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Abstract

The optics of liquid crystals (LCs) lay an important foundation for LC displays and the
mechanics of LCs are the backbones of LC elastomers that are promising materials for
artificial muscles. Despite broad prospects for applications, it is still a challenge to
precisely measure both optics and mechanics at the nanoscale. Here both optical and
mechanical responses are simultaneously probed by the Surface Forces Apparatus to
understand how optical anisotropies of LCs interact with the birefringence of the mica,
and how mechanical anisotropies of LCs interact with anchoring conditions and the

confinement.

Optically, the birefringence of nematics adds complexities to the two intrinsic
birefringent mica surfaces for multiple-beam interference. The phase retardation by
multiple birefringent layers is a result of composition by the phase retardation from each
layer and their relative intersection angles, which is intuitively understood by the
parallelogram rule that is similar to the geometrical composition of forces but with double
intersection angle. The simulation based on 4x4 matrices is used to reconstruct the
interaction of fringes and to compare the deviation of average wavelengths in the same

chromatic order and isotropic wavelengths generated by the average refractive indices.

Mechanically, LC behaviours result from the competition among surface anchoring,
elasticity of LCs and confinements. During the retraction of surfaces, the neck of
cholesteric layers is broken by the innermost circular dislocation defect that serves as a
bulk crack with the opening mode of fracture, producing periodical twist transitions and
structural forces. During the approach of surfaces, three regimes, constrained, stick-slip

and sliding-slip, of cholesteric mechanical windings are observed with the time evolution



of the surface anchoring. The onset of three regimes and the retardation of twist
transitions results from the balance between the twist elastic torque and the frictional
surface torque, namely the anchoring torque and the viscous torque, which is analogous
to friction torque in rotational friction. The deviation of the anchoring angle on surfaces
provides evidence of interfacial ruptures, with tearing or sliding mode, described by the
paradigm of fracture mechanics for the onset from static frictions to kinetic frictions. This
thesis sheds light on the understanding of boundary effects on permeative flows, frictions,

fractures, yield stress materials, adhesions and biomechanics.
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Astratto

L'ottica dei cristalli liquidi (CLs) fornisce un importante supporto nel campo degli
schermi a CL, e la meccanica dei CLs costituisce la spina dorsale dei cristalli liquidi
elastomerici i quali sono materiali promettenti per i muscoli artificiali. Nonostante le
vaste prospettive di applicazione, accurate misurazioni ottiche e meccaniche su scala
nanometrica sono ancora una sfida aperta. In tale ambito le risposte ottiche e meccaniche
sono simultaneamente testate dall'apparato delle forze di superficie allo scopo di
comprendere come le anisotropie ottiche dei CLs interagiscono con la birifrangenza della
mica, e come le anisotropie meccaniche dei CLs interagiscono con le condizioni di

ancoraggio e con il confinamento.

Otticamente, la birifrangenza dei nematici aggiunge complessitaalle due superfici di
mica intrinsecamente birifrangenti a causa dell'interferenza a pitifasci. 1l ritardo di fase
di piastrati birifrangenti €il risultato della composizione dei ritardi di fase di ciascuno
strato e dai loro relativi angoli di inserzione. Ciosi comprende in modo intuitivo dalla
regola del parallelogramma, che &simile alla composizione geometrica delle forze, ma
con un duplice angolo di inserzione. La simulazione basata sulle matrici 4x4 eusata per
ricostruire le interazioni delle frange e per confrontare la deviazione delle lunghezze
d'onda medie nello stesso ordine cromatico, nonché le lunghezze d'onda isotropiche

generate dalla media degli indici di rifrazione.

Dal punto di vista meccanico, i comportamenti dei CLs sono il risultato della
competizione fra I'ancoraggio di superficie, I'elasticitadei CLs e il confinamento. Durante
la retrazione delle superfici la porzione degli strati colesterici soggetta a tensione erotta

dal difetto di dislocazione circolare pitiinterno che funge da spaccatura di volume con

vii



modalitadi frattura aperta, producendo transizioni di twist periodiche e forze strutturali.
Nell'avvicinamento delle superfici si osservano tre regimi a carico dell'inviluppo
meccanico dei colesterici con evoluzione temporale dell'ancoraggio di superficie: regime
vincolato, adesione allo scorrimento (stick-slip) e slittamento (sliding-slip).
L'instaurazione dei tre regimi e il ritardo delle transizioni di twist risultano dal bilancio
tra la coppia di torsione elastica e la coppia di attrito di superficie, cio€la coppia di
ancoraggo e la coppia viscosa, che el'analogo della coppia di attrito rotazionale. La
deviazione dell'angolo di ancoraggio sulla superficie fornisce l'evidenza di rotture
all'interfaccia, con modalita di strappo e scorrimento, descritte dal paradigma della
meccanica della frattura per il passaggio dagli attriti statici a quelli dinamici. Questa tesi
vuole gettare luce sulla comprensione degli effetti di confine in flussi permeativi, attriti,

fratture, tensione di snervamento dei materiali, adesione e biomeccanica.
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1 Introduction

1.1  Liquid crystals

1.1.1 Liquid crystal phases

Liquid crystals (LCs) are central to a huge commercial market worth 100 billion dollars
each year mainly in LC displays’. On top of this, they are also of great scientific interest
for the fundamental understanding of condensed matter structure?, biological self-
assembly® and even cosmic strings*. As the name implies, LCs are a mesophase?
connecting liquids and crystals. There are two types of LCs that are formed by rigid rod-
like or disc-like molecules, namely thermotropic LCs that are temperature-dependent and
lyotropic LCs that are mainly concentration-dependent. For both types, several phases
are formed during phase transition depending on either temperature or concentration,

shown in Fig. 1.1.

For thermotropic LCs, an isotropic phase that is similar to a simple liquid is formed at
high temperature, with molecules freely moving and rotating without any positional or
orientational order?. By decreasing the temperature from the isotropic phase a phase
transition can occur, shown in Fig. 1.1. The long axis of the rod or the axis perpendicular
to the plane of the disc, tends to point along a certain direction, called director n,
introducing orientational order but still lacking positional order. This is known as a
nematic phase. At this nematic phase, if the molecules are chiral>’ or are subjected to
structure mismatch®, confinement® and chiral dopants'®, chiral nematic phases with
periodic helical structures can also emerge, called cholesterics. Further lowering the

temperature will result in a second transition a phase with orientational and one-



dimensional positional orders, known as a smectic phase. This positional order brings
about layer structures with a periodic thickness comparable to the molecular length.
Molecules mostly move within layers, but occasionally they also jump across layers
called self-diffusion!!. Furthermore, a columnar phase with orientational and two-
dimensional positional order appears at a lower temperature, where molecules can only
diffuse along one dimension parallel to the molecule direction. Finally, crystals with
positional and orientational order arise where molecules vibrate around a hexagonal
lattice point over a long time. Those phases mentioned above usually appear reversibly
during heating up of the sample, though which phases occur will depend on molecular

properties!?*® of the LC, such as aspect ratio, rigidity and polydispersity.

director

—) Isotropic

Smectic

Nematic

—)» Nematic

Isotropic

Crystaline

Cholesteric

—>» Smectic

Columnar

Figure 1.1 Schematic diagram of different LC phases and density-induced phase separation in

the experimental sample, the figure is adapted from reference?.

The nematic-isotropic transition is usually a first-order transition that is discontinuous,

unless molecules are strongly confined on the surface or by geometry!’. The transitions



between phases are characterized by an orientational order parameter? S as shown in Fig.

1.23,

c o'd-1y (1.1)

where Jis the angle between the molecular axis and the director n, and < > is the average
over all molecules. If all molecules are parallel to the n, J'is 0 producing S = 1, whereas,
in the isotropic phase, molecules orient randomly giving S = 0. The order parameter S
decreases from smectic C with molecules tilted on the layer planes to smectic A with
molecules perpendicular to the layer planes, nematic then isotropic phase with increasing

temperature, and the transitions between different phases are sharp®, shown in Fig. 1.2a.
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Figure 1.2 Phase diagram of thermotropic and lyotropic LCs. (a) Order parameter during the

thermotropic phase transition from smectic C (SmC) to smectic A (SmA), nematic (N) and isotropic
(I) phase as a function of temperature. (b) Lyotropic phase diagram as a function of temperature and

concentration. The figure is adapted from reference®.

Phase transitions in lyotropic LCs are mediated by the concentration of solute and
temperature. However, the interaction between solute and solvent, such as the

hydrophobic effect'®, also changes the morphology of self-assembly. For example, one



of the most common lyotropic LCs is formed by amphiphilic molecules that play an
important role in cell membranes, shown in Fig. 1.2b. The most stable phase, whether
spherical micelle to hexagonal phase or lamellar phases, is mainly determined by the
packing parameter'®2! which varies with concentration, which is consistent with free

volume effect? for LCs.
1.1.2 Liquid crystal anisotropy

Like crystals, LCs also show anisotropy on both their optical and mechanical properties.
Due to their flow properties, the anisotropies in LCs are even more complicated than in
crystals. For example, when LCs are subjected to shear flow, there are 3 viscosities
detected in different configurations of molecule orientation with respect to the shear
gradient and shear direction, which are called Miesowicz viscosity coefficients?®. The
anisotropies actually simplify the applications by external control. Taking the dielectric
anisotropy for instance, LCs can be controlled by electric fields, which is vital for LC
display. More details about optical and mechanical anisotropies will be shown in section

2.2.
1.1.3 Frank free energy density

According to elastic continuum theory and ignoring molecular details of the LCs, Frank
or distortion free energy density G, is used to describe the free energy of a LC under

distortion with three main elastic deformations:
1 2, 1 2, 1 2
Gd=EK11(V-n) +5K22(n-v><n) +EK3:(nXV><n) (1.2)

where K; ; K, ,and K5 sare the elastic constant of the fundamental splay, twist and bend

distortion modes shown in Fig. 1.3. These elastic constants are typically 1-20 pN and play



a large role on the molecule distributions in a certain geometry thus also determining the
defect positions?* 2 and assisting self-assembly?®. For instance, the splay-bend transition
has been observed in a wedge when the opening angle increased, mediated by

competition of boundary conditions, confinements and elastic constants®.

— — - - Il N
— — -
Splay, K, Twist, K>, Bend, K3
Figure 1.3 Schematic diagram of splay, twist and bend distortions in LCs, corresponding elastic

constants are Ki1, K2, and Kas.

A recent study?’ using atomistic molecular simulation has successfully extracted all the
elastic constants from simulation, providing an understanding of the morphology of LCs
confined in complicated geometries?® 2° and allowing the design of new materials with a

precise prediction of elastic interactions.
1.1.4 Defects in liquid crystals

The rotational symmetry of nematics is easily broken by local distortions, such as flow,
boundary or fields, causing defects called disclinations including line and point defects?.
One of the most profound phenomena is the tuneable defects around a spherical particle,
shown in Fig. 1.4, where 3 types of defects are formed depending on particle boundary
conditions called surface anchoring®® 3933, With homeotropic anchoring where the
molecular director is perpendicular to the particle surface, either dipolar hedgehog defect
or Saturn-ring defect around particle equator are observed depending on the particle
radius. The former defect is usually observed in larger particles®2. With degenerate planar

anchoring where directors of molecules are randomly distributed but parallel with the



surface, Boojum defects are found on both poles of the particle. Those defects with
quadrupolar and dipolar symmetries can induce attractive elastic interaction analogous to
electrostatics that assists and stabilizes self-assembly of colloidal lattices?®. More
complicated elastic hexadecapole, a combination of Saturn-ring and Boojum defects,
which has also been reported by adjusting the conical surface anchoring®* *°. This
symmetry breaking can also be hidden if a disk that is thin enough, less than 100 nm, is

used to align LCs, in which case the LCs cannot be distorted by the foreign substance®.

In cholesterics or smectics, breaking of translational symmetry, namely positional order,
causes dislocations including edge and screw dislocations that are analogous to
dislocations in solids. The edge dislocations in cholesterics are easily observed in the
Grandjean-Grandjean-Cano wedge®’ since the period of rotation is large enough to be
observed under an optical microscope. The position of dislocation in the edge is mediated
by the competition of the boundary interaction and the Frank elastic energy?*. With strong
boundary interaction, the disorder of dislocations is repelled to the centre away from the

surface, while it is attracted to the surface with weak boundary interaction.
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Figure 1.4 Defects formed around spherical particles, figures are adapted from reference?®. (a)
Dipolar hedgehog defect formed around particle with homeotropic anchoring and large radius. (b)
Saturn-ring disclination defect around particle with homeotropic anchoring and small radius. (c)
Boojum defects around particle with planar anchoring. Green lines are director n streamlines of LCs.

Black dots and Saturn-ring are defects.



Defects in LCs act like totally melted regions where LC molecules self-diffuse faster
compared with bulk®. However, this disordered region increases the viscosity for the
diffusion of large particles which pin to the defects®. Therefore, those defects serve as a
guided template to arrest and self-assemble particles*® and the arrested particles, in turn,

stabilize the defect network altering rheology and strengthening mechanical properties*!

42

1.2  Cholesteric liquid crystals

1.2.1 Tuneable selective reflection

On one hand, cholesterics share similarities to nematics as implied by the name chiral
nematics; on the other hand, cholesterics behave like smectics because of the layered
structure and mechanical instability®, except that structures of defects are different. The
helical structure with 2z rotating periodical length called pitch P gives rise to a Bragg
reflection that selectively reflects light forming a bandgap as shown in Fig. 1.5. Only
circularly polarized light with the same handedness as cholesterics will be reflected, as a
result, at least 50% of non-polarized light is transmitted*® *. The edge wavelengths 4,
and A, of the bandgap are determined by ordinary u, and extraordinary u, refractive

indices and pitch P of LCs with normal incidence,

Ao = UoP, Ae = lUeP, (1.3)

Therefore, LCs with higher birefringence or larger pitch produce a wider bandgap. This
allows the bandgap to be tuned by changing pitch through external stimuli with a certain

LC. Some common methods, such as electric field* 6, magnetic field*’°, light>® °1,



doping®? %3, temperature®* or stress® %8 have been applied to tune the bandgap over the

range from infrared wavelength to ultraviolet wavelength®®,

(a) incident light reflected light (b)
== - ' 0K
= nt S
—~—— b Ne % 0
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_ e § 0}
—
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——— ——— / 0k
- e & 5312V R
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e 40 . . .
e 500 550 600 650 700
Wavelength (nm)
Figure 1.5 Tuneable selective reflection of cholesterics. (a) Bragg reflection forming bandgap

with 50% reflection, no and ne are ordinary and extraordinary refractive indexes respectively, the
figure is adapted from reference*. (b) Tuneable selective transmittance as a function of wavelength

with electric fields, the figure is adapted from reference®.

1.2.2 Applications

This unique bandgap characteristic, sensitive to external stimuli, opens up many
possibilities for commercial application. For example, cholesterics, especially polymer-
stabilized cholesteric®?, are used in displays with no power supply because they keep the
static image without power. The temperature-responsive property makes cholesteric
phase a good candidate for temperature sensors such as fever thermometers®? or smart
windows®3, Especially in summer, heat increases the cholesteric pitch in the smart
window that reflects redundant infrared wavelength at high temperature, but when the
temperature cools down that decreases pitch allowing infrared wavelength to go through
heating up the house. Additionally, cholesterics are used as colour filters® or for pumping

the laser through bandedges®®.



1.3 Surface anchoring

1.3.1 Extrapolation length

When LCs are close to a surface, van der Waals forces attract LC molecules forming
epitaxial layers of molecules®®-%, similar to the way in which a charged surface develops
a Helmholtz layer and adjacent Debye layer'® °, If the surface is also anisotropic, such
as in muscovite mica or gypsum, usually there exists one or a few preferential positions
called easy axes that anchor molecules, which minimizes free energy?, shown in Fig. 1.6
for the nematics. The energy that prevents the molecules from moving from the easy axis
to a certain position is called anchoring energy. In Fig. 1.6a, 6, and &, are deviation

angles to the z axis on wall 1 and wall 2 respectively,

26 _ 8p—5,
FRiaira (1.4)

where &, is the fixed angle, D is the distance between wall 1 and wall 2, y is the axis
perpendicular to the wall. Then this function can be plotted with § as a function of v,
therefore the extrapolation length L on the intercept of the y axis is obtained. The
extrapolation length corresponds to the virtual depth inside the substrate where the
molecule follows the easy axis, which is added up to the effective distance in free energy

calculation”. By minimizing bulk energy and surface energy,
_K2
L= (1.5)

where K, ,is twist elastic constant, and W is anchoring strength, anchoring energy
coefficient. There are three principal types of anchoring, namely planar (tangential),

conical (conic) and homeotropic (perpendicular) anchoring. For planar anchoring with



one easy axis, the anchoring is known as homogeneous (non-degenerate) planar
anchoring. With multiple axes, degenerate planar anchoring occurs. Conical anchoring is

tilted anchoring between planar and homeotropic anchoring.

Wall 1 Nematic Wall 2

(@) z I | (b) 5
sy o i
of ga;xis ] / Wall\ fe:l;rif;rcle Bulk nematic
l’)‘ﬁ /
. 7]
— d, op
< }g\ /7’ \ -

0 ¥
/ | Easy axis L
y / of wall 2

f / 1

Figure 1.6 Schematic diagram of extrapolation length, figures are adapted from reference?. (a)

Configuration of nematic LCs distributing between two walls at a distance D apart, 8y, &,, and &,

are deviation angles from the easy axis of walll at distance y = 0, y and D respectively. (b) Deviation
angle § as a function of distance y, a is the distance within which molecules are affected by the wall,

L is extrapolation length.

In section 1.1.4, it has been shown that position of defects around a particle or between
wedge is related to the type of anchoring, anchoring strength, Frank elastic constant and
radius of the particle. Here extrapolation length L in equation 1.5 is used to characterize
the interaction between LCs and particles. If the particle radius is much smaller than the
extrapolation length, there is no defect around the particle, which is the case with the thin
disk mentioned above. If the particle radius is larger than extrapolation length, the
competition of elastic energy with different elastic constants and anchoring energy leads

to different defects, which could be understood by topological theory?®.

1.3.2 Anchoring energy

10



Anchoring energy sometimes is ambiguously referred to surface energy or adhesion
energy’® that describes the interaction of an isotropic liquid with the surface. Since there
exists easy axis minimizing free energy, the surface energy G, must have an anisotropic
part’® 7274 that depends on the polar angle 6, and azimuthal angle ¢, of molecules at the

easy axis,

Gs = G5(6o, @o) + W (B — 6, @ — @g) (1.6)

where G¢(6,, @) Is the free energy function at the easy axis, W (8 — 8y, @ — @) Is a
function that describes anchoring strength at deviated polar angle 6 and azimuthal angle
@, W is anchoring strength. If only polar anchoring of free energy G,(6) is considered

and neglect the higher-order terms in Taylor expansion for non-ferroelectric LCs’#,
Gs(8) =Wy +W,c 0?9 (1.7)

where W, is polar anchoring coefficient or polar anchoring strength, W is a coefficient

that is not related to angle. Generally, the anchoring potential ™ is given,

1
Gs(8) = —~W(n - ny)> (1.8)
where n and n,, are the unit directors on the deviated position and easy axis respectively.

Usually, the strong anchoring strength W is estimated by de Gennes’ dimensional

argument assuming that extrapolation length b is equal to the molecular dimension a,,,,

namely %z £ =1 0%3-1 0% Jm?, where K is elastic constant®> > 2. But for

am

experimental measurements, the polar anchoring strength W, is in the range 1 07 —

1 03 J/m? and the azimuthal anchoring strength W/, is one or two orders lower’2. Strong
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anchoring exists on freshly cleaved crystalline surfaces® " ’® such as mica on which 4-

Cyano-4'-pentylbiphenyl (5CB) molecules are parallel to the surface.

