15 nm upon advancing, and it reached an
average value of n = 1.45 at D = 3 nm. Its fluctuations were comparably weak, with their magnitude being close to the corresponding
error bars. No difference was found between the refractive index
measured on the advancing and on the receding branch, respectively.
Figures 3.13-3.15 depict force curves measured at various
2 Experimental

velocities ranging from |v| = 0.02 nm/s to |v| = 1.00 nm/s and
temperatures of T = 9.0, 25.0 and 45.0°C. For experiments not carried out at T = 25.0°C, the thermal expansion of mica was taken
into account, i.e. the mica thickness was corrected for using the
coefficient of thermal expansion of mica, amica = 1.41.10-5 K-1 (cf.
figure 2.11 on page 70).

3 Results

Velocity
dependence

At T = 9.0°C, there seems to be some velocity dependence
inasmuch as the force curves measured at |vadv| = 0.09, 0.28, and
0.99 nm/s, respectively, did not coincide but were offset with
respect to both D and F/R (figure 3.13a)). The offset in D was as
large as 5 Å (corresponding to one film-thickness transition), while
the differences in F/R were less distinct yet significant. Interestingly, the receding branch showed very weak adhesion and an associated jump-out at |vrec| = 0.10 nm/s; no adhesion was found at

4 Discussion

any other combination of velocity and temperature investigated
(figure 3.13b)).
As seen in figure 3.13c), a similar picture emerged at T =
25°C, although the offsets in D were smaller and completely vanished for the smallest separations.
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The velocity dependence was most distinct at T = 45.0°C, as
illustrated in figure 3.13d). The faster the advancing velocity, the
more sluggish were the transitions and the higher the measured
forces. Furthermore, we observed an additional film-thickness
transition at F/R = 3.6 mN/m at |vadv| = 0.96 nm/s not found at the
slower velocities (not shown).
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Figure 3.13: velocity dependence of forces and refractive index as measured on SDec 2000, 1 with
kn = 108 N/m and R = 0.019 m during the period 11.-20.12.2000. An extra film-thickness transition
was observed at T = 45°C / |v| = 1.0 nm/s at F/R = 3.6 mN/m (not shown). Inner error bars for F/R
include the uncertainty in the determination of R. No significant velocity dependence was observed
for the refractive index.

The refractive index data did not show a significant velocity
dependence at any of the temperatures investigated.
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Temperature
dependence

On the other hand, both the force curves as well as the refractive index showed a very clear temperature dependence, which is
depicted in figure 3.14.
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Figure 3.14: temperature dependence of forces and refractive index as measured on SDec 2000, 1
with kn = 108 N/m and R = 0.019 m during the period 11.-20.12.2000. Inner error bars for F/R
include the uncertainty in the determination of R. The dash-dotted line in panel b) indicates the
bulk refractive index of cyclohexane.

What concerns the force curves (panel a)), we find that the filmthickness transitions were fewer and less sharp at the highest tem4 Discussion

perature investigated, i.e. at T = 45°C. The forces at which transitions occurred greatly differed depending on the temperature. Furthermore, the force curves were offset with respect to the D-axis by
more than 3 nm, with the force curves measured at T = 9°C and
T = 45°C being the inner- and outermost, respectively.
Apart from being offset along the distance axis, the refractive
5 Conclusions & Outlook

index data revealed the highest values at T = 9°C, whereas at T =
25°C, the lowest values were recorded (panel b)).
An interesting feature present at all velocities at 45°C is
illustrated exemplarily for |vadv| = 0.10 nm/s in figure 3.15.
Namely, the surface separation increased as the load was increased
beyond F/R ≥ 1 mN/m.
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Figure 3.15: same data as in figure 3.13d), yet
plotted on a larger force scale.
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Time
dependence

Figure 3.16 shows the results of three experiments, all carried out at the same velocity and temperature and on the same sur3 Results

face location, but collected on different dates spanning a period of
almost one month. Note that the filter unit was present in all
December 2000 and January 2001 experiments; it was operated
with P2O5.
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Figure 3.16: time dependence of forces and refractive index as measured on SDec 2000, 1 at
|vnominal| = 0.10 nm/s with kn = 108 N/m and R = 0.019 m during the period 08.12.2000-03.01.2001.
Inner error bars for F/R include the uncertainty in the determination of R. The dash-dotted line
in panel b) indicates the bulk refractive index of cyclohexane.

135

Cyclohexane in the SFA

We find that the later in time the measurement was taken,
1 Introduction

the fewer transitions were present, with the latest force curve not
showing any transitions any more (cf. figure 3.16a)). Furthermore,
the force curves tended to shift with respect to both D and F/R as
time passed. The refractive index also displayed a clear time
dependence, inasmuch as the average value was larger, the later in
time the data were acquired.
In order to elaborate the origin of these temporal changes, I
2 Experimental

exchanged the liquid in the instrument with cyclohexane from a
freshly opened bottle on 9th January 2001. During the exchanging
procedure, care was taken to always purge the apparatus with N2
if any valves were to be opened. A small droplet of liquid was intentionally retained between the surfaces in order to keep them wet.
Mixing of this remaining drop with the fresh liquid was achieved by
separating and approaching the surfaces many times and over a

3 Results

large distance after having refilled the instrument.
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Figure 3.17: forces and refractive index as measured on SDec 2000, 1 at |vnominal| = 0.10 nm/s with
kn = 108 N/m and R = 0.019 m both before and after exchanging the liquid in the instrument. Inner
error bars for F/R include the uncertainty in the determination of R. The dash-dotted line in
panel b) indicates the bulk refractive index of cyclohexane.
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Figure 3.17 compares force curves and refractive index as
1 Introduction

measured before and after the liquid exchange, respectively. No
drastic changes were observed. In particular, it was not possible to
recover any film-thickness transitions by merely exchanging the
liquid.
Figure 3.18 shows the result of a force run during which the
surface separation was recorded not only at the PCA, but also for a
2 Experimental
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Figure 3.18: force curves as measured for a number of lateral positions, x.
Data collected on SDec 2000, 1 at |vnominal| = 1.00 nm/s with kn = 108 N/m and R =
0.018 m.

The data illustrate that the film-thickness transitions observed at
the PCA were not barely local but integral. In other words, if a transition occurred, it simultaneously took place over the entire contact

5 Conclusions & Outlook

Profile
force run

area. Furthermore, local deformations were present, manifesting
themselves as a variation of the slope of F/R(D) as a function of the
lateral position. Namely, the force curve recorded at x = 30 µm was
least steep, and comparing it to the force curve at x = 0 µm revealed
deformations of up to 1 nm at the PCA.
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May 2001

A very interesting effect was observed in a series of experi-

1 Introduction

ments carried out in May 2001 on surface location SMay 2001, 1.
Figure 3.19 depicts two force curves acquired under identical conditions and on the same surface location, yet exhibiting large deviations. The black curve was measured on a “virgin” spot and corresponds to what had been found earlier on many occasions. In
particular, there was a steep repulsive wall at a non-zero surface
separation, D ≥ 2.5 nm. The gray curve, on the other hand, was col2 Experimental

lected after an extended series of friction measurements (roughly
30 passes) had been carried out on SMay 2001, 1.
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Figure 3.19: force curves as collected on SMay 2001, 1 both before and after a series of friction
experiments. The acquisition parameters were as follows: |vadv, before| = 0.110 nm/s, |vrec, before| =
0.110 nm/s, |vadv, after| = 0.100 nm/s, |vrec, after| = 0.113 nm/s, kn = 1004 N/m, and R = 0.018 m.

The most striking differences between the two curves are that after
the friction measurements, i) the force curve was shifted towards
5 Conclusions & Outlook

smaller surface separations, and ii) the adhesion between the surfaces was greatly enhanced (figure 3.19a)).
July 2001

Yet another interesting feature observed occasionally and
exemplarily illustrated by the July 2001 data in figure 3.20 is a
large “plasticity” encountered upon receding. By plasticity, I refer
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to the observation that the receding branch was not steep but
1 Introduction

rather compliant, and it extended far beyond the corresponding
film-thickness transition measured upon advancing (dashed line).
The refractive index was found to continuously increase upon
receding, having an average value corresponding to bulk cyclohexane just before the jump-out.
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For comparison, we shall now revisit some of the results presented above; force curves taken from three different experiments,
but all acquired right after setting up the corresponding
experiment (i.e. on a virgin surface location) and measured under
identical conditions, are shown in figure 3.21.

5 Conclusions & Outlook

Aug. 2000 May 2001

4 Discussion

Figure 3.20: forces and refractive index as measured on SJuly 2001, 1 at |vadv| = 0.179 nm/s and
|vrec| = 0.175 nm/s with kn = 1004 N/m and R = 0.018 m. Note that the receding branch extends
beyond the corresponding film-thickness transition measured upon advancing (dashed line). The
dash-dotted line in panel b) indicates the bulk refractive index of cyclohexane.

The force curves show a great variability, both qualitatively
as well as quantitatively. An even greater variability is found for
the refractive index data; the complete spectrum ranging from a
slight increase of the average value to a huge decrease is encountered. Also, the amplitude of the refractive index fluctuations
ranges from barely visible to large, respectively. No clear correla139
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tion may be found between the variation of the force curves and the
1 Introduction

variation of the refractive index data.
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Figure 3.21: comparison of forces and refractive index as measured in the course of three different experiments at |vnominal| = 0.10 nm/s with kn = 108 N/m (08th Dec.) and 1004 N/m (others),
respectively, and R = 0.016 - 0.020 m. For F/R, only the worst-case error bars are shown. The
dash-dotted line in panel b) indicates the bulk refractive index of cyclohexane.