It has been shown that computational chemistry is able to predict the anchoring status of
molecules on certain surfaces by taking into account the energy interaction of surface,
molecules and the water adsorption based on first-principles calculations’” "8, This
method provides a rational way to design and predict the anchoring status and strength,

which opens up lots of possibilities on Al-assisted experiments’.

1.4 Liquid crystals in constraints

In a broad sense, constraints could be more than just small geometry, for instance,
constraints can include surface adsorption of molecules or direction control of molecules
by external fields. It has been shown that epitaxial growth of molecules on surfaces
resulting in structural forces is ubiquitous whether it is confined by two plates or not®% 82,
Further, confinement induced Saturn-ring defects® or focal conic defects®® can be
replicated with the application of external fields. Those methods share a common ground

that aligns or commands orientation of LCs in a certain direction.

1.4.1 Surface alignment

There are several methods®* to induce anchoring alignment on surfaces other than natural
surface alignment. One of the most common and easiest ways to induce alignment with
the surface is to rub the surface with a cloth in one direction that orders molecules in the
same orientation. A widely accepted theory to explain this rubbing is that friction creates
grooves®®" and the alignment along the grooves minimizes the distortion energy, similar

to the concept of easy axis but in a geometric manner shown in Fig. 1.7a. However, if the
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surface is equally rubbed in two dimensions causing roughness, those molecules tend to
be perpendicular to surface avoiding elastic strain energy®> 8. Another way is to coat
self-assembled monolayers to align molecules by epitaxial growth®® % of LC layers on
the top of it giving rise to homeotropic, conical or planar anchoring depending on the
density®, molecular structures or texture of the monolayer®* %, shown in Fig. 1.7b. This
self-assembled monolayer could also be controlled by external stimuli, like temperature®,
light®™ %, jon beam® or chemicals’, to adjust the anchoring strength and orientation,
which in turn can be used as a sensor to visualize external stimuli®® *°, Some chemicals
even with extremely small amount can bring about anchoring transition® that is easily
distinguishable by eyes. Additionally, oblique deposition of an evaporated layer could

generate tilted conical anchoring®®:.

Figure 1.7 Mechanism of surface alignment. (a) Schematic diagram of rubbed grooved surface,
n is molecular director, 6y and 6y are projecting angle of director on x and y axes respectively, the
figure is adapted from reference®. (b-d) Configurations of self-assembled monolayers in top panels

and corresponding LC alignments in bottom panels, figures are adapted from reference®.

Bounded by the surface, not only the order parameter but also the nematic-isotropic

transition temperature will be changed’, shown in Fig. 1.8. With a weak surface energy
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potential on semi-infinite surface, order parameter at the boundary is increasing but the
transition temperature is still the same compared to the case without surface energy
potential. With higher surface energy potential, both order parameter and transition
temperature increase, at some point reaching critical surface energy potential, the

transition becomes continuous from first order to second order.
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Figure 1.8 Boundary effect on order parameter and phase transition, the figure is adapted from
reference’®. (a) Nematic-isotropic (N-I) phase transition as a function of surface energy potential G
and temperature T, the dashed line is the transition temperature Ty without surface energy potential,
the dot-dash line is the transition temperature at certain surface energy potential G. (b) Order
parameter S as a function of temperature T with 5 surface energy potentials G as (a). Go is maximum
potential that does not change the transition temperature, G is critical potential that vanishes the first-
order transition, dashed line is critical order parameter S¢ during N-I phase transition without surface
energy potential, the centre line is critical order parameter during N-I and I-N phase transitions with

various surface energy potential.
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Furthermore, boundary effects, such as boundary fluctuation, have been found to add
intriguing phenomena, namely sub-diffusion and super-diffusion!®?, to the already
complicated anisotropic diffusion'®1% that is a result of competition between elastic
stress and defects around particle both in nematics and cholesterics. How exactly surface
chemistry plays a role on LC behaviours is still an open question, especially on a molecule

levell%,

1.4.2 Liquid crystals in confined geometry

LCs have been confined in different geometries which can be classified into plates,

spheres, tubes or combined complex geometries, such as fractal'® or porous structures®.

The same study as Fig. 1.8 also considered the order parameter and phase transition
temperature as a function of confined thickness between two parallel plates, where
stronger confinement with small thickness shifts both bulk and boundary transitions to
higher temperatures, finally reaching second-order transitions!’. However, the bulk
transition that is less affected by confinement than boundary transition, makes the
boundary transition disappear at certain distance confinement. The author!’ calculated
that for typical LCs, below 200 nm confinement with anchoring energy 0.15 mJ/m?,
which is close to the upper range of common anchoring, would be able to see continuous
phase transition. These predictions were proved firstly in thin-film and droplet
confinement witnessing an increase of phase transition temperature!'® and continuous
paranematic transition'! respectively, also by a more recent experiment done in silica
tubes which showed second-order transition'2, It would still be interesting to see if the

boundary layer will melt into the bulk transition.
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With spherical confinements, such as droplets!®3, tactoids''* or shells''® 1 more
morphologiest!® than defect configurations around particle with nematics have been seen
under the competition of sphere radius, elastic constants and anchoring energy, shown in
Fig. 1.9. Besides, controllable frustrated structures were also seen in the droplet shells*'”
118 Moreover, cholesteric defects also self-assemble into different screw dislocations in
droplet confinement depending on anchoring and diameter of droplet'®*2!, which has

been used for lasert??.

(a) (b) {c)
(d) (e) (f)

Figure 1.9 Nematic configurations in droplets, the figure is adapted from reference!’s. (a-c)

Morphologies with homeotropic anchoring. (d-f) Morphologies with planar anchoring.

1.4.3 Magnetic and electric responses
1.4.3.1 Fréedericksz transition

LCs are responsive to magnetic and electric fields due to their diamagnetic and dielectric
anisotropies which are very important in display applications switched by external fields.
Particularly, when a nematic is confined between two plates with strong anchoring, the
competition between elastic energy and electric fields (or magnetic field) results in a

threshold voltage that distorts molecule orientation, which is called Frédericksz
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transition'?®, Taking the twist case with nematics distorted by the electric field as an
example, where X, y coordinate system lies in the plane containing plate, the z axis is
perpendicular with plate, the easy axis of planar anchoring is parallel with the x axis, the
electric field is parallel with y, and the angle between the director of molecules and x axis
is @, then the free energy density G, is calculated by twist elastic energy and electric

energy?,

1 d 1 :
Ga =K, id_§2 — EeerEZ s i@ (1.9)

where K, ,is twist elastic constant, ¢, is the dielectric constant of vacuum, Ae is the
dielectric anisotropy of LCs, and E is electric field strength. By minimizing free energy

with respect to ¢, a critical field E,. is obtained,

_T | K32
E =" /EOAE (1.10)

(1.11)

where d is sample thickness, and V, is the critical voltage threshold which is typically a
few volts independent of sample thickness. This critical voltage only orients the middle
plane of the sample. With increasing voltage, also the molecules close to the wall will
gradually be oriented'?*. Usually, inevitable ionic impurities in LCs will move along the
electric field, creating a counter-field that compensates the effective voltage. As a result,
AC fields at frequency 50 or 60 Hz are commonly applied in the display to suppress the

ion mobility'?,

For a magnetic field, the magnetic threshold H,. is very similar to the electric threshold,
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K.
H, = g /ﬁ (1.12)

where Ay is the diamagnetic anisotropy.

The Frédericksz transition also applies to distortions related to other elastic constants,
which provides a method to measure elastic constants or dielectric/diamagnetic
difference of LCs. It should be noted that this calculation only applies to strong
anchoring® ", or else, the anchoring energy, such as the Rapini-Papoular potential, needs
to be taken into account, which will lead to, for electric case threshold field E, which is
thickness-dependent since the extrapolation length changes effective thickness of elastic
energy, rather than threshold voltage’. Sometimes the pretransitional epitaxial boundary

layer will also change the effective sample thickness thus changing critical voltage!?®.
1.4.3.2 Cholesteric-nematic unwinding

For cholesterics confined between two plates, the application of magnetic or electric
fields parallel with the plates gives rise to an interesting phenomenon called cholesteric-
nematic unwinding, which was predicted independently by P. G. de Gennes? and R.
Meyer#’, then proved in several studies* ¢ 4% 127 shown in Fig. 1.10. The threshold
electric field E, and threshold magnetic field H, are calculated below considering
competition of twist elastic energy and field,

E, =T |Kez (1.13)

Po E()AE

_ K2z
He =+ /AX (1.14)

where P, is original cholesteric pitch.
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Fig. 1.10a,c shows normalized pitch as a function of normalized magnetic field and
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Figure 1.10 Magnetic and electric responses of cholesterics under spherical Grandjean-Cano

wedge. (a) Normalized pitch by original pitch P/Pq as a function of the normalized magnetic field by
critical field H/H. for cholesteric-nematic transition, the solid line is a theoretical calculation, the
figure is adapted from reference®. (b) Critical field Hc as a function of inverse pitch 1/Py, solid line is
a theoretical calculation, the figure is adapted from reference®. (c) Normalized pitch by the original
pitch P/Pg as a function of the normalized electric field by critical field E/E. for cholesteric-nematic
transition, the solid line is a theoretical calculation, the figure is adapted from reference®. (d) Pitch P
= 2d/n as a function of electric field E, d is surface separation, n is the number of half-pitch, the dashed

line is a theoretical calculation, the figure is adapted from reference!?®,

electric field respectively, which is in agreement with the prediction? %> %8, Fig. 1.10b
confirms the inversed proportion between critical magnetic threshold and pitch?.
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However, R. Meyer*’ also discussed that strong boundary conditions may maintain the
helix depending on the competition between twist and bend elastic constants until the
field threshold is reached. Some other studies!?13 argued that the prediction by P. G. de
Gennes was based on the bulk transition that is free from the influence of boundary. If
the anchoring condition is taken into account under confinement, discontinuous stepwise
(sometimes called stick-slip) unwinding or winding will happen as predicted by different
studies®” 1140 induced by external stimuli, such as temperature, magnetic and electric
field, light, stress. Particularly, a recent paper'*! reported that if the easy axis of one
surface can be rotated in a certain direction on one surface, the cholesterics would be in
three possible different regimes from the free rotation to stick-slip or winding balanced
by surface torque3” 141144 depending on the anchoring strength. Some evidences!?® 145
146 about this discontinuous transition have been reported, for example, step unwinding*?®

by electric field shown in Fig. 1.10d.

1.5 Scope of thesis

LCs show lots of optical and mechanical behaviours that not only share similarities with
liquids and crystals, but also reveal unique characteristics which are subtly balanced by
anchoring strength, elastic constants and confinement. Although tremendous research has
been done in different confined geometries, it is still very intriguing to see how far we
can perform self-assembly with LC elasticities despite its recent progresses?®, and how

much the surface chemistry can affect bulk system%’.

Originally this thesis aimed at using a unique technique, the Surface Forces Apparatus
(SFA), which can simultaneously and precisely measure optics and mechanics at the

nanoscale, to study the optical and frictional properties of LCs under the
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nanoconfinement. At the nanoscale, the epitaxial molecular layers are strongly affected
by surface energy, but may still be controllable by electric fields, which will help the
fundamental understanding of molecular properties at the extreme confinement, and have
the potential of applications on the lubrication in Micro Electro Mechanical Systems
(MEMS) or nanofluidics. The difficulty of the project is the application of large voltage
drop across atomically smooth surfaces that anchor LCs, which has not been achievable
by either rough indium tin oxide (ITO) substrates or insulated mica surfaces that are
commonly used in SFA. Recently, Prof. S. Perkin group at the University of Oxford
developed the Graphene Surface Force Balance (GSFB)*’ that possesses conductive and
atomically smooth graphene surfaces, which makes the project possible. However, during
collaboration, it turned out that the delicate preparation of graphene surfaces takes too

much time, which is difficult for experimental tests.

Fortunately, a side project, initialized at the University of Calabria with 16 months
collaboration in Prof. S. Perkin group, aiming at measuring equilibrium forces of
cholesterics during twist transitions have been going well. The SFA is used to probe the
competition of anchoring, elasticity and confinement with cholesterics subjected to
muscovite mica surfaces that impose strong anchoring. It was found that rich
morphologies including three regimes, constrained, stick-slip and sliding-slip, transform
during the time evolution of the surface anchoring in the mechanical winding of
cholesterics, which clarifies the long-term debate about the anchoring effect on
cholesteric-nematic unwinding. The features of twist transitions are well captured by the
4x4 matrix simulation, and the mechanical windings are expounded with the frictional

surface torque and fracture mechanics.
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Following thesis starts with recent advances of LCs confined in the SFA and experimental
setup from Chapter 2, followed by the analysis of multiple-beam interferometry obtained
from SFA with emphasis on optical simulation in Chapter 3. Chapter 4 shows twist
transitions and equilibrium forces in cholesterics during the surface separation. Chapter
5 shows three-regime forces emerging stick-slip winding mediated by anchoring strength
during the compression of the surface. Finally, conclusions and outlook will be summed

up as closing remarks in Chapter 6.
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2 Background and experimental methods

2.1  Surface Forces Apparatus

2.1.1 Thiswork

The Surface Forces Apparatus (SFA) was developed by J. N. Israelachvili and G. E.
Adams!*® from a prototype which was invented in University of Cambridge by D. Tabor
for surface force measurement!*® 10, |t is based on multiple-beam interferometry (MBI)
that generates “Fringes of Equal Chromatic Order” (FECO) on a spectrometer to measure
the distance between two surfaces, shown in Fig. 2.1a. The precision of the distance
measurement is 0.1 nm (accuracy ~ 0.5-1.0 nm) and the force experienced by the surface
based on the spring system can be calculated with a typical sensitivity of 0.1 uN. With
such precision, SFA has been widely used to detect surface forces'® generated by van der
Waals forces, electrostatic and hydrophobic interactions, frictional or other structural

forces in a medium.

The optics of the SFA are shown in Fig. 2.1a, where collimated white light is reflected
by a mirror to crossed cylinders in which FECO are formed before being transmitted
thought prisms to a spectrometer then a camera. All the optical components are well
aligned to make sure vertical incidence through cylinders, which have typical radius 1-2
cm. Those cylinders are in the form of glass lenses with a thin layer of glue over the
cylindrical face. Onto the glue is stuck a silver-coated mica piece of uniform thickness,
silver side down, resulting in a glass-glue-silver-mica layered structure. The two lenses
are aligned in a crossed cylinder configuration with mica surfaces facing each other. The

silver layers reflect more than 95 % of light'>* and only resonated rays of which optical
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Schematic diagram of the SFA/SFB. (a) Optic setup of the SFA, the figure is adapted

from reference®®. (b) Top-mounted part of the SFB for piezo-controlled movement, the figure is

adapted from reference!®3. (c) Approximate geometry of crossed cylinders with radius R, minimum

distance D, lateral radius r at height h.

path length meets integer wavelength can be transmitted through silver layers, such that

sharp fringes are obtained as shown in Fig. 2.2, similar to a Fabry-Pé&ot interferometer!?,

In order to reach a high resolution of thickness measurement, atomically smooth mica

that is transparent and chemically inert is used®>*. Most importantly, mica is flexible and

can be cleaved with a large and equal-thickness area.

2.1.1.1 The crossed-cylinder geometry

The confinement under geometry between two crossed cylinders with radius R is similar

to the geometry of a sphere with radius R approaching a flat plate*®, shown in Fig. 2.1c,
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when the lateral radius r is much smaller than radius R, which is the typical working

distance in the SFA. This approximate geometry is described as,
T2
h=D+ E (21)

where h is certain height of confinement, corresponding to lateral radius r from the point

of minimum surface separation (i.e. r =0 and D = h).
2.1.1.2 Fringes of equal chromatic order

Fringes of equal chromatic order emerging from the interferometer are shown in Fig. 2.2
where curved fringes are as a result of the spherical geometry, which is useful for
determination of the radius of curvature R. At larger height h, longer wavelengths are
satisfied with the same chromatic order, called red shift. Contact between the surfaces
happens at D = 0 distance. Adhesion between the surfaces in contact leads to a flattening
of the surfaces which is seen in Fig. 2.2a. By comparing wavelengths at D = 0 to those of
known mercury lines, a calibration can be made to allow separation D to always be known.
Usually flattening is due to the deformation of glue since its Young’s modulus is smaller
than mica®®, thus the thickness of mica is considered as unchanged. When the surfaces
are separated with distance D, this distance can be calculated with following equation®®!

by calculating the propagation of light in mica and medium between two sliver layers,

Dy 25 i [M(1-A3/AR)/(1-A3/A%_ )]
ta@m b D) = G e oo/ AR (AR A D) (22)

where y is the refractive index of the medium, A9 and A%_, are wavelengths of the n'" and
n-1" fringes at D = 0 respectively, while A2 is the n™ fringe at distance D, i = tm; /4t

Umi ¢ I8 the average refractive index of mica. The sign = is positive for fringes with odd
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fringes and negative for even fringes, which explains the observed difference in odd and

even fringes. If A2 moves to the position of A9_,, namely AL = A%_,, right the hand side

0
of equation 2.2 is 0, therefore, D = }‘"‘1/211 which provides a simple way to estimate the

distance that the surface moves.

In Fig. 2.2, each fringe splits into a doublet which is due to birefringence and the relative
intersection angle W between the index axes of the two mica surfaces. The two
polarizations  and y in the doublet experience ordinary pug and extraordinary p, refractive
index of mica respectively, which produce different optical paths. More details about

splitting, shape and parity of fringes will be discussed in section 2.2.1 and section C.

Hg Green line Hg Yellow lines

| - g

Figure 2.2 FECO and mercury lines by the SFA, the figure is adapted from reference!®2. (a)
Fringes, Hg green line and yellow lines at contact position in the air, § and y rays experience refractive
index of brownish mica us and y,, respectively, A9 and A%_, arentand n-1™ B fringes at zero distance
respectively. (b) Fringes at distance D. AL and A2_; are n" and n-1" B fringes at distance D

respectively. Dashed line indicates position of B fringe.
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2.1.1.3 Normal force measurements

In a SFA the bottom surface is connected to a cantilever spring that is driven by a motor
with controllable but constant speed. When the bottom surface experiences zero force
F(t) = 0, the speed of surface deduced from the distance profile will be the same as that
of the motor. When the surface speed is smaller than that of the motor, it means that
surface encounters repulsive force F(t) > 0, otherwise, surface undergoes attractive

force F(t) < 0. F(t) can be calculated from the following equation,
F(t) =k(D({t) —Dy+v ¥ (2.3)

where k is spring constant, D (t) is the instant distance at time t, D, is the initial distance
where the motor starts to move, v is constant motor speed which is assumed positive
during the surface approach. Although motor speed v is constant, its exact value of it is
usually deduced from the measured distance profile based on the assumption that at a
large distance no force is encountered. This is because motor speed depends not only on
control voltage applied, but also on the position of thread, backlash or specific

configuration of setup.

The force the surface encounters can be calculated by the Derjaguin approximation®® at
the working distance D much smaller than cylinder radius R, then the free energy per unit

area G between two surfaces is known,
F=2rRG (2.4)

where R = \/R;R,. R, and R, are radiuses of two cylinders, which typically are the same

value.
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For shear motion, the SFA uses piezoelectric bimorph slider shown in Fig. 2.1a to induce
lateral motion and the displacement of spring is detected by a laser beam during the

experiment.

2.1.1.4 Surface Force Balance

Fig. 2.1b shows another version of the SFA, called Surface Force Balance (SFB)
developed by J. Klein'®®, which is also based on MBI to measure the distance and force.
In its early development!®®, mechanical components were simplified to allow easy
assembly and enhanced cleanliness avoiding adsorption of molecules on the device. Later
on, a piezoelectric tube was used to apply normal and lateral motion®3, and a capacitor
probe was used to detect the signal of shear motion which could also indicate the purity
of the liquid during normal motion, such that the resolution of shear force is 0.1 uN,
comparable to typical SFA normal force measurement. The motion of the piezoelectric
tube is very sensitive, but the speed and range of displacement are much smaller than
movement by bimorph slider during shear measurements. Recently several advances of
the SFB were made in S. Perkin’s laboratory. In one experimental setup, graphene is
coated on the surfaces to give electrodes for the application of electric fields'*’. In another,
the set up includes 3 gold mirrors, which can be used to measure small surface separation

for facile application of surface potential’.

In this thesis, both the SFA and the SFB are used to carry out experiments for optics and

mechanics of liquid crystals.

2.1.2 Further examples

More examples of the SFA will be discussed here to show the flexibility of customization

for different requirements of experiments. The newest version SFA 20002 is designed
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to be easily adjustable and customizable, including allowing for some attachments to
increase sensitivity or surface velocity. Recently, a mini version of the SFA called
uSFAD® was designed based on the SFA 2000 to simultaneously measure distance and
observe the sample under an inverted microscope, which broadens the application by

taking advantage of fluorescent or Raman measurement.

X-ray has been adapted to replace white light for measuring orientation and structure of
molecules for both static and dynamic conditions®®, which is very useful for the LC

studies under confinement.

M. Heuberger used a fast spectral correlation®® method, called extended surface forces
apparatus, to extract in situ information, such as surface separation and refractive index,
from fringes to improve precision over very long-range distance, which opens up
possibilities to analyse the results while doing experiments. Following this, precise

temperature control*®! and high-speed measurement!®? were developed.

Capacitor probes have been used to measure the distance and oscillating frequency!®®
without any interferometry measurement that eliminates the need for optical tracking.
This is very important for distinguishing the dissipation and equilibrium forces in a
dynamic way!®4, which is useful for the study of viscoelastic materials or opaque

materials.

S. Granick developed a homebuilt simplified SFA® which focused on minimizing drift
mechanics or temperature at the cost of reducing the precision. It has also been used to

measure the dielectric property of liquids'®®, for example, LCs with different orientations.

2.2 Past studies with liquid crystals confined in the SFA
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2.2.1 Optics of liquid crystals in the SFA

As has been shown in Fig. 2.2, birefringence affects the splitting of fringes. With the
injection of simple liquid, the optics will not be more complicated than that at contact,
since a simple liquid has only a single refractive index. By contrast, LCs confined
between mica add another birefringent layer and create a possible mismatch on optical
alignment, resulting in intriguing phenomena and several puzzles, which generate lots of
difficulties and hinder the further research on LCs using a SFA. This section will review

some representative articles on optics of LCs in the SFA.

2.2.1.1 Phase retardation

The typical evolution of fringe splitting in LCs under planar anchoring with an increase
of surface separation is shown in Fig. 2.3a, where splitting gradually increases at large
distances'®’, due to the birefringence of LCs that increases the optical path difference,
called phase retardation. Although in reality, the optical axis from LCs may have a
mismatch with the index axes of mica, which might be antagonistic with birefringence
from mica, at a large distance the birefringence of LCs is dominant, regardless of the
effect of intersection angle . When the intersection angle ¥ among layers is taken into

account at a small distance, the optics is more complicated.

Firstly, mica-mica at contact position is examined with parallel and perpendicular
intersection angle ¥ as shown in Fig. 2.3b, where a parallel configuration maximizes the
splitting whilst a perpendicular one minimizes splitting resulting in singlet'®, In a typical
SFA setup, cleaved mica, of which three refractive indices o, B and y form geometrical
relationship called index ellipsoid, is with o refractive index axis almost perpendicular to

the [001] crystalline cleavage plane®®®. This simplifies the analysis of mica birefringence
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from biaxial to uniaxial crystal provided that white light is 90 “incident to the surface,
such that rays experiencing y and p refractive index can also be called extraordinary and
ordinary rays respectively. When mica y axes are parallel to each other, the two mica
pieces of equal thickness T are equivalent to a single layer of mica with double thickness

2T, which produces optical path difference or phase retardation Rt between two rays,
Ry =Ry + Rz = 4T(Hy - Iiﬁ) =n(dy, —2Ag) (2.5)

where R;, and R, are phase retardation from first and second layers respectively, n is
chromatic order, A, and Az are wavelength generated by refractive index p, and pg
respectively. When mica y axes are perpendicular to each other, the B ray from the first
layer experiences a refractive index p, in the second layer, therefore, the total phase
retardation is Ry = O giving rise to a singlet. In the general case for all intersection angles,

phase retardation R is given by the empirical equation®™ "%,
Re = 4T (1, — ug)c 0% =n(ly, —2g) (2.6)

where W is the acute intersection angle between the longest index axes of two birefringent

layers.

In the more general case of two different birefringent materials with different thicknesses,
V. Kitaev and E. Kumacheva'® introduced a concept named complex ellipsoid that is
effective index ellipsoid a ray experience through two-layer crystals. This effective

retardation is calculated by,

R; =Ry ¢ 028+ Riyc 02W — &) =n(A, —2g) (2.7)
1 _ s i2w
e=-t hc 03‘”2? (2.8)
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where ¢ is the intersection angle between the complex ellipsoid and first-layer ellipsoid.

(b)

Figure 2.3 Optics of birefringent layers. (a) Snapshots of fringes of 8CB LCs with planar
anchoring at various distances confined in the SFA, the figure is adapted from reference®®’. (A-F)
Distance increases from 0 to 900 nm. (b) Parallel (left panel) and perpendicular (right panel)
configurations of mica surfaces with equal thickness, and corresponding fringes, a, p and y are index
axes of mica, the figure is adapted from reference!®®, (c) Parallelogram rule of the effective index, or
complex, ellipsoid. R, and R, are phase retardation or optical path difference of two layers of
birefringent materials, ¥ is the acute intersection angle of two layers, ¢ is the intersection angle

between complex ellipsoid and first layer R;.

Equation 2.7 and 2.8 describe a parallelogram rule of effective phase retardation R;
calculated by phase retardation R;; and R;, with double intersection angle 2V,
additionally, ¢ is half the angle between diagonal of the parallelogram and first-layer
ellipsoid, shown in Fig2.3c. This parallelogram rule is analogous to the composition of
forces but with double intersection angle 2¥, which provides a simple geometrical way
of understanding optics with LCs in the SFA. Ideally, with the above equations, multiple

birefringent layers and LCs with twist angles can be analysed. Please note that this
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equation is based on the assumption that silver coating is perfect mirror and phase change
or dispersion between layers are negligible. This was confirmed in experiments which

showed a reasonably good match with the theory!¢8.

2.2.1.1 Tuneable phase retardation

Rich phenomena were observed in the SFA by J. Klein et al*’2 173 shown in Fig. 2.4, due
to the anchoring conditions of LCs on mica, namely the anchoring strength, alignments
and transitions. With either parallel or perpendicular configurations of mica, three
orientations of LCs were obtained, regardless of the exact twist angle of the LCs or the
relative angle to mica. For the perpendicular configuration of mica shown in Fig. 2.4a,
firstly, easy axes of anchoring on both mica surfaces are parallel which results in a planar
orientation, where the mica birefringence is cancelled and the doublet of fringe is from
phase retardation between the ordinary and extraordinary refractive index of the LCs, in
addition, the surface experiences repulsive forces. Secondly, easy axes are twisted with a
certain angle that was not indicated clearly in the paper, resulting in planar twisted
orientation and only a singlet resulting from the average refractive index can be seen,
with repulsive forces again, shown in Fig. 2.4a. In last orientation with mica exposed in
air for a long time, some molecules like water in the air might absorb on surfaces, leading
to homeotropic orientation and only a singlet experiencing the ordinary index is observed.

In this case, attractive forces are measured near the contact position.

For the parallel configuration of mica, behaviours of optics are basically the same, except
that fringes at contact are not singlet but doublet. In the paper, it is not clear how the
alignment of mica was made, but from Fig. 2.4c planar and planar twisted orientations

were observed in fresh parallel mica, one can suspect that one of the mica surfaces was
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front-back flipped before silvering, a popular method that allows easy control for mica

orientation!™®,
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Figure 2.4 Anchoring transitions on mica. (a) Three anchoring configurations with mica

surfaces perpendicular with each other, the figure is adapted from referencel’®. n. and n, are
extraordinary and ordinary refractive indices respectively. F/R is the normalized force profile as a
function of distance D. (b) Anchoring transition from the easy axis o, which is 30 “to the index axis

v, to o’ as a result of water adsorption, the figure is adapted from referencel’2. (c) Initial and final

anchoring configurations during anchoring transitions for both parallel and perpendicular mica setups

exposed either for a short or long time in the air, the figure is adapted from reference!’2.

Some studies’® 1™ have shown that easy axes of LCs sit +3 ( alternately to the index
axis y on different mica crystalline layers, and the adsorption of water or other molecules
in the air will bring about the transition of the easy axis to a perpendicular direction,
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shown in Fig. 2.4b as an example. Therefore, after a few days of the water adsorption,
transitions between different orientations happened. However, the exact reasons how
molecules distributed after transition were not clear. At that time, the camera was not
available to take snapshots of fringes, and LC samples might not be well controlled or
treated before experiments, thus it is difficult to interpret more about these intriguing
results now. Nevertheless, this study shows the importance of surface chemistry and
quality control of the sample. More details about LC pre-treatment for experiments done

in this thesis will be shown in section 2.3.

When hybrid anchoring condition, one surface with planar against another with
homeotropic anchoring, is applied, the fringe behaviours are even more complex. Such
hybrid anchoring is expected to create a defect in the contact centre and induce a
transition to planar configuration under strong confinement!’® 176 since the homeotropic
anchoring strength is typically weaker than the planar one. During the transition,
molecules rotate their orientation, changing the extraordinary refractive index and the
relative angle to mica, thus changing the optics of the observed fringes, as shown in Fig.
2.5, where the curvature of the extraordinary fringe is negative at large distance D =
6 n mif that of the ordinary fringe is defined as convex and positive. Subsequently the
curvature of the extraordinary fringe becomes zero then positive with decreasing of
distance before surfaces are flattened at contact. During the whole transition, the
extraordinary fringe is disturbed by thermal fluctuation induced index change’, while
the ordinary fringe is almost unchanged owing to the unchanged ordinary refractive index
of index ellipsoid in a different orientation. Following this, the optics in surface retraction

is mostly reversible.
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Figure 2.5 Snapshots of fringes of 5CB LCs under hybrid (planar-homeotropic) anchoring at
various distances confined in the SFA, figure is adapted from reference!’®. (a) Mica-mica contact in
N, surface separation D = T 1 4 5 1.3 £ 0.2 n mT¢ 1 4 I the thickness of the homeotropic coating
Cetyltrimethyl Ammonium Bromide (CTAB), XA is the wavelength, r is the lateral radius with the
contact point as the centre, oA is the splitting of the doublet, inserted panel is crossed-cylinder setup.
(b) Gradual approach fromD ~ 6 u m(c)D =4u m(d)D=4 6 B8m(e)D — Ty 45 0.6 n mat

maximum compression. (f) D = 2 u nafter retraction from contact.

Engineering anchoring conditions provides a way to manipulate and control the optics of
fringes, yet it is not that easy to tune the anchoring strength on mica. With the mature
development of LC displays, the electro-optical response has been well understood?,
which is much simpler to adjust the orientation of molecules and design optics as needed.
Fig. 2.6 shows how voltage, polarity and ions in LCs mediate the fringe behaviours'?.
With 5CB confined between silver layers avoiding birefringence of mica, smooth fringes

corresponding to ordinary ray and jagged fringes representing extraordinary ray were
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observed. The later fringes are similar to those fringes in hybrid anchoring, but still a bit
different in terms of anchoring direction. The silver layer does not align LCs in a certain
direction but rather in tilted random directions with multiple domains, shown in Fig. 2.6a,
which also decreases Freedericksz threshold that is theoretically 0.8 V to 0.5 V. Slightly
above Freedericksz transition, the extraordinary ray is shifted to shorter wavelengths
across several ordinary rays towards the one with same chromatic order, without
changing ordinary rays. Reversal of polarity of surface also suddenly shifted the position
of the extraordinary ray to smaller wavelengths then relaxed back. During relaxation, the
free ions in LCs played quite important roles that ions moved to opposite polarity
compensating the voltage drop, such that molecules reoriented back to original position.
In real experiments, if voltage drop is expected to be constant, higher frequencies are
needed, for example, 50 or 60 Hz are quite typical in LC display. At higher voltage above
1.5 V, the convective movement of ions is even more drastic which leads to
electrohydrodynamic instability that is circular or hexagonal domains, shown in Fig.
2.6e,f. Especially when the voltage is above 5 V, densely packed hexagons are formed
across a broad view through a microscope or fringes, which is reminiscent of Rayleigh-

Bénard convection®’’ that is induced by temperature-mediated density gradient.

2.2.2 Mechanics of liquid crystals in the SFA

2.2.2.1 Normal forces of liquid crystals in the SFA

LCs possess both liquid and crystal properties leading to viscous and elastic responses
respectively, which can be measured separately by the SFA"® 17 in other words, the
SFA is a unique tool for investigating not only optics but also viscous and elastic forces

produced by LCs. With nematic LCs confined in the SFA, three types of structural forces
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Figure 2.6 Electro-optical response of extraordinary fringe with 5CB, the figure is adapted from
reference!?®. (a-d) Application of voltage from 0 to 1 then -1 V with 0.05 Hz at distance 7 um. (e)
Schematic diagram of the molecule and ion distribution on cross-section under high voltage, the
inserted panel is a zoom-in ellipsoid of molecular director of 5CB. (f) Top view diagram of the

hexagonal flow pattern and ion distribution under high voltage.

based on different ranges were typically measured and classified!’® during normal motion.
It should be noted that long-range forces like Laplace pressure and surface tension on
capillary bridge!’®, which are not reproducible existing in background, will not be
discussed here. Firstly, mismatch of easy axes for LC planar alignment between the two
surfaces causes medium-range twist elastic forces. It has been shown in the last section
that the easy axis on mica is +3 @ with index axis y and during assembly, it is easy to
induce surface mismatch with a non-zero intersection angle . Twist elastic energy G per

unit area is integrated from free energy density,

38



D1 a2 1 2
G = fO EKZ 2(6_ d D= EKZ 2? (29)
@2
F=21nRGmR K~ (2.10)

where D is surface separation, K, ,is the Frank twist elastic constant of the LC, & is the
twist angle of LCs, F is the force based on the Derjaguin approximation, R is the radius

of the cylinder.

However, in real experiments, the measured forces were larger than expected, even when
the twist angle is ® = 0, shown in Fig. 2.7a, due to unknown background force that is
the second medium-range force detected in confined LCs 5CB. If this background force
is considered after rotating the surface 15 < the twist elastic force can be fitted very well
with the model. However, the model does not fit the 33 “rotation case, where untwist of
LCs occurs at strong confinement, which adds another complication. This untwist
remained during retraction until 830 nm where the twist was restored. Unfortunately, no
snapshots or sample details were available for further analysis of this mystery now, but
it seems reasonable given that surface chemistry and adsorption can affect the molecular
configuration significantly, as has been shown in Fig. 2.4. Moreover, the authors also

mentioned irreproducible results in different runs or experiments'®,

It is worth noting that this medium-range background force was also measured with
homeotropic anchoring, where elastic forces from splay-bend contributions were
negligible!’®. As for the mixed case with hybrid anchoring®, it showed mainly splay-
bend elastic forces and background forces shown in Fig. 2.7b, where forces decreased

with successive runs.
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This second medium-range structural force showing in the background was explained by
an enhanced order parameter at small distances with both planar and homeotropic
anchoring despite the twist, since it disappeared when the temperature was above

nematic-isotropic transition, but the exact theory of this is still unclear.
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Figure 2.7 Medium-range forces measurement with 5CB LCs confined in the SFA. (a) Force F

normalized by radius R as a function of distance D with different planar twist angle . Lines are

theoretical calculation, the figure is adapted from reference!’®. (b) Force F normalized by radius R as
a function of distance D with hybrid anchoring (Mica/5CB/CTAB) in different runs of sample A, the

figure is adapted from reference!,

Thirdly, short-range structural forces were found in confined 5CB, shown in Fig. 2.8,
where periodically oscillatory forces were measured for surface separation of less than
15 nm, becoming more intense and well packed at a closer distance. For homeotropic
anchoring, the oscillatory period is equal to the length of 5CB molecule 2.5 nm, which is
reminiscent of smectic assembly, however, in planar anchoring, similar oscillation with
a period 0.5 nm, equal to the width of 5CB was observed, meaning that this phenomenon
is ubiquitous rather than particular to liquid-crystal phase assembly. The oscillatory decay
is due to the adsorption or epitaxial growth of molecules on the surface interaction, which
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was discussed in section 1.4. The decay length can be used to estimate the correlation
length of molecular order, which has become a common measurement in the SFA or the
Atomic Force Microscope (AFM) to probe the purity, self-assembly or friction of liquids
on a surface. Nevertheless, this short-range structural force is very sensitive to surface
and environment properties that vary even from run to run!’8, depending on mica sheet,
contact position, runs, humidity, working time and so on that might affect molecule
ordering. Above anchoring experiments in section 2.2.1 are the best examples. If hybrid
anchoring is applied, a plateau with constant force above 10 nm was observed!’” before
going into normal 0.5 nm oscillatory period, shown in Fig. 2.8c. All these experiments

again highlight the importance of sample preparation and experimental environment.

As for 8CB, both nematic and smectic phases®’ showed short-range structural forces that
were similar to Fig. 2.8b with planar anchoring, except that the period of oscillations
corresponded to the length of a molecular dimer were observed in the former phase and
large background forces ascribed to permeation phenomena were observed in the later
phase. With homeotropic anchoring, the structural forces observed in smectic 8CB was
not short-range any more®’. Instead, they extended very large separation due to the nature
of smectic ordering, while the basic force behaviours were similar to those in Fig. 2.8a.
Some interesting experiments regarding lamellar phases!®! 182 or smectic defects®
shown below were performed to measure the interaction between layers during the

squeezing out process.