To conclude this section, I am going to present force curves and
refractive index measurements obtained on mica substrates, which
were prepared in a nonstandard way. Namely, the melt-cutting
4 Discussion

process was abandoned, and the mica sheets were mechanically cut
instead (after cleaving).
January 2002

A first series of experiments carried out on SJanuary 2002, 1 on
nonstandard substrates is shown in figure 3.22. The first measurement on 26th January revealed a rather fuzzy force curve, with no

5 Conclusions & Outlook

clearly visible film-thickness transition. A similar picture emerged
from a second experiment carried out on 27th January, except that
the force curve was offset by 11 Å towards larger surface separations. Only the third experiment on 28th January showed one
rather clear film-thickness transition at F/R ≈ 7.5 mN/m. This third
experiment was again offset towards larger surface separations. All
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three experiments consistently exhibited a very large adhesion of
1 Introduction

F/R ≈ -7.5 mN/m upon receding.
The refractive index showed a slight increase up to n ≈ 1.45
in the first two experiments, whereas in the third experiment the
maximal average refractive index was n ≈ 1.43. All three force runs
revealed significant refractive index fluctuations.
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Figure 3.23 plots the second set of experiments carried out
using nonstandard substrates. Both surface locations investigated,
i.e. SFebruary 2002, 1 and SFebruary 2002, 2, revealed force curves reminiscent of measurements done on standard substrates; a series of
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February 2002

4 Discussion

Figure 3.22: forces and refractive index as measured on SJanuary 2002, 1 at |vnominal| = 0.10 nm/s
with kn = 108 N/m and R = 0.023 m on three successive days. Note that the mica sheets used in
this experiment were prepared in a nonstandard way. Observe the unusually high adhesive force
upon receding. Only the advancing branches of the refractive index are shown since receding and
advancing coincided. The dash-dotted line in panel b) indicates the bulk refractive index of
cyclohexane.

film-thickness transitions occurred, and the adhesive force upon
receding was in the usual range of F/R ≈ -1 mN/m. Only the surface
separations encountered were unusually large, i.e. D ≥ 8.0 nm.
Three differences between the alternative surface locations may be
noted, namely that i) larger surface separations were encountered
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on SFebruary 2002, 2, ii) more film-thickness transitions were found
1 Introduction

on SFebruary 2002, 1, and iii) the forces at which film-thickness transitions occurred were significantly different.
The refractive index showed weak fluctuations and a very
clear increase up to n = 1.56 on both surface locations. Apart from
the offset in surface separation, no significant differences between
SFebruary 2002, 1 and SFebruary 2002, 2 were noted.

2 Experimental
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Figure 3.23: forces and refractive index as measured on SFebruary 2002, 1 (panels a) and b)) and
SFebruary 2002, 2 (panels c) and d)) at |vnominal| = 1.00 nm/s with kn = 108 N/m and R = 0.026 m. Note
that the mica sheets used in this experiment were prepared in a nonstandard way. Observe the
unusually large surface separations encountered.
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3.3.2

Force run with shear
1 Introduction

The evolution of both film thickness and refractive index of a
cyclohexane film under shear and progressively increasing load
have been measured. Note that the load variation (i.e. the “force
run”) was not–as is usually done–induced by an approach actuator,
but by some inherent misalignment of the sample surfaces, which
is shown in the non-contact lateral scan in figure 3.24a). Not only
changes misalignment the load, but it also results in a shift of the

2 Experimental

PCA as the lateral actuator is displaced1 (figure 3.24b)). The shift
of the PCA along the x-axis was accounted for in the experiment by
adjusting the corresponding actuator. No measures were taken to
correct for the (small) shift in yPCA.
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Figure 3.24: topographical survey around SMay 2001, 1 as measured in a non-contact situation
(panel a)), and position of the PCA as a function of the shearing actuator position, M (panel b)). The
reference system for (xPCA, yPCA) is the one introduced in figure 2.8 (page 66).

Figure 3.25b) depicts the thickness and the refractive index as a
function of the lateral actuator’s position or, equivalently, the
load (figure 3.25a)) as measured on surface location SMay 2001, 1.
We find that the refractive index fluctuations observed under
1. The detailed mechanisms underlying load variation and PCA shift are elaborated on in
a separate publication [166].
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non-shearing conditions sustained even under shear. The same
1 Introduction

applied for the reduction of the average value of the refractive
index. Whether the film-thickness transitions persisted as well
may not be judged from the present data because the force resolution, which was determined by the loading rate, dL/dM, was too
low. However, there seems to be some unusually large variation
in D.
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Figure 3.25: thickness and refractive index (panel b)) of a cyclohexane film
under shear and progressively increasing load, dL/dM > 0 (panel a)). Error bars
for D are smaller than the symbol size, whereas error bars for n are indicated
at the top of the graph.
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3.4 Cyclohexanol in the SFA
1 Introduction

The cyclohexanol used in all experiments presented below was of
≥ 99% purity and used as-received from Riedel-de-Haan GmbH,
Germany, unless otherwise stated. Its water content was declared
to be below 0.1%. All experiments were carried out at a setpoint
temperature of T = 30.00°C.
Oct. 2001

Figure 3.26a) and b) show the force curve and the refractive
2 Experimental

index, respectively, measured across a cyclohexanol film on surface
location SOct 2001, 1. Upon advancing, one observed a rather steep
repulsive force setting in at D ≈ 3 nm and featuring one single filmthickness transition. As opposed to cyclohexane, the transition was
not instantaneous but very sluggish. The receding branch did not
coincide with the advancing branch. In fact, it even intersected the
latter. Some weak adhesion was encountered, with the correspond-

3 Results

ing “jump-out” not being fast but rather viscous. The jump-out
could be resolved at a sampling frequency of as low as 0.25 Hz.
For the refractive index, we found a reduction of the average
value down to n = 1.1 as was the case for most cyclohexane experiments. The refractive index fluctuations were, however, not as pronounced as in comparable cyclohexane experiments.

4 Discussion

The picture looked somewhat different after the cyclohexanol
had been dried in situ by introducing 4 Å molecular sieves* into the
SFA fluid cell (cf. figure 3.26c) and d)). The force curve, in particular the film-thickness transition, was much “sharper”, and a weak
long-range repulsion was detected after water had been removed
from the liquid. Furthermore, the force at the film-thickness transition was much higher after drying. The receding branch showed
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Oct. 2001,
dried

a clear film-thickness transition after drying, and it no longer
crossed the advancing branch. On the other hand, drying did not
have a significant effect–neither on the adhesion, nor on the receding branch, nor on the refractive index.
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1 Introduction
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Figure 3.26: forces and refractive index of cyclohexanol as measured on SOct 2001, 1 at |vadv, top| =
0.086 nm/s = |vrec, top|, |vadv, bottom| = 0.095 nm/s, and |vrec, bottom| = 0.093 nm/s with kn =
1004 N/m and R = 0.020 m. Data shown in panels a) and b) were collected in as-received cyclohexanol, whereas the liquid was dried before measuring the data in panels c) and d). In any case, the
refractive index was smaller than the bulk value (dash-dotted line) even at surface separations as
large as D > 20 nm (not shown).

Reproducibility

Figure 3.27 displays the reproducibility of force and refractive index measurements both before and after drying. Before drying, the reproducibility was good. After drying, however, distinctive
changes had occurred within one day; the film-thickness transition
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had become less sharp again, and both the forces as well as the
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Figure 3.27: reproducibility of forces and refractive index in both as-received (panels a) and b))
as well as in dried (panels c) and d)) cyclohexanol. The acquisition parameters were as follows:
|vadv, 24th| = 0.086 nm/s, |vadv, 25th| = 0.087 nm/s, |vadv, 30th| = 0.095 nm/s, |vadv, 31st| =
0.091 nm/s, kn = 1004 N/m, and R = 0.020 m. The dash-dotted line in panels b) and d) indicates the
bulk refractive index of cyclohexanol.

The velocity dependence, as measured before drying, is
depicted in figure 3.28. I found that the force curve was the more
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“vivid” the slower the advancing velocity. Not a single film-thick1 Introduction

ness transition was observed at the fastest velocity, and the repulsion set in at larger distances as compared to smaller velocities.
The adhesion displayed a clear and systematic velocity dependence,
inasmuch as it was the higher the faster the receding velocity.
Apart from a shift in D, the refractive index was virtually velocity
independent. The range of the refractive index fluctuations was
somewhat higher the faster the advancing velocity.
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Figure 3.28: velocity dependence of forces
and refractive index as measured in
as-received cyclohexanol on SOct 2001, 1 with
kn = 1004 N/m and R = 0.020 m. The dash-dotted line in panel c) indicates the bulk refractive
index of cyclohexanol.
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Using the scanning ability of our eSFA (cf. page 65), I have
1 Introduction

determined both the surface separation as well as the refractive
index as a function of the lateral position, (x, y). Experiments were
carried out before drying on SOct 2001, 1 with the surfaces in contact
and loaded to L ≈ 0.5 mN. Note that the data are not time-resolved,
but the acquisition of a complete 3D image took about one hour.
Figure 3.29 shows a representative overview of the results,
with D(x, y) being plotted as the height information and n(x, y) pro-

2 Experimental

viding the colour information. One clearly sees the ellipsoidal
nature of the contact geometry as well as a reduction of the refrac-
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Figure 3.29: 3D representation of SOct 2001, 1 under a compressive load of L ≈
0.5 mN as measured in as-received cyclohexanol. The surface separation gives
the height of the surface plotted, whereas the refractive index is coded as gray
scales. Step size for scanning was Dx = Dy = 1 µm and the plot was smoothened
by linearly interpolating between data points.
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3D representation
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As implied by figure 3.30, which is merely a blow-up of
1 Introduction

figure 3.29, the refractive index within the contact area was not
homogeneous but rather showed some lateral variation. The same
holds for the surface separation as shown in figure 3.31. The apex
of the contact was everything but flat and smooth. It rather exhibited protrusions and dimples with a lateral extension of a few

2 Experimental

microns and a peak-to-valley amplitude of 1-3 Å.
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Figure 3.30: same data as in figure 3.29 but plotted on a magnified D-scale and
at a somewhat different viewing angle.
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4 Discussion

Figure 3.31: same data as in figure 3.29 but seen from “below” and on a
strongly magnified D-scale. The y-range is ± 20 µm.
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Abstract: a central goal of this chapter is to provide a detailed error
calculation, allowing the reader to judge the quality as well as the
limitations of the results presented in the previous chapter. The
other focus is to develop a model, which is able to describe both the
force curves as well as the refractive index measurements obtained
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in the course of this thesis.
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General remarks

4.1 General remarks
1 Introduction

Two general remarks may be given at the beginning of this chapter,
the first one concerning the experimental practice of completely filling the SFA fluid cell with liquid, and the second one commenting
on the normalisation of the measured forces.
Droplet
experiments

As opposed to a great number of SFA experiments, we have
decided not to carry out any droplet experiments. By droplet exper-

2 Experimental

iment, I refer to the experimental practice, which does not completely immerse the surfaces in the liquid of interest, but only uses
a droplet of liquid introduced between the surfaces instead. The
fact that I used highly volatile solvents in my experiments did not
allow for such droplet experiments, because evaporation of the liquid led to large drifts, which did not stop even after a long waiting
time, and which were barely reduced by providing a solvent-saturated atmosphere within the fluid cell. On the other hand, com3 Results

pletely immersing the surfaces in the liquid did not produce any
such drifts. Furthermore, no meniscus forces need to be considered
in such a configuration. However, cleanliness immediately becomes
an important issue once one abandons the droplet concept. In contrast to the case of a droplet experiment, where only the surfaces
themselves, the liquid, as well as the liquid transfer device need to

4 Discussion

be clean, the complete fluid cell has to be very carefully cleaned
additionally if the instrument is to be entirely filled with liquid.
Once clean conditions have been established, however, the large
volume turns out to be an advantage inasmuch as it “dilutes” any
impurities, which may enter the fluid cell over time.
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Normalisation
of forces

The applicability of the Derjaguin approximation to SFA
experiments has previously been discussed in the literature (cf. for
instance refs. [167-169]). Although it has turned out to be questionable, it is still common practice in the SFA community to normalise
the measured forces by the mean radius of curvature of the surfaces. The main criticism concerns the fact that the surfaces flatten
elastically as they are loaded due to deformations of the underlying
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glue layer. For large forces, their geometry thus considerably devi1 Introduction

ates from the ideal cylindrical shape on which Derjaguin’s calculations were based. One might even go a step further and consider the
normalisation as conceptually wrong; as soon as any surface forces
arise, these will result in deformations of the substrate according to
a fundamental law of linear elasticity, which in turn will influence
the forces acting between the two surfaces. This inherent coupling
between forces and deformations can principally not be dealt with
2 Experimental

analytically, but would necessitate the application of powerful
numerical tools.
Nevertheless, I have normalised the measured forces by the
mean radius of curvature in order to ease comparison of the results
presented in this thesis with results published in the literature.

4.2 Error calculations
3 Results

In this section, I am going to present error estimations for both the
determination of D and n from interference spectra using FSC, as
well as for the calculation of surface forces based on these (measured) quantities. Both systematic as well as statistical errors shall
be addressed.

4 Discussion

Fast spectral correlation interferometry
Multiple beam interferometry (MBI) features an inherent restriction in determining the refractive index of very thin films. Since
MBI is primarily sensitive to optical distance, W = D.n, a variation
of thickness, DD, leads to a variation of the refractive index, Dn,
which is given by
dn ( W )
W
Dn = ---------------- DD = – DD ------2
dD
D
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4.2.1

eq. 4.1
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and which is thus large for thin films. Note that this is an unavoid1 Introduction

able constraint of MBI and not related to the use of a particular
evaluation method (such as FSC).
Statistical
errors

Detailed error calculations for FSC have been presented by
Heuberger [1]. The central, experimentally relevant input to his
calculations was the accuracy, sl, to which the wavelength, l, of an
interference fringe may be determined, and which was found to be
sl < 10 pm.

2 Experimental

By adding gaussian noise of standard deviation sl to the theoretical fringe wavelengths of a known interferometer, a realistic
experiment was simulated on a desktop computer, with the artificially scattered wavelengths as the input for FSC. Comparing the
result of fitting with the initial interferometer input then yielded
the desired relationship between the error of surface separation,
sD, D, and sl. The second subscript in sD, D denotes the evaluation

3 Results

method used, i.e. the D-evaluation in this case.
Ï
log [ max ( 1, D/mm ) ] ¸
s D, D ª 3.25s l Ì 1 + -------------------------------------------------- ˝
2
Ó
˛

eq. 4.2

with 0.1nm < D < 10µm. For the Dn-evaluation, the following rela-

4 Discussion

tionships for sD, Dn(sl) and sn, Dn(sl) were derived [1]:
s D, Dn ª 4.2s l [ 1 + 20 max ( 0, D/mm – 0.05 ) ]

eq. 4.3

1
s n, Dn ª 5s l 30 + --------------D/mm

eq. 4.4

with 0.1nm < D < 1µm. Figure 4.1 plots the functions sD, D(D),
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sD, Dn(D), and sn, Dn(D) according to equations 4.2-4.4 for sl =
10 pm. As implied by figure 4.1, the D-evaluation features a very
high precision of typically sD, D = 25 pm over a large distance
range, which is due to the acquisition of a large number of interference fringes. The Dn-evaluation, on the other hand, calls for a compromise between sD, Dn and sn, Dn, and may thus be applied in a
restricted distance range from roughly 1 to 100 nm. Exceeding this
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distance range towards larger surface separations results in large
1 Introduction

errors in D, whereas the error in n steeply increases below 1 nm.
For this reason, the D-evaluation was always used to calibrate the
normal approach actuator(s) in the distance range 300nm < D <
500nm, but all force curves (D ≤ 50nm) were based on the Dn-evaluation.
Note that the magnitude of these statistical errors is influenced by the spectrum acquisition parameters. The values pre-
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Since FSC is based on the exact knowledge of the refractive
index, the corresponding dispersion, as well as the thickness of all
4 Discussion

layers, which are not fitted, i.e. the input layers, systematic errors
deserve special interest.
In particular, the literature readily provides data of the
refractive index of mica as a function of wavelength [35, 53, 69, 70].
However, published data show quite some variance, which is not
surprising considering that mica is a natural product whose compo-
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Systematic
errors

0.14

sD, D
sD, Dn
sn, Dn

3 Results

100

Statistical error in n, sn [1]

Figure 4.1: statistical errors
of FSC [1] according to equations 4.2-4.4. Both the D- as
well as the Dn-evaluation are
included in the figure.

Statistical error in D, sD [pm]

sented here may be considered typical.

sition may vary, depending on its source. For the systematic error
associated with using published values for mica’s optical constants,
a sinusoidal relationship between the magnitude of the error and
the surface separation has been predicted, with a “wavelength” of
≈ 150-200 nm and with the gap layer refractive index determining
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the amplitude and phase [170]. Considering that the error vanishes
1 Introduction

around D = 0 nm and taking into account its comparably large
wavelength, this kind of systematic error does not seem to be relevant to the force curves presented in this thesis, which are all confined to surface separations D < 20nm. Possibly, the actuator calibration done at larger separations might suffer from such effects.
Since the calibration range was, however, in the order of one wavelength, I do not expect any significant errors.
2 Experimental

Another source of systematic errors is the establishment of
the optical zero in a dry mica-mica contact. The presence or absence
of a surface layer of adsorbed molecules or particles on mica surfaces has frequently been discussed in the literature [13, 74, 75,
171]. There seems to be clear evidence that such a surface layer is
present (cf. for instance our AFM pictures in section 3.2), and ways
to remove it in order to get the “true” optical zero have been pro-

3 Results

posed and practised [47, 171]. These attempts suggest that true
molecular contact may be obtained in water, whereas this would
not be the case in cyclohexane.
My consistency test of the optical zero (cf. page 97) indeed
indicates the presence of a surface layer. Considering the precision
of our mica thickness determination, a deviation of 100 pm seems
to be too much to be assigned to statistical errors. Rather, the inter4 Discussion

ferometer definition used to determine the mica thickness in a
mica-mica contact, i.e. glue-silver-mica-mica-silver-glue, was simply not correct, resulting in systematic errors. In other words, the
number of optical layers of which an interferometer is comprised
may not always be known a priori (remember that the number of
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optical layers, P, is a fundamental input to the multilayer matrix
method!). Whether a seven-layer interferometer glue-silver-micasurface layer-mica-silver-glue would have produced more accurate
results is not clear, but seems to be unlikely since the nature of the
surface layer in not very well known. Thus, the most reliable way
of avoiding this kind of systematic error is to make sure that no sur-
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face layer is present as the optical zero is established. This was
1 Introduction

clearly not the case for most measurements presented in this thesis, and allowance for a systematic error with respect to the perfectly clean mica-mica separation may thus be given.
The influence of such a systematic error in the optical zero on
the refractive index determination is shown in figure 4.2. FSC was
applied to one and the same set of data, but with varying interferometer definitions; the black line used a mica thickness of Dmica =
2 Experimental

Do as it was originally determined in a mica-mica contact, whereas
the mica thickness was artificially varied by -1.5 and -3.0 Å for the
dark gray and the light gray curve, respectively. The effect of reducing the apparent mica thickness is twofold; both the minimal surface separation as well as the minimal refractive index are larger
the thinner the mica thickness, the variations being in the order of
0.7 nm for the surface separation and 0.2 for the refractive index for

3 Results

DDmica = -3.0 Å.
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Figure 4.2: influence of systematic errors in
the optical zero on the determination of the
gap layer refractive index, n, illustrated on the
basis of actual experimental data acquired on
SJuly 2001, 4. Error bars represent the statistical error in n.

Refractive index, n [1]

1.5
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4.2.2

Normal forces

1 Introduction

As a reminder, note that SFAs measure distance, not force. The
force is rather calculated from the measured surface separation, D,
according to the following equation:
k
k
F
---- ( D ) = ----n- ◊ { D – A } = ----n- ◊ { D – C AA ◊ E AA }
R
R
R

eq. 4.5

with R being the mean radius of curvature of the surfaces, kn the
2 Experimental

spring constant of the normal force-measuring spring, A the calibrated actuator position, CAA the approach actuator calibration,
and EAA the approach actuator position in hardware units.
Thus, any statistical or systematic errors in the determination of the surface separation will propagate into errors in the calculated force.