Fig. 2.9 shows the force measurement of lyotropic multilamellar mesophases with
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Figure 2.8 Short-range force F normalized by radius R as a function of distance D with 5CB

LCs confined in the SFA. (a) Homeotropic anchoring, P and Q are instability points during approach
and retraction respectively, the figure is adapted from reference!’. (b) Planar anchoring, the figure is
adapted from reference!’®. (c) Hybrid anchoring (Mica/5CB/CTAB), the figure is adapted from
reference”®, A-E are jump points, open and filled points are data during approach and retraction

respectively. Dashed lines are guided lines that are not measured by soft springs.

homeotropic anchoring to estimate modulus of layer compression B that is related to the

interaction within membranes. This compression constant is calculated by,

9%G
B=d(55), (210
where D is layer thickness, G is free energy per unit area and n is the number of layers
per unit length. The compression constant B is determined by charge distribution, if the
electrolyte concentration is large, screening length is small, resulting in undulation forces
and B o« 1/D3; otherwise, B o« 1/D? depending on electrostatic forces!®2. Under SFA

confinement, the compression energy per unit area G is calculated by,

G = BAln

27 1y

(2.12)
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Figure 2.9 Forces measurement normalized by radius R with lyotropic lamellar mesophases

confined in the SFA, the figure is adapted from reference!®?. (a) Force F as a function of surface
separation with homeotropic anchoring. (b) 6™ and 71" jump forces F as a function of surface separation

I, dots are experimental data, and lines are theoretical calculations.

where AL, = L,, — [, [,, is the relaxed length of integral n layers, [ is length after stretch
or compression. This equation is very similar to equation 2.9, which is applicable to all
layered systems, as long as compression modulus B is determined. The force experienced
by the surface is calculated from the Derjaguin approximation'® F = 2m R, shown in
Fig. 2.9a, where forces oscillate from long-range distance similar to the smectic ordering
mentioned above and there is an long-range attractive background close to contact. This
attractive background was explained by supressed-fluctuation-induced disjoining
pressure!® that is similar to effective attractive interaction in depletion effect caused by
osmotic pressure in colloidal systems'4. Alternatively, the integer-layered structures
under crossed cylinders form dislocation defects between which compression and stretch
regions exist, somehow causing attractive balance'®. Apart from this attraction, the
elastic force can be fitted with force generated by free energy as given in equation 2.2

with compression modulus B that is consistent with the value obtained from X-ray
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scattering. This experiment opens up the possibility for direct measurement of

compressibility and interaction of layered structures with high resolution.

Although in Fig. 2.9 the force behaviours can be explained very well by elastic
deformation, the exact mechanism for triggering the threshold of the single avalanche-
like event is not entirely explained. Fig. 2.10 provides an explanation based on the screw-
dislocation-line-mediated instability confirmed by simulation® 18 The authors found
that during this plastic flow, edge dislocations were pinned so that they were not the main
reason for jump behaviours, by contrast, the screw dislocations everywhere in 8CB
smectics played a big role. Under certain stress, the layers were compressed until a
threshold force that is inversely proportional to threshold distance is reached, resulting in
a layer being removed, then with a small additional force, the next layer jumped, during
which the screw dislocation line (SDL) was compressed from a straight line into a helix,
afterwards growing into a larger radius becoming edge dislocation. At higher
compression rate, multiple-layer jumps are also observed. These behaviours are not
determined by the strain or stress, but arise directly due to the order parameter in the form
of the SDL. Further optical examination in a Grandjean-Cano wedge'®-18 confirms that
those screw dislocations are pinned on the surface such that dragging the movement of

the surface.

2.2.2.2 Shear forces of LCs in the SFA

Normal forces done with 8CB have been shown in section 2.2.2.1, here only viscosity
and friction by shear measurements with different anchoring conditions!®” will be
discussed, and are shown in Fig. 2.11, where two monolayers, dihexadecyldimethyl

ammonium acetate (DHDAA) and cadmium arachidate (Cd-arachidate), with different
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Figure 2.10 Screw dislocation line (SDL) avalanches in a smectic A, the figure is adapted from

reference!®, (A) Straight SDL with 2 rotation. (B) Helical SDL after squeezing out of one layer. (C)
Expansion of radius r of SDL under compression of the surface. (D) SDL pairs under compression.
(E) Simulation and (F) experiment of jump behaviours, snapshots in (E) starting from t = 3 s are
indicated with arrows in (F) where surface displacement 8D is a function of time, open circles are

from experimental data, the solid line is simulation data.

packing densities, are used to induce homeotropic anchoring. DHDAA is a loose-packed
amorphous monolayer at low temperature but liquid-like at high temperature, which
allows LCs to penetrate into the monolayer causing strong anchored LCs that cannot be
totally removed under strong compression. By contrast, Cd-arachidate is a dense-packed
solid monolayer but with possible defects within the temperature range for measurements,
which form better ordering LCs on surfaces, manifesting short-range structural layers that

can be almost totally removed by compression.
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Figure 2.11 Shear of 8CB LCs in the SFA, figures are adapted from reference'®’. Schematic
diagram of confined LCs with (a) dihexadecyldimethyl ammonium acetate (DHDAA) and (b)
cadmium arachidate (Cd-arachidate) alignment. (c) Schematic diagram of different molecule
orientations under shear, F is shear force, n is viscosity, 7 is molecule director. (d-f) Shear parameter
1 Z22%2R%v/[k[(Ay/A)? — 1]°°] (shown in main text) as a function of distance D with nematic 8CB
on different surface alignments, inverse of the slope is viscosity. Filled circles are shear rate v =
0.0 571, open circles are v = 0.1 s~ 1, filled diamonds are v = 0.2 s, inserted panel shows very
small viscosity. (g-i) Friction force F as a function of load force L with nematic or smectic 8CB on
different surface alignments, (g) Open symbols are nematic while filled symbols are smectic, circles
are shear speed v = 0.0 qu ngs, diamonds are v = 0.1 u nis, squares are v = 0.2 u nts. (h) Circles
are shear speed v = 0.0 qu ngs (i) Circles are shear speed v = 0.0 G nfs, squares are v =

0.1 7u nis, Fsand Fx are static and kinetic frictions respectively.
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Three possible configurations for molecule orientation under shear are shown in Fig.
2.11c, where molecules could be parallel to shear gradient, shear direction or
perpendicular to both shear gradient and shear direction, which produce three possible
viscosities called Miesowicz viscosity coefficients?®. If the molecules are between the
latter two cases, for example, 45 “with shear direction, the viscosity will increase due to
this more disordering orientation. Viscosity n can be measured by vertical oscillation of

one surface with certain amplitude and frequency with a no-slip boundary assumption®’,

€D (&) — 1pos (2.13)

T 1 x2rzv N\ 4

where k is the spring constant, D is the surface distance, R is the radius of the cylinder,
v is the oscillating frequency, A, is the applied amplitude that is typically less than 1/10

of surface distance D, A is the measured amplitude.

Shear thinning, decrease of the viscosity by shear, was observed in all configurations with
nematic 8CB at distances smaller than 200 nm where boundary conditions had a strong
effect and corresponding viscosities were consistent with reported measurements'®’,
shown in Fig. 2.11d-f, although shear thinning was not obvious with dense-packed Cd-
arachidate. The increase of shear rate that aligns molecules better also increased the shear-
thinning effect resulting in much lower viscosity. For smectics, the measured viscosities
were typically 1 order higher than that in nematics, which was attributed to the inter-

penetration between smectic layers called permeation®.

For friction measurements shown in Fig. 2.11g-1, the smectic phase shows a lower friction
coefficient that slightly depends on shear velocity than in the nematic phase under planar
anchoring, which means better ordering in LCs gives rise to lower friction. However, no

stick-slip motion was observed, indicating that shear-induced ordering was still not strong
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enough to cause static friction!®’. This ordering effect also demonstrates the difference in
two different monolayer coatings. With the dense-packed Cd-arachidate monolayer, the
friction coefficient was smaller in nematic 8CB than the case with DHDAA, even stick-
slip motion was observed, revealing strong smectic ordering, which is consistent with
observation in short-range structural forces. On the other hand, with Cd-arachidate, only
small loads can be applied to induce friction motion, since LCs were easily removed on

this dense-packed monolayer.

2.3 Experimental setup

2.3.1 Liquid crystal anchoring on mica surface

Experiments in section 2.2 have revealed the importance of boundary conditions,
therefore the anchoring directions are checked firstly before performing an experiment
with the SFA. Nematic LCs QYPDLC-036 purchased from Qingdao QY LC Co., Ltd
(Chengyang China) were used to check easy axes on mica, shown in Fig. 2.12, where
cleaved mica with crystalline steps was used. The LCs were sandwiched between a mica
plate with crystallographic steps and a glass slide coated with octadecyl-trichloro-silane
(OTS) monolayer inducing homeotropic anchoring®. This homeotropic anchoring
surface is used to ensure only a single anchoring direction dominates. Although LC
anchoring on mica has been discussed in section 2.2.1, the optics dealing with
birefringence from both mica and LCs may still be complicated. When the y axis of mica
is rotated to be either parallel or perpendicular with the analyser, bare mica without LC
coverage is black and two domains LC1 and LC2 on different steps can be seen in Fig.
2.12a, indicating that LC director is not aligned the same as the y axis. If mica is rotated

clockwise 30 < the colour of mica changes to blue, simultaneously the LC domain LC2
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becomes almost identical colour as bare mica while LC1 is yellow shown in Fig. 2.12b,
signifying that two domains do not align in the same direction and the domain LC2 is not
producing a birefringent effect, i.e. the director of LCs in LC2 is either parallel or
perpendicular to the analyser. This is also applied to the counterclockwise rotation where
the easy axis on LC1 domain is either parallel or perpendicular with the analyser, shown

in Fig. 2.12c.

Figure 2.12 LC anchoring on mica surfaces. (a) Nematic LC domains on a mica surface under a
polarized microscope. LC1 and LC2 are domains on different mica crystalline steps, the black region
is mica without LCs, B and y are index axes of mica that are parallel with analyser “A” and polarizer
“P” respectively, 6 and ¢’ are possible easy axes with £30 “to y axis. (b) Rotation of mica until o
axis is parallel with polarizer “P”. (c) Rotation of mica until 6’ axis is parallel with polarizer “P”. (d)
Rotation of mica until ¢ axis is perpendicular with the inserted y axis of the compensator, rotation of
analyser “A” and polarizer “P” to be parallel with B and y axes respectively, the black shadow on LC2

is compensated region by changing the thickness of compensator.

The polarizer and analyser are not enough to determine the exact direction of the easy

axis alone. Here, a Berek compensator made by Leica (Germany) is used to determine
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the y axis of the mica and the director of the LCs. Firstly, mica without LC coverage is
examined by aligning it parallel or perpendicular with the y axis of the compensator.
Subsequently, the compensator is rotated to change the thickness. If black textures are
seen, it means that the y axis of mica is perpendicular with the y axis of the compensator,
or else, parallel. This method is based on Michel-Lévy interference colour chart'®! where
the colour of a sample of given thickness changes periodically due to birefringence when
rotated under a polarized microscope, shown in Fig. 2.13. If the y axes of the mica and
the compensator are parallel, a change of compensator thickness will never decrease the
effective birefringence to black. By contrary, if the y axes of the mica and the
compensator are perpendicular with each other, the birefringence of the compensator
could cancel that of the mica resulting in a black colour provided that the thickness of the
mica is reasonably thin. After determining the y axes of the mica, a LC director is checked
with the same method, shown in Fig. 2.12d, except that meanwhile, polarizer and analyser
need to be aligned to cancel the birefringence of mica avoiding confusion. Indeed, easy
axis o is £30 °to y axis on the alternate crystalline layer of mica, consistent with the

reported results obtained with other cyanobiphenyl-based LCs’® 172 174,
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Figure 2.13 Michel-Lé&ry interference colour chart with colour as a function of the thickness of
the thin section, birefringence ni-n; and retardation in wavelength (bottom axis). Six order colours are

shown, the figure is adapted from reference®®..
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With time exposed to ambient air, the easy axis o, for example, -30 “crystalline case
shown in Fig. 2.14, shifts discontinuously to 1 = 30 “then finally o2 = 60 “that is
perpendicular with the original easy axis. This is also consistent with research!’
performed with LC E9, although in this study more complicated and reversible transitions
were observed with controlled water vapour pressure, which was explained by a change

of interfacial energy’® 17* after adsorption of water molecules.

Figure 2.14 Anchoring transitions from easy axis ¢ = -30 “to 61 = 30 “then o2 = 60 “with time

exposed to ambient air, B and y are index axes of mica and Cartesian coordinates.
2.3.2 Mica cleavage and silvering

Mica is a mineral that can be easily cleaved on [001] crystalline cleavage plane®.
Typically, brownish muscovite mica with known refractive index is used as it provides
an atomically smooth surface for SFA measurements. Cleavage can be initiated by tearing
the edge of the mica or splitting the mica with a sharp needle. If the cleaved mica is thin

enough, usually below 10 pum, colourful domains with crystalline steps can be observed,
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with a brighter colour corresponding to thinner mica, shown in Fig. 2.15a. The colours
are from thin-film constructive interference between two refractive rays from top and
bottom surfaces, so that they can be used to indicate equal-thickness regions that can be
easily larger than 1 cm?2. Generally, mica with bright colour but still rigid enough to be
handled producing around 3 um thickness is used in the SFA. Mica pieces with the large
area are cut with a hot platinum wire before being laid down on a large back sheet of mica
that attracts and protects mica pieces by van der Waals forces. This process should be
quick and the mica is oriented to be upstream of the platinum wire in the laminar airflow
to avoid the platinum particles from hot wire adhering to the freshly cleaved surface!%,
thus thick mica that is difficult to cut cannot be guaranteed to be free from particle
pollutants. All the cleavage processes are performed in a laminar flow hood, though,

some visible contaminations from mica flakes or the platinum wire are inevitable, which

shows bumps between the mica pieces and the back sheet.

Figure 2.15 Mica cleavage and silvering. (a) Crystalline domains with different thicknesses of
cleaved mica, each colour represents an area of equal thicknesses. (b) Mica pieces coated with a 55

nm layer of silver, sitting on a backing sheet of mica, the figure was provided by Hannah Hayler.
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The cleaved mica sheet is transferred to a vacuum evaporator for coating with 55 nm of
silver that is measured by the vibration of quartz crystal. The evaporating rate is below 1
AJs, controlled by the current to ensure a smooth deposition of silver, producing a smooth
mirror. Mirrors with thicknesses below 55 nm are sometimes used to generate brighter
fringes on spectrometer for easy tracking and analysis. After cooling down in the vacuum
chamber, the mica sheet is placed in a glass petri dish, shown in Fig. 2.15b, which has
been cleaned by piranha solution, then the dish is transferred to a desiccator for storage.
When needed in an experiment, a piece of mica is cut into the desired size and picked up

to glue on the cylindrical lens.

2.3.3 Cylindrical lens preparation

Before glueing the mica to a cylindrical lens, all the metallic tools that are used to cut the
mica or handle other necessary materials are sonicated by three solvents, namely toluene,
chloroform and ethanol each for 5 minutes to dissolve grease and other organic
contaminants, before they are rinsed with plenty of deionized and purified water with
high resistance, 18.2 MQ ¢m, and total organic carbon (TOC) lower than 5 ppb.
Subsequently, tools are cleaned with 33% diluted nitric acid for a few hours to further
remove organic contaminations and avoid rusting. Finally, tools are rinsed with plenty of
deionized water with TOC lower than 2 ppb and stored in ethanol. The SFB boat, which
contains the cantilever spring onto which one lens is mounted, is cleaned the same way
as tools, although due to its delicacy it is only sonicated in each solvent for around 10

seconds.

For glassware or Teflon components, the pre-treatment with three solvents and water is

the same as tools. However they are cleaned with piranha solution, a mixture of 3 portions
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of H.SO4 and 1 portion of H20- to totally remove any organic contaminants. The reaction
between piranha solution and organic contaminations is very strong that might explode,
which is quite dangerous, therefore special precaution must be followed in the lab when
handling piranha solution, furthermore, glassware and Teflon components should be pre-
cleaned quite well before being put into piranha solution. Finally, glassware and Teflon
components are rinsed with plenty of deionized water with TOC lower than 2 ppb and

dried by Nitrogen gas or heater then wrapped by aluminium foil.

All the tools are taken out from ethanol and dried by the flow in a laminar flow hood,
shown in Fig. 2.16a, where tools and syringe are sitting on petri dishes and foils, which
is ready for lens glueing. Two lenses are put on a heater and heated to 180 “to remove
residual ethanol and melt 1004F EPON resin glue. A needle is used to smoothly spread
glue until no major defects are seen on the lens. After this, a piece of mica is cut and
placed on the lens with the silver side laying down on lens. The laminar flow and capillary
forces from the melted glue help to smooth the mica onto the lens, however, sometimes
tweezer is needed to stretch possibly wrinkled mica. The lenses with glued mica are

shown in Fig. 2.16b stored in petri dish.

2.3.4 Surface Force Balance assembly

The lenses are mounted and tightened by screws to seats on the spring boat and top part.
The top part contains a piezoelectric tube for fine vertical motion and an air gap capacitor
to measure lateral motion (see section 2.1.1), shown in Fig. 2.17. This operation needs to
be very careful with tweezer holding seats made by foils, not only to avoid possible dust

but also to not twist or detach delicate components such as spring.

Subsequently, the spring boat and top part are mounted to the SFB chamber to make
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Figure 2.16 Cylindrical lens preparation. (a) Tools and syringe on a glass petri dish or aluminium

foils (b) Prepared lenses with back-silvered mica glued by 1004F EPON resin.

Figure 2.17 Assembly of the lens on (a) spring boat and (b) top part.

crossed cylinders shown in Fig. 2.18. If an electric field is needed, a plug-in component
with wires is available to connect with the boat and the handle of the chamber. A P20s

desiccant is placed in the SFB chamber to adsorb water vapour in the chamber preventing
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unstable anchoring transitions on the mica surfaces. This P2Os is a strong hygroscopic
chemical that produces lots of heat when reacting with water, which is dangerous during
disposal to the sink. Finally, the door of the chamber is closed by tightening the screws.
There are several windows that are dismountable on the door of the chamber for wire

connection, injection and gas or liquid circulation.
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Figure 2.18 Assembly of the SFB. (a) The assembled chamber interior, including the spring boat,
top part, and Teflon cup containing P2Os. (b) Sealed chamber with the door, the Teflon handle is for

electric connections.

The SFB experiment is conducted in an isolated thermostatic room free from wet
chemistry. The assembled SFB instrument is transferred to this room before collimated
white light being calibrated, so that the light is vertically inserted to crossed-cylindrical
surfaces. The SFB chamber is purged with filtered high purity nitrogen at least 1 h, drying

the whole chamber and mica surfaces removing any absorbed water. During drying, the
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SFB is connected with all external wires and cables, and the surface contact spot is
checked to see if there is any flaw. Firstly, the capacitance probe is set to be grounded for
further use to check surface purity or friction measurement. Secondly, the piezo controller
and motors are connected with all the cables clamped with damping rubbers to absorb
vibrations, then the related software could be started. Finally, the contact spot is checked
with a microscope by which a bright cross could be seen. If the spot is too close to the
edge of mica or there are bumps or defects around the spot, the top part needs to be
untightened and moved on both parallel and perpendicular directions of the cylinder until

a good spot is observed.

After nitrogen purging, the SFB is ready for contact calibration. At this time, the vibration
table upon which the SFA is mounted, camera and other related instruments are turned
on. The vibration table is used to actively damp any vibrations from the surrounding
environment, which is very sensitive to large shake, therefore it could only be turned on
after connection of cables and needs to be turned off once large shake is applied. Likewise,
the camera cannot work for very long times and needs to be turned off when it is not in
use. Subsequently, the interference light from the crossed cylinders is finely tuned to be
vertically incident in the spectrometer through a prism until bright and clear fringes can
be seen on the monitor screen. Finally, the surfaces are gently brought into contact for
contact calibration successively by the coarse motor, fine motor and piezoelectric tube.
More details about the contact calibration and related analysis will be shown in section

C.