3 Results

Statistical
errors

Applying the laws of error propagation (cf. for instance
ref. [172]) to equation 4.5 yields the following expression for the
statistical error in F/R, thereby assuming that all variables are statistically independent:

s F/R ª

2
2
F ˆ 2 Ê s knˆ
F ˆ 2 Ê s Rˆ 2
Ê --Ê k----n-ˆ ( s 2 + s 2) + Ê --- ----------+
eq. 4.6
D
A
Ë R¯ Ë k n ¯
Ë R¯ Ë R ¯
Ë R¯

If we insert realistic values, we readily see that the standard devi4 Discussion

ation of the surface separation, sD = 25-40pm, is negligible, since it
is about ten times smaller than the positioning precision of the
actuator, sA, which I found to be sA ≈ 0.2-0.5 nm depending on the
range and type of actuator. The second and the third term in
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equation 4.6, i.e. the relative errors of kn and R, respectively, play
a similar role. Both significantly contribute to sF/R for normalised
forces larger than some 1 mN/m (assuming typical values of kn =
100-1000 N/m, R = 0.020 m, sR/R = 0.03, and s kn § k n = 0.05 ). In this
regime, the error scales linearly with the force. On the other hand,
the first term is dominant for forces smaller than some 1 mN/m.
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The error is thus largely force-independent and proportional to the

Hidden
systematic
errors

1 Introduction

actual value of kn/R in this regime.
Typical relative errors for the determination of R are in the
order of 2-3% in our setup. These variations are, however, not visible as scatter in the data points, since one never determines R for
each measurement point separately. Rather, one and the same
value of R is used throughout an experiment1. Therefore, this component of statistical error is in practice effectively transmuted into

2 Experimental

a hidden systematic error. Likewise, the statistical error associated
with kn is transformed into a systematic error, since the calibration
of the spring constant is obviously taken to be the same for all
measurement points of a force vs. distance profile.
It is for this reason that I have plotted multiple sets of error
bars in the previous chapter. If my experiments are to be compared
to literature experiments, the hidden systematic errors of R and kn

3 Results

need to be taken into account (according to the outer set of error
bars). On the other hand, point-to-point scatter within my own
experiments is much smaller and for most experiments dominated
by sA (inner error bars).
We found instrumental drift in conjunction with excessively
high spring constants, kn, to be a subtle source of systematic error
of unexpected magnitude in force vs. distance profiles.
4 Discussion

In order to illustrate this problem, we have chosen an iterative approach. The procedure, which we have presented in detail
elsewhere [62], mimics a real experiment. It involves assuming a
realistic interaction potential as a starting point and then calculating the outcome of a drift-affected SFA measurement of this particular interaction potential. In addition to the approach actuator, A,
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Systematic
errors

we have incorporated a variable instrumental drift into our model
in the form of a drift actuator, A'. The real-world user has control
over A exclusively, but our calculation allowed us to vary A' as well.

1. Also recall my introductory note on the normalisation of forces in this context.
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One result of our calculations is the fact that in the presence
1 Introduction

of drift, the apparent calibration of the approach actuator, CAA, is
different from the “real”, drift-free calibration, CAA, o. For the relevant case of the calibration being done in the so-called velocity
mode, i.e. the actuator being moving continuously (with no stops
during spectrum acquisition), we found:

2 Experimental

v A' ˆ
C AA = C AA, o ◊ Ê 1 – -----Ë
vA ¯

eq. 4.7

where v A = dA § dt is the speed of the approach actuator and v A' =
dA' § dt signifies the drift rate. Note that the signs of v A and v A' are
chosen such that a negative value means inward motion (advancing).
Equation 4.7 states that the real calibration, CAA, o, multiplied by a drift factor, (1- v A' / v A ) equals the effective calibration,
CAA. As expected, the drift factor is unity if there is no

3 Results

drift ( v A' = 0). If the ratio v A' / v A remains constant throughout a
force run, the measured calibration will generally be different from
the real calibration, but valid for all points of the data set. In this–
and only this–situation, drift is implicitly accounted for, and the
measured points will hence reproduce the real potential. If, however, this ratio changes during an experiment, the measured cali-

4 Discussion

bration is not valid for all points of the data set, and we produce a
systematic error. This is particularly true if the drift rate is not constant but varies during an experiment.
From equation 4.5, one derives that a systematic deviation of
the actuator calibration, DCAA, leads to an apparent force variation
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kn
F
D Ê ----ˆ µ ----- ◊ DC AA
Ë R¯ R

eq. 4.8

Thus, all drift-induced systematic errors scale with kn/R. Note that
error bars are thus amplified by small radii of surface curvature, R.
On the other hand, choosing a small spring constant allows one to
reduce drift-induced artefacts; our detailed calculations indicated
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that for spring constants above some 103 N/m, systematic errors
1 Introduction

may lead to severe misinterpretation of measurements.
All our experiments were carried out in accordance with the
recommendations outlined above. Furthermore, drift of our instrument was reduced to a minimum. I am thus confident to state that
the presented force curves are largely free of drift-induced artefacts.

2 Experimental

4.3 A mechanical model
In what follows, I will try to develop a model that is able to describe
the results presented in the previous chapter. The following fundamental, novel inputs have been provided by my measurements and
need to be considered:
• the presence of sub-micron sized particles on melt-cut

3 Results

mica surfaces,
• the 3D representation of the contact geometry,
• the reduction of the average refractive index under
confinement, and
• the refractive index fluctuations observed in such thin
films.

4 Discussion

The model should furthermore be able to account for the following
features, which have been known for a long time:
• the occurrence of a modulated, repulsive force upon
advancing,
• the occurrence of an adhesive force upon receding, and
5 Conclusions & Outlook

• the occurrence of film-thickness transitions, whose
magnitude roughly equals the molecular diameter.
Prerequisites

Last but not least, the following prerequisites need to be
borne in mind:
• the measurement of D and n is averaged over a circular spot of 1-3 µm diameter,
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• the z-information is also averaged, i.e. the interfer1 Introduction

ence technique may not distinguish “surface
molecules” from “volume molecules” (cf. page 42), and
• the particles on the mica surfaces are not visible as
deformations of the interference fringes (cf. below).

2 Experimental

Visibility of
particles in
interference
pattern

The presence or absence of particles on melt-cut mica has
been subject of some controversy. Although the particles themselves are smaller than the lateral resolution of MBI (≈ 1µm), the
deformation of the mica sheets as induced by a single particle
should be much longer-ranged (figure 4.3, [173]), and the particle
should thus leave its mark on the interference fringes. The actual
range over which the deformation of the mica sheets extends was
estimated to be R = 9 µm (cf. figure 4.3) and is thus larger than the
average spacing between individual particles found in figure 3.2

5 Conclusions & Outlook

4 Discussion

3 Results

(i.e. a few microns).

Figure 4.3: deformation of mica sheets as induced by a single
particle (not to scale). Assuming that the glue layer is much thicker than
the particle size and neglecting adhesion, each sheet acts like a circular
flat plate subjected to a uniform pressure p on one face and a concentrated load W on the other. Superposition yields [173, 178]: R4 =
8/3.E/(1-n)2/p.H.Dmica3, which for typical values of E = 172.109 N/m2, n =
0.1, p = 1.0.107 N/m2 [179], H = 5 nm, and Dmica = 3 µm gives R = 9.4 µm.
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If a second particle lies within a distance R of the first parti1 Introduction

cle, no mica-mica contact will thus be possible inbetween these two
particles due to the high bending stiffness of the mica sheet. In fact,
the closer the two particles are, the less the deflection of the mica
between them will be. In the case of a large enough particle density,
the deformation-induced corrugation of the substrate may thus
become so close to the z-resolution of MBI that no perturbation of
the interference fringes may be observed by eye. This has indeed
2 Experimental

been demonstrated experimentally; the 3D scan of figure 3.31
clearly revealed a corrugated contact geometry with deformations
of 2-3 Å amplitude although no visible deformation of the fringes
was noted.
Presence of
repulsive force
upon advancing

We may thus assume that particles are present although
they are not visible as distortions of the interference fringes. The
presence of such particles immediately explains the occurrence of a
3 Results

repulsive force upon advancing. Obviously, if this repulsion was
caused by particles, its range of interaction should somehow be
related to the particle height. My results clearly support this idea;
depending on the actual experiment, I found that the repulsion
ranges up to distances of D = 5-20 nm (cf. for instance figures 3.6
and 3.12), which correlates well with the particle height derived
from AFM measurements (cf. figure 3.2). Appreciating particles as
4 Discussion

the cause of the repulsion, it is furthermore straightforward to
account for the rather large variance of the interaction range,
which may not easily be reconciled with any molecular theory of liquid forces.
Moreover, the fact that my consistency test (cf. page 97) on
melt-cut surfaces routinely failed is not surprising. The determina-
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Consistency
test

tion of the mica thickness was based on a symmetric mica-mica
interferometer with no gap layer. If particles are present, this
assumption is heavily violated, resulting in an apparent mica
thickness which is forced to implicitly include the “undeclared” gap
layer. No such systematic error was found for the thickness deter-
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mination of mechanically-cut, i.e. supposedly particle-free surfaces,
1 Introduction

where the consistency test yielded 7±23 pm as compared to
100±23 pm encountered on melt-cut samples. This provides clear
evidence that the particles present on melt-cut mica indeed prevent
the surfaces from coming into molecular contact, thereby causing a
systematic error in the determination of the optical zero.
Further support for this idea is delivered by figure 3.19. I
find it plausible to assume that by shearing the surfaces against
2 Experimental

one another, some of the (larger) particles were displaced from the
contact area. This then allowed the surfaces to come closer together
after the friction experiments than before. In fact, we observed that
the surface separation could be decreased all the way to zero after
sliding the surfaces past each other. Note, however, that D = 0 does
not necessarily imply molecular contact since the optical zero is
affected by the above mentioned systematic error.

3 Results

Magnitude of
film-thickness
transitions

Clearly, the presence of particles alone cannot explain the
observed film-thickness transitions, which were found to be related
to the size of the liquid molecules; smaller molecules produce
smaller transitions than larger molecules (see, for instance, ref.
[114]). In fact, most authors even state that the magnitude of the
transitions equals the molecular diameter. That statement has
clearly been weakened by my measurements. Although most exper-

4 Discussion

iments revealed transitions in the order of cyclohexane’s molecular
diameter, i.e. 5.3 Å, there is undoubted evidence for smaller transitions as well. This is particularly true for experiments where a
long-range repulsion was present (see for instance figure 3.12,
where the magnitude of the transitions is barely 4 Å).
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A mechanical model thus has to account for (at least) two contributions, namely one being caused by the particles and one by the
liquid. In principle, one may thus think of three different models,
namely i) the contributions acting in series (model A), ii) the contributions acting in parallel (model B), and iii) the contributions being
a combination of i) and ii).
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By very crudely assuming that both the liquid as well as the
1 Introduction

particles exhibit a linear-elastic response, we may derive the main
characteristics of a film-thickness transition in the case of models A
and B, respectively. Let’s furthermore assume that the liquid is
ordered in layers,1 and that it may sustain a finite normal pressure.
If this critical pressure is reached, expulsion of a layer is initiated2
(figure 4.4). Last but not least, we may suppose for the moment
that the mica, the glue layer, as well as the supporting silica disk
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are perfectly stiff, i.e. they do not deform.

?

0
fo
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Surface separation, D [a.u.]

In the case of the liquid (l) and the particle (p) acting in
series (figure 4.5a)), one may write:
5 Conclusions & Outlook

Model A

4 Discussion

Figure 4.4: model of the force generated by a liquid, which undergoes a series of order-disorder
transitions of periodicity fo. It is assumed that upon advancing, only repulsive forces (Fl > 0) are
relevant (panel a)), whereas upon receding, attractive forces are encountered (panel b)). Fl, c
denotes a critical force, at which expulsion of a layer is initiated; its value does not necessarily
have to be constant (i.e. D-independent) and may differ for advancing and receding, respectively.

1. This is a ubiquitous feature of most - if not all - SFA publications dealing with confined
fluids. Cf. for instance ref. [3].
2. One may alternatively think of the cyclohexane being in a solid state and the thickness
transition being caused by dislocation movement. The critical pressure would then be
equivalent to the yield strength of the solid. Note, however, that in nanocrystalline metals, there seems to be a cut-off value of grain size, below which dislocation activity vanishes (cf. for instance ref. [174] and references therein).
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F s,

c

= F p,

c

= F l,

eq. 4.9

c

1 Introduction

just before a film-thickness transition is initiated. The subscript c
denotes “critical”. The forces on the force-measuring spring (s), the
particle and the liquid are identical. Right after the thickness transition of magnitude Dx has occurred (figure 4.5b)), we have:
F s' = F p' = F l' = F s, c – k n Dx

eq. 4.10

with kn being the spring constant of the normal force-measuring
2 Experimental

spring. Together with equation 4.9, we derive:
c

= – k n Dx

eq. 4.11

4 Discussion

3 Results

F s' – F s, c = F p' – F p, c = F l' – F l,
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Figure 4.5: model A with particle and liquid forces acting in series to one
another (not to scale). Panel a) sketches the situation right before a filmthickness transition, whereas the configuration after the transition is
shown in panel b). The number of layers is denoted h; subscripts s, p, and l
refer to the force-measuring spring, the particle and the liquid, respectively. See text for details.

The second and the third term in equation 4.11 may be identified
as:
H c – H'
( hf c – f c ) – ( h – 1 )f'
-----------------A p E p = --------------------------------------------------- Al El
Ho
( hf o – f o )
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with h being the number of layers before the transition (h ≥ 1). A
1 Introduction

and E denote the area and elastic modulus of particle and liquid,
respectively, and the subscript “‘o” identifies undeformed dimensions; all other symbols are defined in figure 4.5. Note that repulsive forces were chosen to have positive sign. For geometrical reasons we have (figure 4.5):
hf c + H c = Dx + ( h – 1 )f' + H'

eq. 4.13

( hf c – f c ) – ( h – 1 )f' = Dx – f c – ( H c – H' )
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and after some rearrangement:
eq. 4.14

By introducing equation 4.14 into equation 4.12, ( H c – H' ) may be
eliminated and equation 4.11 solved for Dx to yield
eq. 4.15

3 Results

fc
Dx = -------------------------------------------------------------- £ fc £ fo
( h – 1 )f o H o ˆ
Ê
1 + k n ---------------------- + ---------Ë AE l
AE p ¯

after some algebraic rearrangement and taking into account that
Ap = Al = A.
Equation 4.15 predicts that the magnitude of the observed
film-thickness transition will always be smaller than or equal to
the molecular diameter. It should furthermore depend on kn, which

4 Discussion

has, however, never been observed experimentally. Rather, the
jump distance seems to be independent of kn. Believing the experimental evidence then would require that the co-factor of kn in
equation 4.15 is small. This in turn means that the magnitude of
the film-thickness transition is more or less constant, independently of the particle and liquid properties. Model A can thus not sat5 Conclusions & Outlook

isfactorily explain a 20% reduction of jump distance as was
observed in the December 2000 experiments (figure 3.12) assuming at the same time that Dx is largely independent on kn.
Note that this main conclusion is general and independent on
both the assumption of linear elasticity as well as the detailed form
of the liquid and particle responses.
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Model B

The derivation for model B) is analogous to model A) and is

1 Introduction

illustrated in figure 4.6:
F s,

c

= F p, c + F l,

c

= F p' + F l' + k n Dx = F s' + k n Dx

eq. 4.16

or
F l, c – F l' = F p' – F p, c + k n Dx

eq. 4.17

and by identifying the liquid and particle forces
eq. 4.18

4 Discussion

3 Results
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( h – 1 )f' – ( hf c – f c )
H c – H'
--------------------------------------------------- A l E l = -----------------A
p E p + k n Dx
Ho
( hf o – f o )
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Figure 4.6: model B with particle and liquid forces acting in parallel to
one another (not to scale). Panel a) sketches the situation right before a
film-thickness transition, whereas the configuration after the transition
is shown in panel b). The number of layers is denoted h; subscripts s, p,
and l refer to the force-measuring spring, the particle and the liquid,
respectively. See text for details.

Taking the following geometrical relationships (cf. figure 4.6) into
account, we may solve equation 4.18 for Dx:
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H c = H' + Dx

eq. 4.19

hf c = ( h – 1 )f' + Dx

eq. 4.20
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eq. 4.21
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fc
- £ fc £ fo
Dx = ---------------------------------------------------------------( h – 1 )f o Ê A p E p
ˆ
1 + ---------------------- ------------- + k n
¯
Al El Ë Ho
By inserting typical values
Ap = p(75nm)2
Ep = 172.109 N/m2 (mica)
Ho = 5 nm
we note that
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ApEp/Ho = 0.6.106 N/m >> kn
Consequently, the k-dependence is small for model B. At the same
time, model B features a k-independent term and thus allows to
account for a 20% reduction of jump distance without simultaneously introducing a significant k-dependence. Model B is therefore

3 Results

to be clearly favoured to model A.
Ap Ep
The ratio ------------- plays an important role in model B. Namely,
Al El
the higher this ratio, the more the observed jump distance will differ from the dimension of the liquid molecules. This effect should be
large for particles of high elastic modulus and high density resulting in a low particle compliance.
In most cases, the experimentally observed jump distance is
close to the molecular diameter; in order to actually get Dx ≈ fo, we

4 Discussion

need to demand that (excluding the possibility of two or more layers
being involved in a single film-thickness transition)
( h – 1 )f o A p E p
---------------------- ------------- « 1
Al El
Ho

eq. 4.22

We note that the condition in equation 4.22 is supported by the fact
5 Conclusions & Outlook

that Ap << Al and (h-1)fo < Ho. But it also requires that the “liquid
elastic modulus” be not significantly smaller than the particle elastic modulus. Consequently, either are the particles very soft or the
liquid forces are unexpectedly large. A third possibility is, of course,
that our model is conceptually wrong. In order to verify or exclude
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this possibility, respectively, some ways of testing the model will be
1 Introduction

suggested in chapter 5.
Refractive
index

As an introductory note, I shall mention that it has been
assumed for a long time that there is an intimate relationship
between the refractive index of a liquid, n, and its density, r. The
details of the suggested relationship vary, but they are all of the
form

2 Experimental

f(n)
---------- = cons tan t
r

eq. 4.23

In the simplest model proposed by Gladstone and Dale [175], f(n) =
(n-1). It is tempting to apply the Gladstone-Dale formula to convert
our refractive index measurements to density. Figure 4.7 re-plots
the refractive index data from figure 3.9, now with a density scale
bar calculated according to Gladstone and Dale added. We note
that the density takes values ranging from vacuum through (bulk)

3 Results

liquid cyclohexane to (bulk) solid cyclohexane.
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Surface separation, D [nm]
Figure 4.7: refractive index data from figure 3.9 replotted. The refractive index has been converted to a mass density according to the Gladstone-Dale formula (right scale). The dashed, dash-dotted, and dotted
line indicate the refractive index of vacuum, bulk liquid cyclohexane [89],
and bulk solid cyclohexane (phase sI, [91]), respectively.
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With this proportionality between refractive index and den1 Introduction

sity in mind, the purely mechanical model may also account for the
observed reduction of the average refractive index as well as the
refractive index fluctuations. To this end, we now need to abandon
the somewhat stringent assumption that the mica does not deform.
A possible deformation pattern induced by two particles is shown

2 Experimental

in figure 4.8.

3 Results

Figure 4.8: deformation of mica sheets as
induced by two particles (not to scale). The
resulting wall corrugation hampers packing
of the liquid molecules,
thereby reducing their
density.

It becomes immediately clear, that such deformations cause a pack4 Discussion

ing problem; the confining walls are no longer parallel but the surface separation is a function of the lateral position (x, y). Recent
Monte Carlo simulations show that such wall corrugation reduce
the liquid density1 [176], which is also rather intuitive. Moreover,
the deformation pattern is not static but changes in a complex way
during an experiment. I refer to the particle height distribution
5 Conclusions & Outlook

here, which is thought to be narrow but certainly not monodisperse.
Therefore, the number of load-carrying particles is changing, and
stresses are hence being redistributed as the surfaces are loaded.
The herewith associated deformations may be such that at a cer1. Although the wavelength of the wall corrugation used in those simulations was much
smaller than the one I would expect in our case, I speculate about the main conclusion still
being valid.
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tain instant, the optical probe samples a region of high packing
1 Introduction

density, but a region of low packing density at the next instant. If
deformations are indeed the governing mechanism, one would
expect two main factors to determine the behaviour of the refractive index, namely i) the nature and geometry of the particles, and
ii) the thickness of the mica substrate, Dmica, which enters the
sheet’s bending stiffness in its third power.