After contact calibration, surfaces are separated to a large distance, then the SFB is
disconnected and transferred to a laminar flow hood for injection. About 30 pL of liquid

is injected to the gap between crossed cylinders forming a capillary bridge using a clean
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syringe or pipette through the dismountable window on the door of the chamber.
Sometimes, the door of the chamber will be totally dismounted for convenience during

the injection.

2.3.5 Grandjean-Cano wedge and crossed-cylinder geometry

It has been shown in section 2.1.1 that geometry under crossed cylinders is very similar
to a sphere approaching flat plate as long as surface separation is much smaller than the
radius of the cylinder. In Fig. 2.19 the textures formed by cholesterics, 62.4 wt% nematics
QYPDLC-036 (similar to the BL036 with low temperature sensitivity from Merck) and
37.6 wt% chiral dopant R2011 purchased from Qingdao QY LC Co., Ltd (Chengyang
China), in both the Grandjean-Cano wedge and crossed cylinders are compared. Under
confinement by thickness gradient, integral half-pitch layers of cholesterics distribute
along the whole space drawing isocline-like map. Between adjacent layers, a clear defect
line forms, which is very clear under a polarized microscope. A Grandjean-Cano wedge
forms parallel equally-spaced lines while crossed cylinders form non-equidistant circles
confirming that indeed crossed-cylindrical geometry is similar to sphere-plate geometry.
The intervals between the circles without any deformation decrease with increasing

distance, following equation 2.1.

2.3.6 Liquid crystal desiccation

Section 2.2 has shown that LC experiments in an SFA were easily influenced by surface
properties, sample materials and the ambient environment, since the SFA is a very
sensitive technique to probe those subtle behaviours. During an experiment, usually fresh
mica cleaved in laminar flow hood and stored in desiccator is used; all the tools related

to experiment are properly cleaned; LCs are 99% pure and are purchased from the
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Figure 2.19 Observation of dislocation lines in cholesterics. (a) Schematic diagram and
microscope image of cholesterics confined in (a) the Grandjean-Cano wedge and (b) crossed cylinders.

n represents integral half-pitch cholesteric layers, rq, is the radius of the nt defect.

professional chemical company; filtered high purity nitrogen is purged for at least 1 h to
dry the surfaces and chamber; P>Os is adopted to keep the chamber dry during the
experiment; Experimental room is free of wet chemistry with controlled temperature and
monitored humidity. Nevertheless, the anchoring of LCs was still not stable in a typical
experimental timescale. This could be due to the fact that LCs, such as 5CB, are
hygroscopic materials, and despite efforts to keep the experiment free from water, the
LCs still manage to adsorb some atmospheric water vapour. It has been shown that even
a very small amount of specific chemicals, such as Endotoxin®, were able to induce a
transition from planar to homeotropic anchoring. As a result, LCs used in experiments

are dried on a Schlenk Line under vacuum and 50 <heat overnight to remove any
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dissolved chemicals before injection. Only at the moment of injection will the stopper be

opened to release the vacuum status in the flask.

24 Summary

After decades of development, the SFA has become a mature technique for simultaneous
measurements of surface separation and the encountering forces in confined geometry.
This chapter reviews the mechanisms of the SFA and its modified versions, as well as
optical and mechanical responses of LCs confined in the SFA, including some intriguing
puzzles. Finally, the setup of the SFB is shown to highlight some key experimental

procedures. Some conclusions are drawn below,

(1) The multiple-beam interferometry based SFA provides a unique tool to measure
surface separation and forces with resolution 0.1 nm and 0.1 uN respectively. The
crossed cylinder geometry is equivalent to a sphere approaching flat plate at surface

separations much smaller than the radius of cylinders.

(2) The splitting of fringes generated by multiple birefringence layers is affected by the
retardation of single layer and their relative intersection angle, which could be
understood by the parallelogram rule with double intersection angle under the

assumption that phase change and dispersion at interfaces is negligible.

(3) The surface properties of mica and humidity in ambient air affect the anchoring and
its transitions, therefore, fringe behaviours can be tuned by engineering the anchoring
condition on surfaces. Stimuli-sensitive LCs also allow external manipulation, such

as the electric field.
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(4)

()

(6)

(7)

(8)

(9)

Two medium-range forces, twist elastic force and order-parameter-related force, and
short-range structural force dominate normal forces with nematics under SFA

confinement.

Elastic compression explains the deformation during the squeezing of lyotropic
multilamellar mesophases, while the threshold during layer jumps in smectics is
expounded as screw-dislocation-line-mediated instability rather than strain or stress

under the confinement of the SFA.

Nematics under confinement and shear enhance positional order and orientational
order respectively. This enhanced orientational order induces shear thinning that
decreases viscosity. The viscosity of smectics is almost one order higher than that of

nematics.

With planar anchoring, the friction coefficient is lower in smectics than in nematics,
which is related to the ordering in the LC phase. Loose-packed monolayers induce
strong homeotropic anchoring that impedes the squeezing out of the last LC layer
and produces higher friction coefficients, whereas dense-packed monolayers that
strengthen smectic ordering generate lower friction coefficients but lose LC layers

easily.

The easy axis of LCs on a mica surface is situated +30 “to the y axis alternately on
mica crystalline layers. In a humid ambient environment, it reversely shifts to a

metastable position finally to be perpendicular to the original direction.

Nitrogen gas and P.Os are introduced to dry the chamber and surfaces, furthermore,
LCs are desiccated using a Schlenk line, in order to control stable anchoring

conditions.
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3  Analysis of multiple-beam interference

3.1 Introduction

As has been mentioned in section 2.2.1, the optical system of the SFA containing multiple
birefringent layers is already complicated. Adding LCs that are birefringent and twisted
simply increases the uncertainties in the distance measurement. This chapter will present
the detection of surface separation at various distances with different chromatic orders.
A simulation method based on 4x4 transfer matrix multiplication for the calibration and
analysis of multiple-layer birefringence will be discussed to understand the splitting of
fringes. Finally, the potential of simulation will be discussed. Some technical analysis
showing the calibration of the optics and the understanding of fringe behaviour at contact

will be presented in Appendix C.
3.2  Detection of surface separation

3.2.1 Short distance detection

After contact calibration, around 30 pL of the LC 5CB was injected into the gap between
the crossed cylinders forming a capillary bridge. 5CB (4-Cyano-4'-pentylbiphenyl,
C18H19N), was commonly used as the model system to perform LC experiments in the
past studies shown in section 2.2. The melting point of the 5CB (Alfa Aesar, United States)
from a crystalline phase to a nematic phase is 22-23 <C depending on the purity. Then a
force profile including both approach and retraction was run with a low speed around 2
nm/s of the motor, and the evolving fringes/interference pattern was captured by a camera.
Each frame of video was analysed by cropping and averaging 8 pixels of the centre region

of the fringes that is the region encompassed by the dashed lines in Fig. C.1. Put together,
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all frames formed a spectrogram in Fig. 3.1a showing the movement of fringes with time,
which is directly correlated to the surface movement, by approaching surface from a
certain distance at around 100 frames to contact during 700-800 frames, then retracting
surface until 1400 frames. At the beginning and end parts of the spectrogram, the surfaces
are almost still but slightly shifting due to thermal and mechanical drift. The splitting of
the doublet increases with increasing distance, which is totally different from what is
observed in isotropic liquids because the optical path difference from the birefringence
of the LCs increases with increasing distance. Notably, the splitting of the prime fringe q
Is less sensitive to medium and keeps constant at small surface separations compared with

the g-1 fringe, which is consistent with observations in Fig. C.1c and C.4.

(b)

200+

Frame number
Frame number

1400
500 1000 1500 2000 2500 500 1000 1500 2000 2500

Pixel number Pixel number
Figure 3.1 Short distance detection of surface motion. The frame number is approximately

proportional to the elapsed time. (a) Spectrogram formed by cropping and averaging 8 pixels of the
centre area of fringes, similar to Fig. C.1, from each frame of captured video. (b) Tagged g fringes in

(a) for detection of peaks highlighted by red lines. The image is processed the same as in Fig. C.3.

Typically, the prime fringe q is cropped following procedures described for Fig. C.3 to
detect the peak positions of the fringes which are highlighted by red lines in Fig. 3.1b.

The detected wavelengths are converted into the distance by equation 2.2 with average
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wavelengths of the doublet and average refractive index of the medium, shown in Fig.
3.2, where the surface moves almost linearly from 350 nm to contact then retracts to 350
nm. It is worth noting that the fixed boat with infinite spring constant avoids surface
jumps due to van der Waals attraction near contact, but it also loses the information of

forces that are encountered by the surfaces.
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Figure 3.2 Distance profile of the prime fringe as a function of relative frame number in Fig.

3.1

3.2.2 Long distance detection

In Fig. 3.1a, the prime fringe shifts to longer wavelength and finally disappears from the
screen, such that the video at a large distance cannot be analysed if only the prime fringe
is detected. In Fig. 3.3a, fringes and corresponding chromatic order relative to the prime
fringe are taken into account in every frame, which extends the distance profile and
narrows down the wavelength span that decreases errors of the spectrometer and

wavelength-dependent refractive index. In this method, the relative chromatic order to
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the prime fringe is used to extract the correct solution of the Tangent function in equation

2.2. The distance profile in Fig. 3.3b shows the distance evolution with time.
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Figure 3.3 Long-distance detection of surface motion: (a) Tagged fringes in different chromatic

orders across the whole spectrogram in Fig. 3.1a, red lines are detected peak positions. (b) Calculated

whole distance profile as a function of frame number.

The difference between short and long-distance profile is shown in Fig. 3.4, where short
(red) and long (blue) profiles overlay very well without obvious deviation. This small
deviation is also shown in Fig. 3.4b where values in the long-distance profile are
subtracted from the short-distance profile in the same region. In the frame range from
600 to 1000 marked with red centre lines, there is no deviation since they are all using
prime fringe to do the calculation. In the other regions where the chromatic order is
different, the deviation fluctuates without a certain tendency, but there is a sharp jump
during the change of chromatic order. All the deviation is within 1.5 nm which is quite

small considering that the distance is above 100 nm.

3.2.3 Effect of chromatic order on distance calculation
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Figure 3.4 Comparison of short and long-distance profile: (a) overlay of short (red) and long

(blue) distance profile. (b) Distance deviation between the long and short profile in the same frame

range. The red centre lines are the position where chromatic changes occur in the long profile.

With the equation 2.2 used for calculating distance, the sign named Fnum needs to be
considered depending on whether the reference prime fringe is odd (Fnum = 1) or even
(Fnum = -1). However, it is not clear if the sign needs to be changed when the long
distance is detected with higher chromatic order fringes. The results are compared with
distance profiles calculated by Fnum = 1 and Fnum changing with parity in Fig. 3.5. From
the overlay, it is hard to tell which method is correct since they have similar results. But,
the deviation of those two methods is quite large shown in Fig. 3.5¢ where deviation
fluctuates within 2.5 nm in the different sign of parity calculation and peaks at around
frame 500 and symmetric frame 1100. Those deviations are 1% (6D/D) which is
relatively high but if we compare the deviation in Fig. 3.4 which is caused by systematic

errors, the results are still acceptable.

For the reasons mentioned above, air with a refractive index significantly different from
that of the mica is used as the medium to highlight the deviation in the distance calculation

using different Fnum. Fig. 3.6 shows a spectrogram similar to Fig. 3.1, though splitting
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Figure 3.5 Effect of chromatic order in distance calculation of Fig. 3.3a: (a) Sign of parity of

chromatic order named Fnum for distance calculation, odd (Fnum = 1) or even (Fnum = -1). (b)
Overlay of distances with different Fnum, blue line is with Fnum = 1, while red line with Fnum

changing by parity. (c) Deviation of distance profiles with constant and parity-determined Fnum.

is clearly larger at the contact position. This is because of larger mica thickness Y = 4.3004
um and smaller intersection angle ¥ = 28.6 <in Fig. 3.6. Specifically, Fig. 3.6a shows
retraction of the surface from contact with a fixed spring boat. With infinite spring
constant, adhesion at contact does not affect the delay of jump-out, so the surface jumps
out sharply at frame 1000 after waiting some time in contact. Between frame 1000 and
1500, the motor stops, but two step-wise motions are applied to move the surfaces closer

together. After frame 1500 the surface retracts linearly until frame 2500. Fringes appear
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Figure 3.6 Spectrogram of surface motion in the air: (a) Spectrogram formed from a captured
video of surface retraction from contact. The discontinuous fringes are due to step-wise motion of the
surfaces. (b) Tagged fringes for detection of peaks highlighted by red lines. The image is processed

the same as Fig. C.3.

wavy owing to the contrast of the refractive index between the medium and the mica.

This spectrogram is tagged and detected in Fig. 3.6b using the method in Fig. 3.3.

The detected fringes in Fig. 3.6 are converted into distances with different Fnums either
with a fixed sign or a sign based on the parity of fringes. Blue in Fig. 3.7b is calculated
with Fnum = 1 for all points, which is consistent with the description in Fig. 3.6, while
the overlaid red line with Fnum from parity, shown in Fig. 3.7a, shows large deviations
in distance profile. Such deviations are magnified with air as the medium with up to 80
nm of errors as shown in Fig. 3.7c, which is not acceptable in experiments with large

refractive index contrast.

To conclude, the sign of chromatic order calculated at a large distance does not need to
change according to parity, as long as the parity of prime fringe at contact has been taken
into account, nevertheless, relative chromatic order to the prime fringe is required to

resolve the correct angle of the Tangent function in equation 2.2.
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Effect of chromatic order in the distance calculation of Fig. 3.6: (a) Parity of

chromatic order for the distance calculation. (b) Overlay of distances with different Fnum, the blue

line is with Fnum = 1, whilst the red with Fnum changing by parity. (c) Deviation of distance profiles

with constant and parity-determined Fnum.

3.3 Simulation of multiple-beam interferometry

3.3.1 Simulation tools

The transmissivity for multiple-beam interferometry with typically 3 layers have been

calculated analytically'®" 1 and numerically®’: 160 171, 194197 hased on a 2x2 matrix'%,

However, usually, only isotropic medium may be analysed with this approach, although

sometimes the average wavelength can be analysed'’ 8, Here the simulation tool

developed in our lab'%®, or a similar technique?®, based on a 4x4 method?® 2%2 are
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required to reproduce and analyse the MBI spectra produced under normal incidence by
LCs in the SFA. We start by considering a uniform LC with the director parallel to the
surfaces shown in Fig. 3.8. The mica surfaces are separated by a distance D with
intersection angle W between two index axes y1 and vy, the director forms an azimuthal
angle ¢ to the bisector of ¥ and polar angle 0 to the z axis normal to the surfaces. The
simulation could capture the fringes obtained in this optical system, as long as the director

configuration with respect to the mica surfaces is known.

Figure 3.8 SFA setup for multiple-beam interferometry. With silver coating on the back, two
mica surfaces are randomly separated with distance D along the normal axis z direction with acute
intersection angle P between two index axes y1 and y2. The bisector of ¥ is the x axis. The LC director

n has polar angle 6 to the z axis and projected direction u that forms an azimuthal angle ¢ with x.

3.3.2 Mica-mica contact simulation

With the 4x4 matrix simulation, the position of the fringes at contact are regenerated with
the real mica thickness Y and the intersection angle W calibrated in Table C.1. The
thickness of silver layers estimated as 45 nm is also an important parameter taking phase
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change into account. This thickness might need to be adjusted if the deposition thickness
of silver is not correctly obtained from the silver evaporator. From the results shown in
Fig. 3.9 where the fringes at contact are a function of the surface separation and the
wavelength, the position of fringes is well-matched with red dots that are values from the
measurement of the fringes in Table C.1, indicating that the thickness and intersection
angle of mica has been accurately measured and calibrated by taking into account the

phase change and dispersion.

Distance, D/nm

555 560 565 570 575 580 585
Wavelength, A/nm

Figure 3.9 Simulation of fringes at mica-mica contact as a function of surface separation and
wavelength. The red dots are wavelengths of the fringes from experiments shown in Fig. C.1. In the

simulation, all the x axis has been converted into wavelength.
3.3.3 Equivalent isotropic simulation

Although the mica thickness Y and the intersection angle ¥ have been successfully
extracted from the contact calibration and confirmed with simulation, the easy axis of the

LCs deviates + 30 <from the index axis y of mica depending on the alternate crystalline
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facet’® 174 which creates two possible configurations, shown in Fig. 3.10, for achiral
nematics since the two surfaces face each other with the same facet. The twist angle ®
imposed to the LCs by the anchoring directions on mica could be either 13.2 “or 73.2 ©
which add difficulties and possibilities of errors for the simulation, thus, in the first
instance, equivalent isotropic simulation is done to test distance profile and refractive

index.

(a) (b)

> | KL

Figure 3.10 Two configurations of the anchoring easy axes in dashed lines with the intersection
angle ¥ = 46.8 “between index axes y1 and vy2 in solid lines. Anchoring axes are (a) within or (b)

outside angle ¥ forming twist angle ®. The black and red lines are bottom and top mica respectively.

Equivalent isotropic simulation is based on the assumption that the average wavelength
profile of a doublet fringe at a different distance is equivalent to the case where
wavelengths form by isotropic media with average refractive indices of corresponding
anisotropic media, regardless of number and orientation of layers. In the past study®!
dealing with the birefringence of mica, the average wavelengths and refractive indices
have long been used to calculate the distance profile, but the accuracy of this assumption
has not really been tested. More detailed discussion on this accuracy will be shown in

section 3.3.11.
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With the distance profile calculated in Fig. 3.3, the equivalent isotropic simulation is
shown in Fig. 3.11a where red lines are overlaid average wavelengths from the
experiment, which is in good agreement. Fig. 3.11b overlays the experimental and the
isotropic spectrograms, where the isotropic wavelengths sit in the centre of experimental
doublets, further confirming that the isotropic assumption is reasonable and practical for

the test of the experimental data.
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Figure 3.11 Comparison between experimental spectra and simulated spectra with equivalent

isotropic simulation based on the distance profile shown in Fig. 3.3. (a) Isotropic spectrogram as a
function of the frame number and the wavelengths, plotted with the average detected wavelength in
red lines. (b) Overlay of the simulated isotropic (red) and experimental (green) spectrograms by the

ImageJ.

One may doubt that, since the distance profile is calculated from the detected wavelengths
assuming that refractive indices are known, then the inverted generation of wavelengths
based on same refractive indices and distances will have a good match with the
experimental values, even if wrong refractive indices are used. In the following sections,
the refractive index and the sign of parity which affect distance calculation, will be

discussed.
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3.3.4 Effect of refractive index on isotropic equivalence

Wrong refractive index po = 1.4, pe =1.5, rather than 5CB refractive index, are used for
the distance profile which is adopted for the isotropic simulation shown in Fig. 3.12a with
plotted experimental wavelengths in red lines. Although with some discontinuous steps
in the same fringe, compared with smooth transitions in Fig. 3.11a, overall, the isotropic
simulation is matched well with detected wavelengths. However, the overlaid isotropic
and experimental spectrogram shows an obvious deviation in the wavelengths that are
away from the detected region in Fig. 3.12b, where the isotropic wavelengths shift to
smaller wavelengths owing to smaller average indices. In other words, the isotropic
equivalence provides a simple way to indicate if the average refractive index has been

correctly adopted, regardless of the birefringence.