2 Experimental

Influence of
mica thickness

We may reproduce the mica thicknesses used in different
experiments. Table 4.1 summarises the mica thickness, Dmica, the
minimal average refractive index observed, nav, min, as well as the
maximal magnitude of the refractive index fluctuations, Dnmax, for
a series of experiments:

4 Discussion
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Table 4.1: mica thickness and behaviour of refractive index.

Date

Dmica
[µm]

nav, min
[1]

Dnmax
[1]

August 2000

2.757

1.10

0.30

October 2000

2.912

1.25

0.50

December 2000

2.197

1.45

0.08

May 2001

2.699

1.27

0.20

July 2001

3.814

1.39

0.17

January 2002a

5.303

1.45

0.12

February 2002, 1a

2.329

1.56

0.04

February 2002, 2a

2.329

1.55

0.04

October 2001b

2.887

1.12

0.12

a. mica prepared in nonstandard way (mechanically-cut; all
others: melt-cut)
b. cyclohexanol (all others: cyclohexane)
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Although we controlled neither the particle size nor the particle
density, table 4.1 shows some interesting trends, which are graphically represented in figure 4.9.
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b)
1.6

1.4
1.3

C6H12 , melt-cut
C6H12 , mech.-cut
C6H11OH, melt-cut

0.3

Dnmax [1]

nav, min [1]

1.5

C6H12 , melt-cut
C6H12 , mech.-cut
C6H11OH, melt-cut
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Figure 4.9: graphical representation of data in table 4.1 on page 174. The minimal average refractive index, nav, min, shows a correlation with the mica thickness, Dmica, used in the respective
experiment (panel a)). Furthermore, the maximal magnitude of the refractive index fluctuations,
Dnmax, is correlated with nav, min and hence Dmica (panel b)).

i) Among the experiments carried out on melt-cut mica in
cyclohexane (filled circles), the refractive index reduction was
found to become larger, the thinner the substrate and thus the
smaller its bending stiffness for Dmica > 2.75µm in accordance with
the model; a smaller bending stiffness implies larger deformations

4 Discussion

of the mica substrate, which is thought to reduce the liquid density.
An opposite trend is yet observed for Dmica < 2.75µm. This trend
reversal may be caused by the fact that the particle density was
found to be the smaller the smaller Dmica [171]. In the limiting case
of zero particle density, no particle-induced deformations would be
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present at all, which, according to the model, should result in a high
density. The interplay of these two competing mechanisms is
graphically displayed in figure 4.10.
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Figure 4.10: schematic rationalising the observed correlation between
the minimum average refractive index, nav, min, and the mica thickness,
Dmica, as plotted in figure 4.9. The minimum around a mica thickness of
Dmica = 2.75 µm is caused by two competing trends, namely i) an increasing
range of the mica deformation, R, with increasing Dmica (cf. figure 4.3),
and ii) an increase of particle density and thus a decrease of interparticle
spacing, 2r, with increasing Dmica [171]. The non-parallelism of the walls is
maximal and the density hence minimal for R/r ≈ 1.

ii) Experiments carried out on mica, which was prepared in a
nonstandard way (open triangles), also follow the above trend. Note
that this might be coincidence, since, judging from the AFM meas4 Discussion

urements (figure 3.5), the particle density on these surfaces is
small, and it is expected to be rather independent of the mica thickness. Such a situation would correspond to the limiting case of
R/r ≈ 0 in figure 4.10.
iii) There is a clear correlation between nav, min and Dnmax.
The lower the average refractive index, the larger the refractive
5 Conclusions & Outlook

index fluctuations. The cyclohexane October 2000 (not shown in
figure 4.9b)) as well as the cyclohexanol October 2001 (open diamond) measurements do not fit this trend. Whereas a lowered
molecular mobility due to the bulky hydroxyl-substituent may be
responsible for this discrepancy in the case of cyclohexanol, no such
argument may be given for cyclohexane. The unusually large
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October 2000 fluctuations may possibly be explained by a system-

The receding branch showed a different behaviour in different experiments; three cases may be distinguished:
• adhesion and jump-out (cf. for instance figure 3.9a))
• adhesion with large plasticity before jump-out
(cf. figure 3.20)

2 Experimental

• all repulsive, with film-thickness transitions
(cf. figure 3.12b))
To qualitatively understand this behaviour, we consider two snapshots during receding, which shall be separated by a small actuator
step, DA. Before the actuator step, we may write (figure 4.11)
F s ( D ) = F vdW ( D ) + F p ( D ) + F l ( D )

eq. 4.24

to meet force equilibrium. The subscripts s, vdW, p and l denote the
3 Results

force-measuring spring, the van der Waals force acting between the

4 Discussion

mica surfaces, the particle force, and the liquid force, respectively.
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Forces upon
receding

1 Introduction

atic error of the optical zero (cf. page 157).

Figure 4.11: two snapshots during receding. The normal actuator has
been moved by an amount DA between the situations sketched in panels a)
and b), respectively. This actuator movement has changed the load on the
force-measuring spring, Fs, and consequently caused the surface separation to change by DD in order to meet force equilibrium (cf. illustrations
at bottom of figure).

177

A mechanical model

After a small actuator step, DA > 0, force equilibrium demands
1 Introduction

that (figure 4.11)
dF vdW
dF p
dF l
– k n ( DA – DD ) = ---------------- ( D ) DD + --------- ( D ) DD + -------- ( D ) DD
dD
dD
dD

eq. 4.25

provided that all functions Fi(D) are continuously differentiable in
the range of interest. From equation 4.25, we may derive the following condition for the force equilibrium to be stable (by setting

2 Experimental

DA = 0):
dF vdW
dF p
dF l
k n > ---------------- ( D ) + --------- ( D ) + -------- ( D )
dD
dD
dD

eq. 4.26

Solving equation 4.25 for DD yields:
DA
DD = ----------------------------------------------------------------------------------------------------dF p
dF l
¸
1 Ï dF vdW
1 – ----- ◊ Ì ---------------- ( D ) + --------- ( D ) + -------- ( D ) ˝
k n Ó dD
dD
dD
˛

eq. 4.27

3 Results

And recalling that Frec = kn.(D-A), we may furthermore write:
dF vdW
dF
dF
DF rec
DA
------------ ( D ) = k n ◊ Ê 1 – --------ˆ = --------------- ( D ) + --------p- ( D ) + --------l ( D )
Ë
DD
dD
dD
dD
DD¯

eq. 4.28

Note at this point that dFvdW/dD ≥ 0 (figure 4.12), dFp/dD ≤ 0, and

4 Discussion

dFl/dD ≤ 0 in the continuous range (figure 4.4).
0.0
-0.2
Force, F/R [mN/m]
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Figure 4.12: attractive van der Waals force
between two curved mica surfaces (R ≈
10 mm) in water and aqueous electrolyte solution according to Israelachvili and Adams [35].
The Hamaker constant of mica interacting
across cyclohexane calculated on the basis of
the Lifshitz theory [3] is A ≈ 0.8.10-20J.

2

F/R = -A/6D
-20
A = 2.2 x 10 J

-0.4
-0.6
-0.8
-1.0
0

5

10

Surface separation, D [nm]
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dF vdW
dF
dF
---------------- ( D ) + --------p- ( D ) + --------l ( D ) £ 0
dD
dD
dD

1 Introduction

If the relative magnitudes of the dFi/dD terms are such that
eq. 4.29

the equilibrium is stable according to equation 4.26 since kn > 0.
We also derive the constraints that 0 ≤ DD ≤ DA, and DFrec/DD is
strictly smaller than or equal to zero. Furthermore, we note that
dFp/dD(D) may be a rather complex function due to the height and

2 Experimental

density distribution of the particles. Equation 4.28 then merely
tells us that Frec(D) may take virtually any path. In particular, if
|dFp/dD + dFl/dD| is large compared to |dFvdW/dD|, Frec(D) will
be steep and the sum of all DDs small, meaning that as the
force-measuring spring is completely unloaded, the surface separation is still small enough for the van der Waals force to act. In such
a situation, the receding curve will enter the adhesive force
regime (figure 4.13). The fact that we experimentally observe a
3 Results

jump-out means that our initial premise (equation 4.29) must be
violated at that point because otherwise no instability could occur.
This violation may be caused by the particles being completely
unloaded during receding, resulting in a sudden transition from

4 Discussion

dFp/dD < 0 to dFp/dD = 0. Such a scenario would be favoured by
particles which are hard, of large density, and of small height.

5 Conclusions & Outlook

Figure 4.13: the detailed path of the receding branch depends an the force gradients in
the system (cf. text for details). In particular, if the particle force gradient, dFp/dD, is
large, the initial surface separation, Do, is
hardly changed upon receding and a jump-out
may be observed. On the other hand, the
jump-out may be suppressed if dFp/dD is shallow, causing the receding branch to stay in the
repulsive force regime all the way beyond the
range of the van der Waals interaction.
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On the other hand, for soft, large particles, DFrec/DD may be
1 Introduction

shallow because |dFp/dD + dFl/dD| is comparable to |dFvdW/dD|
(but such that equation 4.29 is still valid). This would result in the
entire receding branch lying in the repulsive force regime (cf.
figure 4.13). Consequently, the surface separation at which the
force-measuring spring is completely unloaded is beyond the range
of the van der Waals interaction, and no jump-out may be observed.
To account for periodic film-thickness transitions in such a case, we
2 Experimental

first of all have to assume that the liquid produces a periodic, adhesive force upon receding (figure 4.4b)). Furthermore, equation 4.26
has to be violated, which might be periodically induced by dFl/dD
changing sign at the points marked with arrows in figure 4.4b).

4.4 Influence of various parameters
So far, I’ve tried to rationalise both my force as well as my refrac3 Results

tive index measurements. What is yet to be discussed are the following issues:
• Velocity- and temperature-dependent effects
• Time-dependent effects and reproducibility (page 183)
• Influence of the shape and conformation of the confined liquid molecule (page 184)

4 Discussion

• Influence of particles (page 185)

4.4.1

Velocity- and temperature-dependent effects
The velocity dependence of the forces across cyclohexane was found
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to be weak but present (figures 3.7 and 3.13), whereas the refractive index did not depend on the velocity.
I interpreted the behaviour of the refractive index as being
given by the deformation pattern of the mica substrate. Since the
forces and deformations induced by the particles are not expected
to shown any significant velocity- or temperature dependence in
the velocity- and temperature range investigated, the refractive
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index should thus be velocity- and temperature independent, as
1 Introduction

was indeed found.
As far as the forces are concerned, the observed velocity- and
temperature dependence thus has to be attributed to the liquid
alone. Apart from the data acquired at 45°C, I would not assign too
much physical meaning to the observed differences; at T = 9°C and
25°C, the variations are so small that they lie close to the error
bars (in the case of F/R) or may be explained by a small lateral off2 Experimental

set of the optical probe with respect to the PCA (in the case of D1).
At 45°C, however, I found that both the distances as well as the
forces were higher, the faster the advancing velocity. Such behaviour may be indicative of liquid molecules being trapped in a
non-equilibrium arrangement. In other words, the system is not
being given enough time to relax to a nicely ordered structure at
high advancing velocities. Moreover, the elevated temperature

3 Results

would tend to make liquid ordering more difficult because the
entropy contribution, which counteracts ordering, increases at
higher temperature. If ordering is indeed suppressed, no
film-thickness transitions should occur. This seems to be confirmed
by figure 3.13. Note, however, that the force resolution is decreasing at high advancing velocities, which may also cause the impression of vanishing film-thickness transitions.
4 Discussion

Figure 3.14a), which shows the temperature dependence of
the forces in cyclohexane, is in line with what has been said above.
Note that these force curves were all acquired at the same force resolution, so that I may safely state the partial disappearance of the
film-thickness transitions at higher temperature. However, no

5 Conclusions & Outlook

well-founded statement concerning the D-offset is possible. This is
because the temperature dependence of the mica thickness may not
have been accounted for correctly by a simple calculation using the
coefficient of thermal expansion determined in figure 2.11. Here, I

1. In an ideal, undeformed crossed-cylinder geometry with R = 20 mm, a lateral offset of
2 µm causes the surface separation to shift by 1 Å.
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refer to a possible error in the coefficient of thermal expansion
1 Introduction

used, as well as to the systematic error in the optical zero induced
by the particles. Moreover, the temperature dependence of the
refractive index and the dispersion of mica was not accounted for.
All these issues would result in a (possibly severe) systematic error
in D. For future experiments, I suggest that the optical zero be
determined at each measurement temperature and that nmica(l, T)
be accounted for according to literature values.
2 Experimental

I attribute the film-thickness dilation found at higher loads
at 45°C (figure 3.15) to local relaxations of the glue layer beneath
the mica sheets. Such relaxation would be induced by locally high
stresses, which preferentially occur in the centre of the contact, and
which would cause the glue layers to get thinner. Consequently, the
silver layers would move outwards resulting in an apparent
increase of surface separation. This idea is supported by the obser-

3 Results

vation that such an effect was found at elevated temperatures and
loads only, which is characteristic of a relaxation process.
There was a clear velocity dependence in cyclohexanol at
30°C (figure 3.28). Higher velocities, as in the case of cyclohexane
at 45°C, caused the film to be thicker at a given load, challenging
the same interpretation as above. At the slowest velocity, evidence
for molecular rearrangement was found. Such rearrangement
4 Discussion

should naturally play a more important role in cyclohexanol than
in cyclohexane, since the hydroxyl substituent should slow down
molecular motion.
Interestingly, cyclohexanol also showed a very pronounced
velocity dependence upon receding (figure 3.28b)). The adhesion
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was (seemingly) higher, the faster the receding velocity. However,
I suspect that this effect is caused by the very high viscosity of
cyclohexanol at 30°C, which prevented the molecules from easily
re-entering the contact zone, resulting in viscous drag. Such viscosity effects should be velocity dependent as observed. This mecha-
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nism could easily be (dis-)proved by measuring at elevated temper-

Time-dependent effects and reproducibility
A very distinct time dependence of the force curves and the refractive index was observed in both cyclohexane as well as cyclohexanol. We may distinguish four cases:

2 Experimental

i) cyclohexane without filter unit (figure 3.8)
ii) cyclohexane with filter unit (figure 3.16)
iii) as-received cyclohexanol (figure 3.27a) and b))
iv) dried cyclohexanol (figure 3.27c) and d))
In case i), the force curve was less step and the reduction of the
average refractive index less pronounced after 5 days. In fact, the

3 Results

average refractive index exhibited a value close to 1.33 at the
smallest surface separations. This is indicative of water, which may
have entered the fluid cell from the atmosphere through the vent
provided for pressure equilibration. Water has been reported to disrupt liquid ordering in the case of both cyclohexane [58] and octamethylcyclotetrasiloxane [116, 125], resulting in the disappearance
of the film-thickness transitions. Water thus seems to be a reason4 Discussion

able explanation for the observed changes. The fact that after the
installation of the filter unit filled with a strongly hygroscopic compound the time dependence was different (case ii)) also supports
this idea.
In case ii), I again observed a “softening” of the force curve,
accompanied by a complete loss of all film-thickness transitions
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4.4.2

1 Introduction

atures.

and an increase of the refractive index. Thus, water does not seem
to play a significant role in this case. Rather, one or more compound(s) of high refractive index seem(s) to be responsible for the
observed changes. The nature of these compounds is unknown, but
their high refractive index reminds me of “polywater”, which kept
many scientists busy in the late sixties and early seventies [177],
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and was attributed to contamination effects. The refill experiment
1 Introduction

shown in figure 3.17 suggests that this high refractive index compound was adsorbed to the mica surface and was not soluble in
cyclohexane. Its presence obviously prevented the liquid from
ordering into layers as indicated by the disappearance of the filmthickness transitions. We may thus state that the liquid ordering
is, at least partially, surface-induced. Note furthermore that the
outermost transitions disappeared first, indicating that this sur2 Experimental

face-induced ordering is of rather long range.
In dried cyclohexanol (case iv), distinct changes had occurred
within one day only, whereas no dramatic changes were observed
in as-received cyclohexanol (case iii)). This behaviour may again be
explained by atmospheric water. Since cyclohexanol is very
hydrophilic, the filter unit is not as effective as in the case of the
hydrophobic cyclohexane. The relative changes induced by the

3 Results

absorption of a certain amount of water should be larger the less
water the liquid initially contained, which was indeed observed
experimentally. The refractive index data also support this mechanism inasmuch as an increase of the refractive index with time was
observed in dried cyclohexanol.
As opposed to these rather long-term changes, the short-term
reproducibility on a certain surface location was found to be very
4 Discussion

good (cf. figure 3.10). This is compatible with the particle model, as
long as no (irreversible) plastic deformations are involved. The particle model would furthermore predict deviations for measurements taken on different surface locations due to the somewhat stochastic nature of the particle size, height distribution, and density.
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Such variability has been demonstrated clearly as illustrated by
figure 3.21.

4.4.3

Shape and conformation of liquid molecules
As mentioned in the introduction, comparing cyclohexanol to
cyclohexane should demonstrate the influence of a substituent.
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Furthermore, it might provide insight into the role of the conforma1 Introduction

tional equilibrium, which is shifted towards the equatorial conformer in the case of cyclohexanol.
Three differences between these two liquids were reported:
• cyclohexanol showed fewer film-thickness transitions,
which were also more sluggish than in cyclohexane
• the refractive index fluctuations were smaller in

2 Experimental

cyclohexanol than in cyclohexane
• the deviation from the bulk refractive index was larger
for cyclohexanol
The presence of the hydroxyl substituent is suggested to make liquid ordering more difficult by breaking the globular symmetry,
thus ultimately resulting in fewer and less clear film-thickness
transitions. This is also reflected by the fact that cyclohexane

3 Results

exhibits a plastic crystalline phase over a large temperature
range [104], whereas the plastic crystalline phase of cyclohexanol is
only stable in a very restricted temperature range [104]. The idea
that ordering is sterically hampered by the hydroxyl substituent
may furthermore be responsible for the larger deviation from the
bulk refractive index in the case of cyclohexanol. Moreover, the
reduced ordering ability does not allow for the density fluctuations
4 Discussion

to be too large.
Since all changes observed between cyclohexane and
cyclohexanol could be attributed to the mere presence of a bulky
substituent, I conclude that the conformational equilibrium plays

4.4.4
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an inferior role on the liquids’ behaviour under confinement.

Influence of particles
Last but not least, I’d like to turn to the most interesting question:
how would a measurement appear if it was carried out on completely particle-free surfaces?
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An attempt towards answering this question was under1 Introduction

taken in January 2002 and February 2002 (figures 3.22 and 3.23,
respectively). However, no clear picture emerged from those experiments, which were carried out on mechanically-cut, i.e. almost
clean mica sheets (cf. figure 3.5). Five striking differences as compared to experiments done on melt-cut mica were noted:
i) a much more satisfactory consistency test of the
2 Experimental

optical zero determined in a mica-mica contact,
ii) a shift of the minimal cyclohexane film thickness
towards larger values,
iii) a large variation between experiments collected on
different sets of surfaces and different surface locations,
iv) a greatly increased adhesion on one set of surfaces.