Frame number
Frame number

555 560 565 570 575 580 585 500 1000 1500 2000 2500

Wavelength, A/nm Pixel number
Figure 3.12 Spectrogram with the equivalent isotropic simulation based on Fig. 3.1a but with the

wrong refractive index for distance profile, pwo = 1.4, pe =1.5. (a) Isotropic spectrogram plotted with
the average detected wavelengths in red lines. (b) Overlay of the simulated isotropic (red) and

experimental (green) spectrograms.

3.3.5 Effect of chromatic order on isotropic equivalence

74



Fig. 3.13a shows the isotropic simulation based on the wrong sign of parity in Fig. 3.7a.
Surprisingly, even the isotropic wavelength is different from the average detected one,
which is because the generation of wavelengths does not take into account the sign of
parity causing asymmetric inverted calculation. This isotropic simulation exactly reflects
the abrupt shape of red distance profile in Fig. 3.7b, while Fig. 3.13b with the constant

sign of parity shows significant match.

(@ (b)

Frame number
Frame number
=x
()

o
o

550 555 560 565 570 575 580 585 550 555 560 565 570 575 580
Wavelength, A/nm Wavelength, A/nm
Figure 3.13 Spectrogram with the equivalent isotropic simulation based on Fig. 3.7b with

different signs of parity for chromatic order. (a) Isotropic spectrogram with Fnum depending on the
chromatic order, plotted with average detected wavelengths in red lines. (b) Isotropic spectrogram

with Fnum = 1, plotted with average detected wavelengths in red lines.

3.3.6 Full-parameter simulation with isotropic medium

Given the difficulties mentioned in section 3.3.3 for the anisotropic medium, an isotropic
medium is firstly used for simulation test only considering the birefringence of mica,
shown in Fig. 3.14a, where the spectrogram shows a similar trajectory as the original data
Fig. 3.6a with air medium. Further confirmation comes from the overlaid spectrogram in

Fig. 3.14b by the simulation and experiment figures, where yellow thin lines sit in the
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centre of thick green lines. This yellow colour is due to the mixture of red simulated lines
and experimental green background, which means almost no deviation can be seen in the

figure, thus the simulation for the isotropic medium works very well.

(a) (b)

Frame number
Frame number

550 555 560 565 570 575 580 585 500 1000 1500 2000 2500
Wavelength, 2/nm Pixel number
Figure 3.14 Full-parameter simulation for an experiment with air medium. (a) Simulation with

the distance profile from Fig 3.10. (b) Overlay of simulation and experiment spectrograms with the
ImageJ. The thick green line is experimental data from Fig. 3.6a, the thin red line is the simulation in

(a), and the overlaid region shows yellow.

3.3.7 Full-parameter simulation with anisotropic medium

Finally the LC experiment in Fig. 3.3 is tested with a full-parameter simulation that takes
into account the birefringence and rotational angles from both the mica and the LCs, as
shown in Fig. 3.15a where the twist angle ® = 13.2 < The overlaid spectrogram by
simulation and original data Fig. 3.1a is shown in Fig. 3.15b, where the green lines are
from the experiment while the red lines are from the simulation. Yellow lines are the
overlaid region, which is seen in most of the spectrogram. However, there are small
deviations in the large distance both during the approach and retraction, which might be
due to accumulated phase dispersion at the large distance or thermal fluctuations of the
molecules that change either polar or azimuthal angles.
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Figure 3.15 Full-parameter simulation for an experiment with the LCs. (a) Simulation with the
distance profile from Fig 3.7, the twist angle of the LCs ® = 13.2 “with the configuration shown in
Fig. 3.10a is adopted. (b) Overlay of the simulation and experiment spectrograms with the ImageJ.
The thick green line is the experimental data from Fig. 3.6a, the thin red line is the simulation in (a),

and the overlaid region shows yellow.

Fig. 3.16 shows a simulation with a different configuration shown in Fig. 3.10b where
the twist angle of the LCs @ = 73.2 < There is a clear mismatch with experimental spectra,
because crossings within doublets are produced at around frame 600, which is not the
feature in Fig. 3.3. If Fig. 3.10 is carefully examined, one can find that the bisector of ®
is parallel with that of ¥ in Fig. 3.10a, while in Fig. 3.10b the bisector of @ is
perpendicular with that of . The splitting in these two configurations is consistent with
the discussions in section 2.2.1. More detailed discussions about the effect of rotational
angles among birefringent layers on the multiple-beam interferometry will be shown in

section 3.3.8-3.3.12.

Overall, the full-parameter simulation well reconstructs the MBI spectra with different
rotational angles of multiple birefringent layers confined in the SFA, which lays the

foundation for the understanding of anisotropic optics.
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Figure 3.16 Full-parameter simulation showing the fringes as a function of frame number and
wavelengths, with the distance profile from Fig 3.7. The twist angle of the LCs ® = 73.2 “with the

configuration shown in Fig. 3.10b is adopted.

3.3.8 Effect of mica-mica intersection angle

Fig. 3.17a shows the spectrogram as a function of the intersection angle W of the mica
and wavelengths at zero surface separation, where more typical mica thickness Y = 3 um
and silver thickness 50 nm are used for the simulation. The prime fringe with the
chromatic order g = 35 can be calculated with the method described in section C.3.
Moreover, it can be seen that the splitting of the doublets maximize at ¥ = 0, minimizes

tozeroat ¥ = + g and decreases with increasing the absolute value of ¥, while the parity

of the chromatic order does not affect the splitting behaviours. A magnified view of g-1
fringe is analyzed in Fig. 3.17b, where the dashed line is the average wavelength 1 of

doublet A4_; ; and A,_1 2, also is the equivalent isotropic fringe based on the average

refractive index. The solid lines follow the equation A = 1 + %8 X o4, or equation C.9
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and 3.10 that are useful for calculating the intersection angle ¥ of the mica as well, where
the maximum splitting 8A =2A,_;, —A,_1, When ¥ = 0. These calculations are

consistent with previous analysis'’® 171,
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Figure 3.17 Simulation of spectra as a function of the intersection angle ¥ of the mica and

wavelengths at the mica-mica contact. (a) Three fringes g, g-1, and g-2 at contact. (b) A zoom-in of

g-1 fringe. The dashed line is the average fringe A of the doublet » and -1z’ the solid lines are

calculated with =1+ %8 X 0%, where § &= a-12 " q-i1 when ¥ = 0. Typical thicknesses of

the mica and the silver layer, 3 um and 50 nm respectively, are used for simulation.

With the injection of the LCs, the effect of the intersection angle of the mica is expected
to be more complicated. Fig. 3.18 shows a simulation of fringes as a function of the
surface distances and wavelengths for the confinement of the LCs in different setups of
intersection angles W of the mica and azimuthal angles ¢. For simplicity, the most
common LCs 5CB is used, special angles 0 or z/2 are applied, and the easy axis is fixed
in one direction that will not cause any twist distortion of the molecules. Overall, three
fringes q, g-1, and g-2 shift from contact position to longer wavelengths as the distance
D is increased, with different splitting caused by the relative angles between the mica and
the LC director. Fig. 3.18a,b correspond to the discussions of crossings within doublets
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in section 3.3.7 due to parallel or perpendicular configurations, while in Fig 3.22c,d,
equal-thickness mica surfaces cancel each other’s birefringence leaving O splitting at
contact. In this particular case, the azimuthal angle ¢ of the LCs is not important anymore
and the effective birefringence of the whole system is purely from the LCs resulting in
identical splitting behaviours ¢. Particularly, odd fringes g and g-2 keeps the 0 splitting

much further free from the influence of medium than even fringe.

3.3.9 Effect of azimuthal angle of liquid crystals

Here the intersection angle of the mica is fixed to ¥ = n/3 but changing the azimuthal
angle ¢ of the 5CB without any twist shown in Fig. 3.19, where the overall splitting in
Fig. 3.19a-c similarly increases with the distance while the splitting, for example, g,
becomes smaller. The splitting depends on the parity of the chromatic order and the odd
fringes are less affected by the medium at the small distance with increasing .
Additionally, the crossing within doublet happens only in the case where the director is
perpendicular to the bisector of W. The effective birefringence of the mica is totally

cancelled by birefringence of the LCs at the crossing point.

Fig. 3.19 gives an overview of how azimuthal angles affect the splitting behaviours, but
it is difficult to compare this effect cross figures. In order to examine carefully, a few
specific distances are selected to highlight the evolution of the doublet splitting as a
function of the azimuthal angle for the odd and even fringes shown in Fig. 3.20, where
the spectra are a function of the azimuthal angle ¢ and the wavelengths A. On the whole,
three fringes g, g-1, and g-2 move to longer wavelength and larger splitting at the further
distance and therefore spectra at large D = 1000 nm show higher orders g+6, g+5, and

g+4. Moreover, the average wavelength in the red dashed line is straight, which is
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Figure 3.18 Simulation of fringes as a function of the surface distances and wavelengths with

different intersection angles ¥ of the mica and azimuthal angles ¢ of the LCs. (@) ¥ =0, 9 =0 (b) ¥
=0,0=1/2. (c) ¥Y=mn/2, =0 (d) ¥ =n/2, o = /2. The inserted panels show the index axes of mica
y and the easy axis for molecular director n, in red and green line respectively, where ¥ is the acute
intersection angle between the y axes, ¢ is the azimuthal angle to the black centre line direction. The
refractive indices of 5CB are used for the simulation assuming that only one easy axis without a twist
is confined in the separation for simplicity. All other configurations are the same as the case shown in

Fig. 3.17 with three fringes, q, g-1, and g-2 at contact.

consistent with the equivalent isotropic assumption without noticeable deviations. At D
= 3 nm, the effective birefringence from the LCs is so small that the effect of the
azimuthal angle cannot be clearly seen on the scale of the spectrogram, meaning the mica

dominates the birefringence. At D = 10 nm, the odd fringes g and g-2 are not sensitive to
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Figure 3.19 Simulation of spectra as a function of the surface distances and wavelengths with

fixed intersection angle ¥ = n/3 of the mica and different azimuthal angles ¢ of the LCs. () ¢ = 0. (b)
¢ =Y/2.(c) o =m/2 - ¥/2. (d) ¢ = /2. The inserted panels show setups of index axes of the mica y
and the easy axes for molecule direction n, in red and green lines respectively, where W is the acute
intersection angle between the y axes, ¢ is the azimuthal angle to the black dot-dash line direction. All
other configurations are the same as the case shown in Fig. 3.18 with three fringes, q, -1, and g-2 at

contact.

the rotation of medium whereas the splitting of even fringe g-1 starts to decrease with
increasing the azimuthal angle ¢. By contrast, at D = 100 nm, the splitting of all fringes
are decreasing with the increase of the azimuthal angle o, likewise, the even fringes are

more sensitive than the odd ones. At D = 1000 nm, the splitting reduces at larger
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Figure 3.20 Simulation of fringes as a function of azimuthal angles ¢ and wavelengths A at

different distances. (a) D =3 nm. (b) D =10 nm. (c) D = 100 nm. (d) D = 1000 nm. Fringes at contact
0, g-1, and g-2 shift to longer wavelengths with increasing distances, consequently at D = 1000 nm,
fringes g+6, g+5, and g+4 are seen in the given wavelengths. Wavelengths Aq1 and A, are the two
wavelengths of the prime fringe g, the red dashed lines are the average wavelengths A of the doublets.

All other configurations are the same as Fig. 3.19.

azimuthal angle ¢, which are similar in all fringes indicating the LCs dominate the

effective birefringence.

3.3.10 Effect of twist angle of liquid crystals
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In real experiments, the mismatch of easy axes between the bottom and top mica surfaces
tends to create twist distortion of the LCs in the gap. Furthermore, some LCs, such as
cholesterics, smectic C, and some chiral materials are naturally twisted and exhibit an
optical rotatory power. Here we use a fixed intersection angle ¥ = n/3 of the mica and
the azimuthal angle ¢ = 0 for the average director across the LC film but we vary the total
twist angles @ of the LCs to simulate spectra as a function of the surface distances D and
the wavelengths A shown in Fig. 3.21, with three fringes, g, g-1, and g-2 at contact.
Overall, the increase of the twist angles ® makes intro-doublet crossings in the spectra of
both the odd and even fringes shown in Fig. 3.21a-c. These crossing events happen
repeatedly at a larger distance and, as a result, the splitting is much smaller than that in
Fig. 3.21a where the twist angle ® = ¥ is smallest and no crossing is observed in the
given scope. Interestingly, the optical bandgap appears between wavelengths A, =
2npoD/® and Ae = 27peD/®, highlighted with red lines in Fig. 3.21 and becomes larger

with increasing the twist angle.

More details about the effect of the twist angle @ of the LCs on the fringe splitting at
specific distances are shown in Fig. 3.22 where the spectra calculated are a function of
the twist angles ® and the wavelengths A. Overall, fringes shift to larger wavelengths with
g, g-1, and g-2 at small distances, fringes g+3, g+2, and g+1 at D = 500 nm and fringes
g+6, g+5, and g+4 at D = 1000 nm in the given wavelength span. The splitting
dramatically changes with increasing the twist angle especially at large distances 500 and
1000 nm where multiple crossings appear and more crossings are seen in odd fringes and
at a later distance. In particular, at D = 10 nm, odd fringes g and g-1 are not sensitive to
twist angles consistent with the previous analysis about the effect of the medium at small

distances, while the splitting of even fringe g-1 decreases then keeps constant with
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Figure 3.21 Simulation of spectra as a function of surface distances D and wavelengths A with

the fixed intersection angle ¥ = n/3 of mica, the azimuthal angle ¢ = 0 and different twist angles ® of
the LCs. (@) @ =Y. (b) ® ==. (c) ® =2xn - ¥. (d) ® = 2x. The inserted panels show the setups of index
axes of the mica y and the bisector of shaded twist angle @, in red and green lines respectively. The
regions between two dot-dash lines are optical bandgaps. All other configurations are the same as the

case shown in Fig. 3.19 with three fringes, g, g-1, and g-2 at contact.

increasing the twist angle. At D = 100 nm, splitting of both the odd and even fringes
varies with the twist angle, still, the even fringes are more sensitive to twist angles. At D
= 500 and 1000 nm, multiple crossings appear without a clear periodicity, and the two
fringes of a doublet start moving asymmetrically with respect to the centre on account of
wavelength-dependent refractive index or phase change and dispersion. In other words,
the average wavelength of a doublet varies with the twist at a large distance, indicating
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visible deviations of isotropic equivalence. Additionally, the bandgap appears between
red centre lines with the twisted LCs in Fig. 3.22a-c, whereas it falls outside the scope of

given twist angles and wavelengths in Fig. 3.22d.
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Figure 3.22 Simulation of fringes as a function of twist angles ® and wavelengths A at different

distances. (@) D =10 nm. (b) D = 100 nm. (c) D =500 nm. (d) D = 1000 nm. The regions between the

red centre lines are the bandgap. All other configurations are the same as Fig. 3.21.

3.3.11 Deviation of isotropic equivalence

As is mentioned above, the azimuthal angle ¢ causes non-noticeable deviations from

isotropic equivalence in Fig. 3.20 but the twist angle @ induces noticeable deviations to
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the isotropic equivalence in Fig. 3.22. In this section, the quantitative comparison will be
given to highlight the effect of the azimuthal angle ¢ and the twist angle @ on the
deviation. With the fixed intersection angle ¥ = n/3 of mica, deviation of average
wavelength A and equivalent isotropic wavelength A; is shown in Fig. 3.23 for various
distances and azimuthal angles ¢ as a function of the wavelengths A. Overall, the
deviation of wavelengths is small but increases with increasing distances. Moreover, the
deviations on the even and odd fringes are more or less symmetric but with the axis of
symmetry fluctuating either positive or negative. Specifically, at D = 10 and 100 nm,
twist angles @ = r and 27 disturb the deviation largely with changing the azimuthal angle
¢ compared to the @ = 0 case. To the contrary, at distance D = 1000 nm, twist angle ® =

7t and 27t minimize the deviation.

In the equivalent isotropic simulation, the average refractive index of 5CB about 1.6 is
very close to that of the mica and the silver mirror is assumed as a perfect mirror. As a
result, the phase dispersion and phase change at the interfaces are negligible. The
wavelength of fringes follows equation, 2u D+ 4u,,; Y,= qAL, where u is the average
refractive index of the medium, /15'1 is the isotropic wavelength at the chromatic order g.

The deviation of distance calculated by the average and isotropic wavelengths is § D=

8 Ay Dr2pmi Y)

ym , Where § As the deviation of the average wavelength from the equivalent

isotropic wavelength. In Fig. 3.23atD=10n mé§ /< 0.0 0 & mé D< 0.0 i matD =
100n md <00 5 md D<OSnmatD =1000n md <0.2n md D<2.5n m
All the errors § YD are in the order of 103, showing that the isotropic equivalence for

different azimuthal angles ¢ is accurate enough for the typical SFA experiments.

With the fixed mica intersection angle ¥ = n/3 of the mica and the azimuthal angle ¢ =
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Figure 3.23 Deviation of the average wavelengths A and the equivalent isotropic wavelengths A;

as a function of the bisector of azimuthal angle ¢ and the wavelength A with the fixed intersection
angle ¥ = /3 of mica, different distances D and twist angles ®. (a) D = 10 nm, fringe g-1 and g-2 are
compared. (b) D = 100 nm, fringe g-1 and g-2 are compared. (c) D = 1000 nm, fringe g+5 and g+4
are compared. The blue color is for odd fringes while the red color is for even fringes. The thick, thin
and dot lines are corresponding to ®@ = 0, = and 2x respectively. All other configurations are the same

as the case shown in Fig. 3.21.

0, the deviation of the average wavelengths A from the equivalent isotropic wavelengths
Ai as a function of the twist angles @ and wavelengths A at two specific distances 100 and
1000 nm is shown in Fig. 3.24. Generally, the deviation is small but increases with
increasing distance, which is very similar to the case shown in Fig. 3.23. However, the

roughly symmetric deviation for the odd and even fringes fluctuates much more
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dramatically with the increase of twist angle ® than for the change of the azimuthal angle
¢. Especially, the deviation maximizes in the bandgap regions at both distances shown in
Fig. 3.24. At D =100 n md§ /< 0.0 & md D<09nm at D = 1000 n m § X
0.8n mé D< 1 h mwith errors § D in the order of 10 which is acceptable in the

SFA experiments.
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Figure 3.24 Deviation of the average wavelength A from the equivalent isotropic wavelength A;

as a function of twist angles ® and wavelengths A with the fixed intersection angle ¥ = /3 of the mica,
the azimuthal angle ¢ = 0 and different distances D. (a) D = 100 nm, fringe g-1 and g-2 are compared.
The region between the red dot-dash lines is approximate bandgap. (b) D = 1000 nm, fringe g+5 and

g+4 are compared. The region above the red dot-dash line is approximate bandgap. The blue dot line

is for odd fringe while the red dot line is for the even fringe. All other configurations are the same as

the case shown in Fig. 3.21.

When the twist angle is very small, in other words, the corresponding pitch of the twisted
structure is much larger than the observed wavelength A, the medium is similar to the
nematics confined in the gap, called Mauguin limit?, where the deviation of isotropic
equivalence is the same as the case in Fig. 3.23 with small error § YD in order of 103,

By contrast, in the opposite limit, when the pitch is much smaller than the observed
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wavelengths A, the twisted structure is basically isotropic medium? and the deviation from
isotropic equivalence is minimum. For instance, there is a trend of deviation decreasing
in Fig. 3.24a, where the pitch is 33 nm with the twist angle 6z in 100 nm confinement. In
the region where the bandgap exists, the medium cannot be seen as isotropic, bringing
about the Bragg reflections, which induces large deviation & I'D in the order of 10 with

the isotropic equivalence shown in Fig. 3.24.

3.3.12 Resolution of MBI on molecular orientation

In order to examine how sensitive the MBI is to the molecular orientation, namely to what
extent the SFA can be used to detect molecular orientation, we performed simulations of
fringes as a function of the azimuthal angle ¢ or the polar angle 6 at extreme confinement
D = 3 nm with typical setup of the SFA shown in Fig. 3.25. Given that the odd fringe is
not sensitive to the medium at such distance, only even fringe g-1 is simulated. Firstly,
with the fixed polar angle 6 = /2 and different intersection angles ¥ of the mica, the
effect of the azimuthal angle ¢ is shown in Fig. 3.25a-c, where generally the splitting of
fringe decreases with increasing the intersection angle ¥ and the azimuthal angle o,
although the splitting is less sensitive to the latter angle. When ¥ = /2, the splitting is
zero and not affected by the azimuthal angle ¢. Those changes of splitting with the
azimuthal angle are small but still detectable with a standard spectrometer having a
wavelength resolution of the order of 10t nm. Following this, with the fixed azimuthal
angle ¢ = 0 and different intersection angles ¥ of the mica, the effect of the polar angle
0 is shown in Fig. 3.25d-f, where the splitting of fringe decreases with increasing the
intersection angle ¥ but with the decrease of the polar angle that only affects the ray

experiencing the extraordinary index of 5CB changing with the polar angle. The change
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of this ray, which is also in the order of 10"t nm on the wavelengths, can be observed on

the optics even when ¥ = w/2.

For 5CB that is uniaxial LC, refractive indices can be described by a geometric ellipsoid,
called index ellipsoid*®®, where the ordinary index will not change with the orientation of
molecule either the azimuthal angle ¢ or the polar angle 6 but the extraordinary index
changes with the polar angle 6. The corresponding extraordinary index pe(0) follows,

1 co%h s i’h
T = Tt
ue(6) Ko Ue

(3.1)

where 0 = /2, pe(n/2) = pe corresponding to the planar anchoring, while 6 = 0, pe(0) = o

corresponding to the homeotropic anchoring.

3.4 Summary

In this chapter, the optics generated by multiple-layer birefringent materials through the
multiple-beam interferometry is analysed based on the assumption that the average
wavelengths of fringes are equivalent to the optics produced by the isotropic media with
average refractive indices. Additionally, the simulation through a 4x4 matrix well
reconstructs the experimental optics and confirms the isotropic equivalence assumption

with negligible errors. Some conclusions are obtained as following,

(1) The fringe behaviours, such as the splitting, crossing and red-shift with the distances,
are affected by the birefringence, refractive index and parity of chromatic order of

medium as well as the relative angle between multiple layers.

(2) The distance profile at large distances can be calculated with the fringes in different

chromatic orders by taking into account the relative chromatic order to the prime
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fringe, such that it narrows the analysis range of wavelengths decreasing the errors of
wavelength-dependent refractive indices. The sign of chromatic parity in the

calculation is only determined by the parity of the prime fringe.

(3) The refractive index mismatch between the medium and the mica magnifies the errors

calculated by the wrong sign of chromatic parity.

(4) The adoption of the wrong refractive index of medium does not affect the isotropic
equivalence of detected experimental fringes that are used for distance calculation,
but affects the non-detected region. The larger refractive index shifts the simulated
fringes to longer wavelengths compared with the experimental ones in this region,

vice versa.

(5) When the intersection angle of the mica ¥ = w/2, the birefringence of mica is
practically cancelled, as a result, the optics of the medium is not affected by the

azimuthal angle ¢.

(6) The crossing within a doublet happens only when the azimuthal angle of the nematic
LCs ¢ =n/2, where the phase retardation between two rays experiencing the refractive
index of the mica pp and p, is zero, which is cancelled by the LCs. This crossing

signature is used for determining the easy axis distribution of the LC anchoring.

(7) The twist angle of the LCs ® induces repeated crossings within the doublets and

forms the bandgap.

(8) The deviation of the equivalent isotropic simulation and the average wavelength is
small and mainly affected by the twist angle ®. For different azimuthal angles ¢, the

errors § I)D are in the order of 10 with typical distances, while the errors § DD,
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maximizing at the bandgap region, are in the order of 10 with different twist angles

®, which is acceptable in the SFA experiments.

(9) The resolution of the spectrometer is sufficient to detect the optics changed by the
orientation of the molecules with different azimuthal angles ¢ or polar angles 0 at the

nano-confinement as small as 3 nm.
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4 Twist transitions and equilibrium forces in

cholesterics

4.1 Introduction

It has been shown in section 1.2 that cholesterics selectively reflect light causing
bandgaps that are tuneable for numerous optical and thermal applications. The
cholesteric-nematic transitions by magnetic, electric field or stress have attracted much
attention, but how the anchoring influences the transition and how stresses deform
cholesterics other than cholesteric elastomers®® are still not well understood. This chapter
is using the SFA to investigate the optical and mechanical responses during the retraction
of the surface with a quasi-static velocity that is similar to equilibrium status. Under the
SFA confinement, the geometry is described by equation 2.1 forming circular defects, as
shown in section 2.3.5. The cholesteric layers with the period equal to half-pitch p with
7 rotation are integrally distributed in the SFA under planar anchoring shown in Fig. 4.1,
where hopn = np is the height of the relaxed n layers if there is no mismatch of the easy
axes on top and bottom mica. Because of the integral transition a defect forms between n
and n+1 layers at a surface separation distance hq, corresponding to a lateral radius rq .
When the surfaces are retracted, those defects shrink towards the circular centre and
eventually disappear one by one, during which the optics and forces can be analysed

simultaneously.
4.2 Analysis of multiple-beam interferometry

As shown in section 3.3.10, the twist angle ® affects fringe behaviours on the splitting
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Figure 4.1 Schematic diagram of cholesterics under the confinement. (a) The periodical layers
have half-pitch p, with molecules rotating by =, confined between two plates. (b) Cross-section of
cholesterics confined between the two crossed cylinders with the radius R. One of the cylinders is
connected with the spring experiencing force F. The contact position with the radius r = 0 is separated
at distance D. The cholesterics form a defect at the distance rq,n, where the distance separation is hqn,
between two integer layers with the distance ho, and hon+1. The blue lines are the layers of cholesterics,

the black “T” symbol indicates a dislocation defect.

and crossings, but it has been proved that the error § D on the surface separation
distance calculated by isotropic equivalence is within the order of 10-2. Cholesterics, 62.4
wt% nematics QYPDLC-036 (similar to the BL036 with low temperature sensitivity from
Merck) and 37.6 wt% chiral dopant R2011 purchased from Qingdao QY LC Co., Ltd
(Chengyang China), confined in the SFA shows natural periodical twists and defects
which may produce more intriguing phenomena. The fringes after injection of
cholesterics are shown in Fig. 4.2. In Fig. 4.2a which is close the surface contact before
the last layer of cholesterics being squeezed out, the fringes are not special compared
with those in nematics shown in Fig. C.4b. After squeezing out the last layer, special
transitions on even fringes g-1 and -3, which are sensitive to medium, show up,
corresponding to the first circular defect. This defect circle is usually non-integer layer
of half-pitch with rotation angle less than & due to the mismatch of the easy axes for the

anchoring on the mica surfaces, thus the intrinsic total twist angle ®o(no) = a + noxt, where

96



a is the intersection angle of the easy axes, namely the non-integer layer; no is the number
of half-turns. When the intersection angle is acute, no starts from 0, while it is an obtuse
angle, a becomes a negative acute angle with no starting from 1. Theoretically, all the
defect circles can be seen from a single fringe, but at a far distance, the lateral resolution

of the microscope is not enough to distinguish.

X
r/-l\ . 28K

Figure 4.2 Snapshots of fringes q, g-1, -2 and g-3 after injection of cholesterics near contact
position. The fringe q is odd chromatic order selected as the prime fringe. The fringes (a) before and

(b) after squeezing out of the last layer of cholesterics. The arrow indicates the position of the defect.

When the surfaces are retracted gradually, the layers of cholesterics are stretched until
one more layer slips in, during which the defects are expected to shrink and the twist
transitions happen. Fig. 4.3b shows the snapshot of the annihilation of the defect in the
fringe q+3, appearing as the collapse of splitting compared with the fringes at the contact
position in Fig. 4.3a. Fig. 4.3c is the spectrogram fringes during the retraction of the
surface. During retraction with constant motor speed, the surface suddenly jumps out at
frame 500 by overcoming the van der Waals attraction then moves almost linearly with
some oscillations. The splitting of fringes increases and decreases periodically
corresponding to the half-pitch length p but oppositely on the even and odd fringes as

shown in the zoom-in the inserted panels and the related fringes in Fig. 4.3b, where the
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transition is quite sharp and sometimes discontinuous, indicating sudden slip-in of a new

layer.
(a)
(b)
(c)
o}
e}
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Figure 4.3 Behaviours of the fringes and the corresponding spectrogram with the cholesterics.

(a) Snapshot of the fringe g and g-1 near the contact position. (b) Snapshot of twist transitions of fringe
g+3 and g+2. (c) Spectrogram of fringes as a function of frame number and wavelengths during the
retraction of the surface. The spectrogram with 4 fringes at the contact is processed by the method in
Fig. 3.1. The inserted panels are the zoom-in of the fringes q+3 and q+2 during twist transitions that

are shown in (b).

The behaviours of fringes are still consistent with the simulation in Fig. 3.21, which can
be analysed using isotropic equivalence. The refractive indices of BL036 are known, po
= 1.5270, pe = 1.794, but the mixture of these nematics and chiral dopant R-2011 might

change the refractive index. In order to improve analysis in the later simulation that
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requires considerable accuracy, the average refractive index is estimated from one
experiment with equation C.1 and C.2, shown in Fig. 4.4a where the average refractive
index is a function of the surface separations D. The refractive index significantly
fluctuates with the distance between 1.57 and 1.64, which is not surprising since those
two equations only stand at the distances smaller than 30 nm*°?, and at the distances close
to contact, it disperses due to systematic errors!®®. Fortunately, the refractive index
between 10 and 50 nm is quite constant around 1.595 that is used for further application.
As a consequence, the distance profile for Fig. 4.3c is calculated in Fig. 4.4b where the
distance is a function of the frame number. Indeed, this profile confirms the descriptions
in Fig. 4.3c that the surface jumps out then moves constantly with some fluctuations by

the reason of twist transitions.
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Figure 4.4 Refractive index estimation and distance calculation. (a) The average refractive

index p as a function of the distances D calculated by the simplified equations 3.1 and 3.2 from one
experiment. (b) Distance profile for Fig. 4.3c as a function of the frame number calculated by the

method described in Fig. 3.3 with the average refractive index p = 1.595 adopted from (a).

The equivalent isotropic simulation is performed to check the accuracy of the refractive

index shown in Fig. 4.5a. This simulation captures the movement of the surface and
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matches the overlaid average wavelength from the detected experimental region. As is
mentioned in section 3.3.4, the overlay between the isotropic simulation and the average
detected wavelength might not exactly reflect the accuracy of the refractive index.
Therefore, the overlaid spectrogram of the simulation and the experiment is shown in Fig.
4.5b where the isotropic red fringes sit in the centre of the green doublet from Fig. 4.3c
for most frames. Visible but still acceptable deviations at large distances with frame
number over 2000 are due to the accumulation of errors with the fixed refractive index

that should be wavelength-dependent in reality.

(a) (b)

Frame number
Frame number
-
o
o
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0 530 535 540 545 550 555 560 565 a0 500 1000 1500 2000 2500
Wavelength, A/nm Pixel number
Figure 4.5 Equivalent isotropic simulation. (a) The spectrogram of fringes by isotropic

equivalence as a function of the frame number and the wavelengths A based on the distance profile
from Fig. 4.4. The overlaid red lines are the detected average wavelengths from the experimental
region for the distance profile. (b) The overlay of isotropic simulation and the experimental
spectrogram as a function of the frame number and the pixel number. The red colour is the isotropic
simulation from (a), the green colour is experimental spectrogram in Fig. 4.3c, the overlaid region

appears yellow.

Given that the refractive index is calibrated above, the twist transitions are analysed

subsequently. In Fig. 4.6a, the critical thickness D of the transitions from two
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experimental setups is plotted as a function of the number of the half-turns no. The critical
thickness is expected at D = [a/m + no + 1/2] p, considering that the transitions would
occur at a quarter of pitch distance, namely the middle position of adjacent integer layers,
independent from the anchoring strength or the material properties*®, such that the
intersection angle o is roughly obtained for two different experiments, 62 “and 15 ©
respectively from the intercept of the y axis. The half-pitch p = 122 nm is obtained from
the slope, which is consistent with the bandgap measurement by the spectrophotometer
(Avaspec 2048-2 by Avantes). If the defects are also taken into account, the transition
points might not be exactly in the middle position, which is derived for the planar
confinement without the defects!?. More details about the transition points under the

crossed-cylinder confinement will be discussed in the next section 4.3.

With the intersection angle ¥ analyzed through the contact fringes, four possible
configurations are drawn in Fig. 4.6b, where the experiment with fixed ¥ = 57.4 <is used
as an example. Unlike the nematic case without the chirality in Fig. 3.10, the cholesterics
is chiral nematics with certain rotation direction called handedness resulting in two more
configurations. With the intersection angle o = 62 “obtained in Fig. 4.6a, only the right
upper configuration matches the right-handed cholesterics, leading to more accurate
intersection angle o = 62.6 “calculated by . Likewise, the intersection angle in another

experiment is calculated with a = 15.1 <

4.3  Free energy and force calculation

4.3.1 Free energy of cholesterics confined between two planes

For simplification, the free energy of cholesterics confined between two identical parallel

planes, where twist but not splay or bend distortion exists and there are no defects, is
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Figure 4.6 Determination of the easy axes for the surface anchoring on the mica. (a) Critical

thickness D. of the twist transitions as a function of the number of the half-turns no. The first non-
integer layer is counted as 0. The blue and red symbols are from two different experiments with the
intersection angle a = 62.6 ©and a = 15.1 <of the easy axes respectively. Each measurement is
represented with a different symbol. The dashed lines are guided lines for critical thickness. (b) Four
possibilities of the mica setups with the same intersection angle ¥ = 57.4 <of the mica and easy axes
o1 and o at the +£30 “from the index axes y1 andy. bottom and top surfaces considering the right-
handed cholesterics. The white disk with black lines and the blue disk with red lines correspond to the
bottom and top mica respectively. The solid lines are the index axes while the dashed lines are easy
axes. A counter-clockwise rotation corresponds to a right-handed cholesteric LC. The total twist angle
® is an example of dg(ng) with ng = 1 showing the twist angle of cholesterics from the o1 to o2 easy

axis.

analysed. The configuration of the easy axes o1 and o2 with the deviation 81 and 62 due
to a weak anchoring is shown in the inserted diagram Fig. 4.7a. Typically, the mismatch
of the easy axes causes non-integer layer of cholesterics with the intersection angle o, and
the deviation & decreases total the twist angle from intrinsic ®o(no) to ®. Note that twist
angles have a sign determined with the usual right-hand rule with respect to a z axis that

is normal to the surfaces and points upwards from the bottom surface (with director ny in
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the inset of Fig. 4.7a) to the top surface (n2). When one of the surfaces is approached or
retracted, the free energy per unit area G is formed by the twist elastic energy and the

anchoring energy,
G =) 3K, {0’ — qo)?dh + W's & D

§ =2[®o(n) — @] € (-3,5) (4.2)

where h is the surface separation, K22 is the twist elastic constant of the cholesterics, ¢’
= @/h is the molecule rotation rate at certain distance h, which is constant for a given

distance. The intrinsic molecule rotation rate go = m/p, W is anchoring strength. Here the
Rapini-Papoular anchoring potential %W s i2 diis used, which is valid only at the small

deviation 6. Thus twist free energy density in equation 4.1 is integrated, becoming,
G=2K, {2-52h+Ws 26 (4.3)
2722 '

When the anchoring energy on the surface is infinite, the deviation 6 = 0, meaning that
the surface can hold the intrinsic twist angle ®o(no), while the opposite limit with zero
anchoring energy, molecules can freely rotate on the surface. In between, the molecules
deviate from the easy axis to minimize the free energy, namely the twist angle @
decreases during the compression of layers, but increases during the retraction. During
the twist transition from no layers to no+1 layers, Gno (hc) = Gno+1(hc) would be satisfied
when the critical thickness is he/p = (no+1/2) with an infinite strong anchoring. It has also
been proved that this critical thickness is always in the center of two layers, independent

of anchoring potential used in the free energy model with finite anchoring®4°.
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Figure 4.7 Colour-map of the logarithm of the free energy per unit area confined between two

planes as a function of the film thickness h/p and the twist angle @, with different extrapolation lengths
L/p and fixed intersection angle o, p is the half-pitch length. (@) L/p = 5, a = 62.6 °, the inserted
diagram shows the configuration of the easy axes o1 and o2 (dashed lines), deviation angle ;1 and 52,
and director n; and ny (solid lines); the black and white colours correspond to the bottom and top
surfaces respectively. (b) L/p=1,a=62.6°. (¢) L/p=0.1,a =62.6 °. (d) L/p=0.1, .= -62.6 < The
dashed box highlights the region of the handedness reversal. For the free energy, white and red lines

are energy extrema and minima respectively, while the black dots are energy zero.

Fig. 4.7 shows the logarithm of the free energy G as a function of the film thickness h/p
and the twist angle ® with different intersection angles o and extrapolation length L/p.

Overall, the twist angle becomes more continuous and smooth during the twist transitions
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as the extrapolation length increases, while the twist angle undergoes discontinuous
jumps at the same critical thickness with one more layer slipping in. Specifically, in Fig.
4.7a with large extrapolation length L/p = 5, the layers are slightly deformed around
energy zero points and the deviation of twist angle @ is very large since surface anchoring
is too weak to hold the molecules. Notably, at smaller film thickness, the twist transition
IS more continuous. In Fig. 4.7c with small extrapolation length L/p = 0.1, the layers are
largely compressed and stretched before and after zero points respectively without much
deviation of the twist angle @. Interestingly, when the intersection angle o= -62.6 <is
negative, the handedness of the first non-integer layer that is obtuse angle is frustrated
and reversed becoming left-handed, shown in Fig. 4.7d, which has also been observed in

the highly compressed cholesteric elastomer?®3,

The free energy minimum G as a function of the film thickness is further compared in
Fig. 4.8 for various extrapolation lengths L. The energy minimum decreases as L
increases at a given thickness. In other words, at the smaller anchoring condition, the
molecules rotate more freely to change the twist angle that minimizes the free energy.
When the anchoring strength is infinite, the free energy G is maximum almost similar to
the case L/p=0.01, namely L = 1.22 nm, which holds the twist angle ® unchanged before

twist transitions.