3 Results

v) a (slight) increase of the average refractive index
As already mentioned, the consistency test is expected to be more
precise for particle-free surfaces because in such a situation, the
interferometer definition used to fit the mica thickness is actually
the correct one.
Exactly this effect may be responsible for the fact that much
larger surface separations were observed in the most recent exper4 Discussion

iments. As a mind experiment, let’s assume that the optical zero
was indeed severely wrong in all experiments on melt-cut mica. In
which direction would we have to shift the corresponding data in
order to compensate for such an error? If particles prevent the surfaces from getting into contact, but the mica thickness is forced to
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include this gap layer by specifying an improper interferometer definition, the measured mica thickness, Dmica, will obviously be too
large. Thus, the “true” interferometer definition should feature a
smaller mica thickness, Dmica, true ≤ Dmica. Consequently, a larger
optical distance would have to be assigned to the gap layer, meaning that either the gap layer thickness, the gap layer refractive
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index, or both would be larger than found when using Dmica as
1 Introduction

input for FSC. Indeed, re-fitting of data acquired on melt-cut mica
with Dmica, re-fitting = Dmica - 2.5nm produced force curves and
refractive index data closely reminiscent of the February 2002
results.
Item iii) of the above list clearly indicates that the alternative sample preparation procedure, for the time being, is much less
reproducible than the standard way. Here, I refer to the flakes,
2 Experimental

which were occasionally found on mechanically-cut mica samples
using atomic force microscopy. Such a flake may be responsible for
the sluggish force curve found on SJanuary 2002, 1 (figure 3.22). It is
however not evident that such a flake should shift the force curve
towards larger surface separations over time as observed experimentally–unless its mobility is high enough for it to be displaced
towards the centre of the contact by a series of approaching/reced-

3 Results

ing cycles.
The enhanced adhesion (item iv)) would be consistent with
less particles of lower density and hardness. This would allow the
surfaces to get into close contact, resulting in a correspondingly
high van der Waals adhesion. Note that the adhesive minima occur
at surface separations of D ≥ 8 nm, which, according to figure 4.12,
is actually beyond the range of the van der Waals force. However,
4 Discussion

it is necessary to envision the possibility that the data in figure 4.12
were measured on melt-cut mica as well and consequently suffer
from a (≈ 5 nm) distance offset induced by particles.
According to the particle model, one would not expect the
refractive index to be reduced under confinement if no wall corru-
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gation as induced by particles was present. My measurements
seem to support this view. The observed increase of the refractive
index (item v)) may be explained by ordering of the liquid molecules
into a layered structure reminiscent of a solid.
To come back to the initial question, i.e. how would a particle-free experiment look like, I would like to revisit figure 3.23 and
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note that F/R was very small, i.e. ≤ 20 µN/m, beyond the distance
1 Introduction

range where film-thickness transitions occurred, and then very
steeply increased for D ≤ 10 nm. This gives way to three possible
scenarios, namely:
i) very hard particles of roughly 10 nm height were
present
ii) one or very few, soft particles of ≥ 10 nm height
2 Experimental

were present
iii) no particles were present at all
I consider scenario i) to be very unlikely based on both the consistency test of the optical zero as well as the AFM work. If hard particles of that size had been present, the consistency test should have
severely failed.
Scenarios ii) and iii) are hard to gauge against one another.
3 Results

Both would result in a satisfactory consistency test. The high
refractive index, n = 1.55, would favour ii) because this value seems
to be too high to be explained by the liquid alone.
Anyway, no matter whether scenario ii) or iii) is the correct
one, the final conclusion basically remains the same. Obviously, the
force curves presented in figure 3.23 are not at all or only slightly
altered by the possible presence of particles, and they should thus
4 Discussion

very closely represent the behaviour of cyclohexane alone. This
would mean that the range of liquid ordering is much larger than
commonly assumed. The fact that the forces in figure 3.23 are similar to the forces found in experiments carried out on melt-cut surfaces deserves a last comment. Since the load carried by particles

5 Conclusions & Outlook

should be smaller in the case of mechanically-cut surfaces, the liquid must produce larger forces than in the case of melt-cut surfaces.
This is not unreasonable, if one assumes that the particles on
melt-cut mica with their high density limit liquid ordering to laterally rather small domains. This constraint would be weakened if
fewer particles were present, resulting in much larger areas of
ordered liquid, which could carry the extra load.
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Abstract: the final chapter of this thesis presents the most important conclusions that may be drawn from my work. It furthermore
gives some ideas on what possible extensions could be and which

5 Conclusions & Outlook

4 Discussion

experiments need to be done in order to clarify open questions.
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The limiting
factor

The extension of the dynamic range of our instrument proved
rewarding in many ways. In particular, the enhanced distance resolution as well as the ability to measure the refractive index down
to very small surface separations provided new insights into the
behaviour of confined fluids. Yet, instrumental performance does
unfortunately not seem to be the limiting factor in understanding
the physics of confinement for the time being. Rather, I have demonstrated that particles, which I think are present in most SFA

2 Experimental

experiments, may mask the liquid response and thus hamper the
interpretation of experimental results. Furthermore, such particles
impose a serious question mark on the determination of the optical
zero, on which the interferometric measurement of surface separation and refractive index heavily relies.

3 Results

Consequence on
structural
forces

As a necessary consequence, it has been suggested that the
range of structural forces of certain confined fluids may be larger
than commonly assumed. Furthermore, their magnitude might be
overestimated due to the presence of particles.

Particle-free
mica surfaces

Therefore, my foremost concern is to further clarify to which
extent such particles produce systematic errors in both D and n. To
this end, the alternative method of producing largely particle-free

4 Discussion

mica surfaces via mechanical cutting needs to be improved and
made more reproducible. Since it is not clear at the moment what
the irreproducibility is caused by, further, systematic AFM work is
required. Parameters which influence the cleanliness of the final
mica surfaces may include the quality and source of the mica used,

5 Conclusions & Outlook

the sharpness and geometry of the cutting tool, as well as the
details of the gluing procedure.
Intentional
introduction of
particles

Once reproducibly clean surfaces can be produced, the intentional introduction of particles of controlled size and density will
provide a straightforward way of demonstrating the influence of
particles on the MBI optical zero as well as on the measured dis-
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tances, forces, and refractive indices. Possible routes to introduce
1 Introduction

particles in a controlled way include lithographic or colloidal techniques.
Alternative
substrates

Alternatively, one might think of using substrates other than
mica. A suitable candidate should combine a number of properties;
namely, it should be transparent (MBI), chemically inert, truly
atomically smooth, as well as bendable (or machinable) to a cylin-

2 Experimental

drical form. Finding a material, which complies with these very
stringent requirements, has turned out to be a rather difficult task.
In fact, no alternative has been found yet.
Combination
of SFA with
spectroscopic
techniques

I have concluded that, independently of the presence or
absence of particles, the liquid may sustain considerable normal
forces when under confinement. Such behaviour is routinely attributed to the liquid molecules ordering into layers and consequently
3 Results

being in a “solid-like” state. However, a constraint of the SFA technique is that the structure of the confined fluid may not be deduced
from the measured force in a one-to-one way. Attempts towards
combing the SFA with spectroscopic techniques such as X-ray
diffraction [46] or sum-frequency generation [45] have been presented and seem to be a very fruitful approach, which absolutely

4 Discussion

needs to be persued in the future in order to indisputably identify
or exclude such liquid ordering.
Whether the refractive index is reduced in a fluid confined by
atomically flat and parallel surfaces is somewhat questionable at
the time being because a reduction was exclusively observed on
melt-cut surfaces and never on mechanically-cut surfaces.1 Should
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Lateral
information

the reduction as well as the fluctuations of the refractive index turn
out to be present on clean surfaces as well, their origin would need
to be scrutinised. The time-resolved functions D(x, y, t) and
1. A reservation needs to be made due to the rather bad statistics available for mechanically-cut surfaces.
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n(x, y, t), i.e. the surface separation and the refractive index distri1 Introduction

bution across the entire contact area, will be a central piece of information to answer the question.
Test of
the model

A laterally- and time-resolved representation of D and n
would also be useful to test the model suggested for melt-cut surfaces. Particles should manifest themselves as visible deformations
of the contact geometry, and the lateral distribution of n may be

2 Experimental

correlated with the position of the particles.
The idea of intentionally introducing particles of controlled
size, density, and mechanical properties into a system with initially
particle-free surfaces would allow one to test some of the model predictions, such as the absence or presence of adhesion upon receding
depending on the compliance of the particles, or the magnitude of
the film-thickness transitions depending on the density and elastic

3 Results

properties of the particles. Model B) as presented in chapter 4 furthermore predicts that the jump distance should depend on the
spring constant of the force-measuring spring, the dependency
being significant for spring constants larger than some 106 N/m.
According to equation 4.21, the jump should virtually vanish for
spring constants much larger than that. This suggests carrying out
a series of experiments using different, in particular rather high,
4 Discussion

spring constants. Note, however, that for very large kn, the glue
becomes the softest component in the system, and it will hence play
the role of the soft spring. Using glues of different mechanical properties may help to discriminate contributions by the liquid and the

5 Conclusions & Outlook

glue, respectively.
Alternative
liquids

Working with liquids other than cyclohexane or cyclohexanol
does not seem to be very rewarding for the time being, but might
become interesting once the particle issue has been resolved, and
the true liquid properties may be observed directly. Obvious extensions of the present work include the use of liquids with a rigid
rather than a flexible ring (e.g. phenol), as well as substituting one
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or more hydrogen atoms of cyclohexane by deuterium in order to
1 Introduction

investigate the influence of small changes in molecular mass and
moment of inertia.
The suggested link between a liquid’s ability to form a plastic
crystalline phase and the observation of layering under confinement may be (dis)proved by using a series of substituted cyclohexanes other than cyclohexanol, such as for instance cyclohexanone,
chlorocyclohexane, and bromocyclohexane, listed in the order of
2 Experimental

decreasing ability to form ODICs. If the link indeed exists, there
should be a correlation between the temperature range over which
the ODIC phase is stable and the number and form of film-thickness transitions observed in SFA experiments.
The behaviour of confined fluids is of great relevance to tribology and lubrication. I’ve shown that the refractive index of

3 Results

cyclohexane between melt-cut mica surfaces under shear shows a
reduction of its average value with fluctuations being superimposed. Assuming that the refractive index is proportional to the
mass density, this observation implies that most liquid molecules
leave the centre of the contact area - an effect which one certainly
would want to avoid in the case of a lubricant. Although the “surface roughness” encountered in our experiments is mainly deter4 Discussion

mined by the particles and greatly differs from the roughness of
engineering surfaces, further SFA friction experiments are necessary in order to develop a fundamental understanding of the mechanisms causing friction in macroscopic systems.
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Tribology &
lubrication
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