4.3.2 Effect of dislocation defects confined between crossed cylinders

In the SFA, the dislocation defects inevitably form between the crossed cylinders,
therefore, the total free energy is the sum of the twist elastic energy and the defect energy,
which might affect the critical thickness D. of the twist transition. For the twist elastic

energy, the Derjaguin approximation®® is assumed, since the typical working distance in
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Figure 4.8 Energy minimum G per unit area as a function of the film thickness h/p with fixed o
=62.6 < different extrapolation lengths L/p ranging from 0 to 5, p is the length of half-pitch. Different

colours show different values of the extrapolation length L/p, the black dashed line is for L/p = 0.

the SFA experiments is less than 1 um that is much smaller than radius R = 1-2 cm of the
cylinder and it has been shown that Derjaguin approximation also works in the long-range
elastic systems®’® 182, Regarding the defect energy, it is the sum of line tension energy for
all circles of defects. Total free energy E considering infinite strong anchoring from

surface separation D1 to D2 can be written by calculating the work,
E=["2m RX2K, {=—D52D d B Y™, 2mry ()T, (4.4)
- Dy 2 2 D p i=1 d d .

where 74 (i) is the radius of the i'" defect, T, is line tension of dislocation. The elastic
energy can also be equivalently calculated from the product of energy per unit area by
the area, which is calculated step by step of different loops, as shown in the published

paper?%,
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When the surfaces separate from the distance Dy of relaxed n layers to the twist transition
of n+1 layer, the defects shrink and the smallest dislocation finally annihilates at a critical
distance D when the new layer slips in, meaning that the twist transition will occur before,
I.e. at a smaller distance than the middle position between Dy and Dn+1. The free energy
change at the distance D, between Dy and Dn+1 IS AE = E,, .1 — E,,, where E,, is the free
energy of n layers moving from Dy to D¢ and the total defect energy change from Dy to
Dn+1 is 2mr4(1)T, considering that (n+1)™ defect replaces the n' defect. In other words,
the effective change of defect energy is due to the defect with the smallest radius. As a

consequence, the free energy change AE at distance D¢ between Dp to Dns+1 S,

Vs V1

2 2
AE ~ fgcnﬂn R g{z(g - ;) Dd b flj’:n R ZKZ(% - ;) Dd B-2m 5,(D)T, (4.5)

where 1, ,(D,) is the radius of the smallest defect with n layers at the distance D,

assuming that the height of the smallest defect position is constant.

At infinite strong anchoring, ® = ®o = qoDo unchanged during deformation, where @y is
relaxed twist angle at Do, therefore the elastic free energy at distance D in equation 4.3

can be written as,

1 (Dy—D)?2
G= EKZ #o® OT (4.6)
Thus the free energy change AE in equation 4.5 is,
Dy (Dn41-D)*  (Dc (Dn—D)?
AE ~ fDC "' R Ko + - fDn T R Kflo® - Tan(Dc)Tq (4.7)

This free energy change taking into account the defect energy during the transition from

3 layers to 4 layers is compared with the energy change without the defect energy plotted
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in Fig. 4.9, where the energy change decreases monotonically with increasing distance
but the difference with or without defect energy is barely seen from Fig. 4.9a. If a region
of zero energy change is zoomed in, the twist transition can be seen smaller than middle
position 3.5p. Without the defect energy, the transition also happens at the distance
smaller than the middle position due to the crossed-cylindrical geometry. At the distance

larger than 3.5p, the radius of defect is zero, so there is no difference of energy change.
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Figure 4.9 Free energy change AE normalized by the thermal energy kT at temperature 298 K
for the transition from 3 layers to 4 layers as a function of the surface separation D/p with the
intersection angle a = 0, p is the length of half-pitch. (a) The free energy change without and with the

defect energy is shown in the blue and red lines respectively. (b) The zoom-in view of (a). The centre

line is AE = 0.
4.3.3 Force calculation

The force at the distance D moving from the relaxed distance Do, experienced by the
surface can be obtained by differentiating the free energy in equation 4.4 with respect to

the surface separation distance D, shown in equation 4.8,
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(4.8)

where the first term is the twist elastic energy per unit area at equation 4.6, while the

second term is the defect energy per unit area generated by the defect?%42%, At the relaxed

integer layers Do, 14(1) = \/p_R= V1 2 2 mx 1 ¢ me~ 3 Su m, the corresponding force
generated by the first defect that produces largest force F/(2m B is 2.8E-4 mN/m,
considering that the line tension Tq is in the same order*! of the typical twist elastic
constant K22 = 10 pN. As a result, compared with the oscillating elastic energy in Fig. 4.8,

those defects generate negligible non-oscillating background forces.
4.4  Effect of surface anchoring on simulation

The equivalent isotropic simulation in Fig. 4.5 has shown that the refractive index is
accurate. By adopting the intersection angle o = 62.6 < ¥ = 57.4 °from analysis in Fig.
4.6, the twist angle @ from Fig. 4.7, the full-parameter simulation is performed to test the
extrapolation length, namely the anchoring energy. Three extrapolation length values 0.1,
1 and 5 are used to compare spectrogram results that are overlaid with experimental
spectrogram in Fig. 4.10 where the fringes are a function of frame number and
wavelengths A. Overall, the overlay of spectrograms with different extrapolation lengths
is quite good without large deviation except during the twist transitions. The regions of
twist transitions are zoomed in to show clear deviation in spectrograms with large
extrapolation lengths. Only when L/p = 0.1 can one get the best overlay with the
experimental figure, indicating that full-parameter simulation is able to well reconstruct
the molecule distribution and rotation during the twist transitions, and that the anchoring
strength is very large so that the surface can hold the twist angle unchanged before a new
layer slipping in. With L/p = 0.1, one can calculate that the extrapolation length L is
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Figure 4.10 Overlaid spectrogram of the cholesteric fringes by the full-parameter simulation and
experiment as a function of the frame number and the wavelengths A. The twist angle ® as a function
of the distance is determined from the calculation shown in Fig. 4.7 with different extrapolation
lengths L/p = 0.1, 1 and 5, which correspond to red, blue and green dots, respectively, in the overlaid
spectrogram. The white colour of fringes is from the experiment. The inserted panels are zoom-in of

twist transitions.

smaller than 12.2 nm, namely anchoring strength W = Kz2/L = 0.8 mJ/m? considering
typical twist constant K22 = 10 pN. Such anchoring strength is in the upper limit of the
typical azimuthal anchoring’ range from 107 to 10 J/m2. However, there is also a
limitation that whether the anchoring deviation is following the Rapini-Papoular

anchoring potential cannot be examined in this experiment since anchoring is so strong.

4.5 Equilibrium forces in cholesterics
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The forces experienced by the surface during the twist transitions can be measured at the
free end of the cantilever when the fixed end was moved by the motor at a constant speed.
Firstly, the speed deviation of the surface motion to the motor speed as a function of the
distance D is plotted in Fig. 4.11a. The deviation is smaller than 2 nm/s and fluctuates
with period pitch p after the initial strong jump-out of the surface from adhesive contact
due to van der Waals attraction. This indicates that the twist transitions indeed cause
periodic stretch and compression of layers, and that the forces are measurable. The
corresponding forces F normalized by the cylinder radius R as a function of the distance
D are plotted in Fig. 4.11b,c with different zooming, where the maximum forces around
0.2 mN/m that are one order higher than the resolution of the SFA are obtained during

the twist transition points.

It is worth noting that these structural forces can be fitted with equation 4.3 with Kz, =
17 pN and L/p = 0.1, which produces a large anchoring strength W = 1.4 mJ/m?2, meaning
that basically anchoring is consistently strong and the anchoring potential plays a small
role in this experiment, but the value of anchoring strength could be artificial due to
systematic errors like the spring constant or the radius of the cylinder. The anomalous
high value of the twist constant K22 = 17 pN that is used to fit the forces might be due to
the fact that data is noisy and the calibration of zero forces may prevent the detection of
a linear force background, although with cholesterics the elastic forces may exist
everywhere during surface retraction. In this experiment, the calibration relies on the
assumption that the force minima are around zero. Last but not the least, the speed during
the twist transition is going to the maximum that produces non-negligible viscous forces

reported in the SFA community?°®.

46 Summary
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Figure 4.11 Speed and force during surface retraction measured in the SFA. (a) Velocity u-up of

the surface movement during the retraction as a function of the distance D, u is the instant speed of
surface, which is set as negative, ug is the speed of the motor. (b) The zoom-in and (c) zoom-out of
surface forces F normalized by the radius R as a function of the distance D, the black curves are forces
calculated with K2 = 17 pN and L/p = 0.1. The circular points are positions during the twist transitions
in each retraction experiment. The forces are calibrated assuming that the force minima sit on the 0.

The different colours are used to indicate different retractions in the same setup.

In this chapter, the cholesterics are confined in the SFA during the retraction of the
surface, where the twist transitions and the equilibrium forces are characterized and
analysed. The simulation tool based on 4x4 matrix is used to reconstruct the optics during
the twist transitions and the free energy based on the twist elastic energy and the
anchoring energy is applied to explain the structural forces encountered at the quasi-

equilibrium movement. Some conclusions are drawn as following,
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(1) The cholesterics form layers, which produce splitting changes in fringes during the
twist transitions, and the circular dislocation defects that are similar to the defects

generated in the Grandjean-Cano wedge.

(2) The periodical twist transitions and the splitting changes are due to slipping-in of a
new layer equal to half-pitch p that changes the total twist angle at the middle

positions between two consecutive integer layers.

(3) The equivalent isotropic simulation stands using the average refractive index

calculated from the odd and even fringes.

(4) The half-pitch length p = 122 nm and the mismatch intersection angle o = 62.6 <of
the easy axes are obtained through the analysis of the critical thickness of the twist

transitions as a function of the number of the half-turns no.

(5) The free energy from the twist elastic energy and the Rapini-Papoular anchoring
potential is calculated to estimate the equilibrium forces. The stronger anchoring
energy is, the higher free energy gains during the twist transitions, but at strong
anchoring, the Rapini-Papoular anchoring potential is small and cannot be tested.
Meanwhile, the dislocation defects make negligible contributions to the free energy

and the position of the twist transitions.

(6) The full-parameter simulation well reconstructs the optics during the twist transitions
taking into account the instant molecule rotation angle, which estimates a strong

anchoring strength W = 0.8 mJ/m? that is in the upper limit of reported values.

(7) The equilibrium forces during the twist transitions are oscillating with the period p

and are measurable in the SFA. These forces are noisy with the force peak one order
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higher than the resolution of the SFA, which are fitted by the free energy model with

anomalous Kz, producing artificial anchoring strength as a result of systematic errors.
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5 Anchoring-mediated stick-slip winding of

cholesterics

5.1 Introduction

208

In broad soft mater areas, including turbulence?®’, micro/nanofluidics?® and yield stress

209 poundary conditions are of importance for material properties and

materials
performances. Similarly, in LCs, surface anchoring also plays a crucial role on the order
parameter, the temperature of the nematic-isotropic phase transition!’, as well as the
responses of molecules to the external fields?, especially in confined geometry such as
LC displays. During the cholesteric-nematic unwinding by external fields, there is a
controversy on the role of the surface anchoring that might induce stick-slip behaviours,

despite well-known continuous transitions observed in experiments, which has been

discussed in section 1.4.3.

Here we use the SFA to measure the responses of desiccative cholesterics during surface
approach under various boundary conditions, whereas in Chapter 4 we presented the
results obtained during surface retraction. As we will see, the behaviours are very
different in the two cases. In the beginning, a strong anchoring was obtained, but
anchoring strength decayed with time mainly due to the adsorption of the water from the
ambient environments’® 174, as such, different regimes were observed during the approach
of experiments as a result of the decayed anchoring. The surface torque that is analogous
to friction torque in static rotational friction is adopted to explain these regimes and the

retardation of twist angles among them. Both anchoring deviation and retardation are
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unified with fracture mechanics. It is the fracture energy that hinders the nucleation of a

new defect loop, given that the calculation of defect energy is negligible in Chapter 4.

5.2  Three regimes

Fig. 5.1 gives an overview of the normalized force profile F/R as a function of distance
D obtained in three regimes. In the first regime shown in red, the force generated by
constrained cholesterics initializes from zero then increases with increasing surface
compression to 65%, maximizing at 14 mN/m before the surface jumps into contact and
all the cholesteric layers (n = 11) are squeezed out from the contact region. In the second
regime observed after exposure to air in the SFA, shown in pink line, a stick-slip jump of
the surface, resembling the stick-slip motions observed in frictions®, occurs after the
force is accumulated to 1.5 mN/s with more than 30% compression, and finally surface
jumps to contact. The number of jumps corresponding to a non-integral and 5 integral (n
= b) cholesteric layers, although some of them jump consecutively. In the last regime,
shown in blue, surface jumps periodically with a period equal to the half-pitch without a
large deformation of the cholesterics and the last few layers are difficult to squeeze out.
Additionally, there is a background force showing in the third regime, such that the force
minima are not sitting on zero and some parts of the forces are even larger than the forces

in the second regime.

The compression that cholesterics can sustain decreases with time from the first regime
to the third regime, indicating the decrease of anchoring strength after the adsorption of
water from the ambient environment’® 174, In the third regime, surfaces are difficult to be
compressed to contact, which supports the assumption that surfaces are changing with

time. There are several reasons why a harder wall is encountered before contact. Firstly,
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Figure 5.1 Normalized force F/R as a function of distance D in three regimes. Red, pink and
blue force profiles are in the first, second and third regimes approaching from certain distances,
respectively, with decreasing anchoring strength. All the forces are calibrated with only one fit

parameter, the speed of the motor, to match the twist elastic deformation.

the adsorbed water dissolves and accumulates potassium ions from the mica surfaces to
contact position leading to electrostatic repulsion between the surfaces. Secondly, LC
molecules grow epitaxially with time®®. Thirdly, contaminators from ambient air adsorb

to the surface.

5.2.1 Constrained regime

Fig. 5.2 shows the theoretical fit by equation 4.6 with K22 = 3.8 pN for force profile in
the first regime. The match between experiment and theory is quite good indicating that
anchoring strength in the first regime is strong. The slope of jump-in is similar to the

spring constant dF/dD = k, which manifests the spring instability, mechanical instability
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of the SFA setup occurring in regions of the force curve where dF/dD > k, dominants the

jumping process.

16

Force/Radius, F/R (mN/m)

2 L -
O L 1 L 1 1 1 L 1
0 200 400 600 800 1000 1200 1400
Distance, D (nm)
Figure 5.2 Force profiles in the first regime approaching with motor speed 1.7 nm/s, the green

line is theoretical fit by equation 4.6 with K2, = 3.8 pN. The slope of the blue line is spring constant

2 k=128/m
dD

Fig. 5.3 shows force responses as a function of time in the first regime with 50%
compression but before reaching the critical distance. Att =2 Omi ntke motor stops
and re-approaches at t =9 (mi nhetween which surface distance is sustained by the
cholesterics with a deviation less than 40 nm mainly due to mechanical and thermal drifts,
as shown in Fig. 5.3b. After re-approach, cholesterics are further compressed before all
layers jumping into contact. The long-time study demonstrates that the surfaces

experience elastic forces rather than dissipative viscous forces.

5.2.2 Stick-slip regime
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Figure 5.3 (a) Distance profile D as a function of time t. (b) Zoom-in of distance profile.

Fig. 5.4a shows the crossing points of force profiles calculated by equation 4.6 with
various layers of cholesterics, which fall on the distance equal to the integral number of
the quarter pitch. Notably, the calculated slope of force profiles is similar to the spring
constant, indicating that the jumping process is a balance of the visco-elastic forces and
the spring force rather than a pure spring instability, which is shown in Fig. 5.4b, where
jumping distances are smaller than the theoretical values. This can be due to the effect of
dislocation defects, which has been discussed in section 4.3.2. The force profile in the
second regime is well fit by theoretical calculation if the number of layers at the contact
position is manually reduced during a jump, shown in Fig. 5.4c, indicating that anchoring

strength is still strong in this regime.

Fig. 5.5 shows more force profiles in the first and second regimes. These force profiles
see similar slopes of jJump-in to the spring constant. Interestingly, multiple-layer events
of jump-in are also observed in the second regime, indicating that the second regime
possesses features from both first and third regimes. During experiments, the SFA

experienced the first regime then the second regime, but reentry of the first regime also
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Figure 5.4 Force profiles in the second regime. (a) The normalized force F/R as a function of

normalized distance D/p by equation 4.6 with n layers of cholesterics, p is half-pitch, and slope of the
blue line is spring constant k. (b) Overlay of force profile (red line) of the second regime with
calculated force profiles (green lines) by equation 4.6 with various layers of cholesterics, the slope of
the blue line is spring constant, and the red line is calculated with K22 = 6 pN (c) Force profile (red

line) of the second regime fit by equation 4.6.

occurred. This implies for future the possibilities of controlling the regime and therefore

compression responses by controlling water content.

5.2.3 Sliding-slip regime
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Figure 5.5 Force profiles in (a) first regime and (b) second regime, the slope of the blue line is

spring constant.

Likewise, the third regime could be analysed with the method for the first two regimes.
Although in this regime the anchoring is expected to be small and the elastic force will
be small because of deviation anchoring direction from the easy axis, the defects move
and interact with the surface at such small anchoring?*, which may cause strong pinning
with surface and stabilize the layers. Besides, molecules may slide at the surfaces with
increasing the surface viscosity. Therefore, the fitting of the force profile in this regime

will be complicated.

These three regimes emerge with time and, most likely, decrease of anchoring strength.
Considering the longer time scale, more regimes might appear. For example, if the
adsorbed water changes the direction of the easy axis of mica surface’® 1’4, the behaviours
can be different. Finally, if the mica surfaces become totally homeotropic, the pitch axis

will be parallel with surface causing fingerprint textures and more isotropic-like optics.

5.2.4 Burgers vector
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According to a study of cholesterics in a wedge-shaped cell?’®, Burgers vector b,
characterizing the layer mismatch around a dislocation line, increases from half-pitch
b =p to pitch b = 2p at a critical distance h;, .with a given wedge angle ranging
5mr a<da, <2 Onr a rdeaning that the number of cholesteric layer changes by one
(thickness change of 2p) around a dislocation at large film thickness. The critical distance

h, .is estimated,
hy .= ——= (5.1)

considering the SFA geometry in Fig. 2.1c with cylindrical radius R = 0.0 1m, effective

wedge angle a,, is obtained,

._jnt 1 +2Rhyp (52)

a, =S i =s i
w R R

The critical distance is calculated combining equation 5.1 and 5.2, h, . 1 2 37% m
with which wedge angle @, =1 5 mr a within the valid range of equation 5.1. This
critical distance is around 10-11 layers that are typical experimental distances. Some
experimental data may need to be calibrated the change of Burgers vector, however, no
evidence has been found in the data. Probably, this is due to the deviation of the equation
5.1 in different geometries or more careful examination of data is necessary, which might
decrease the errors in the fitting of force profiles, but the effect of Burgers vector on

calculation will be small at such large distances.
5.2.5 Strain-stiffening

With strong anchoring, the force per unit area I1, namely disjoining pressure, and

Young’s modulus E,, are calculated from equation 4.6,
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1 Do2
H=—ﬁ=51{2 ﬂoZ(D_g -1 (5.3)

__m _1 2(Do? | Do
Ey = Gooym, ~ 2K A0° Gz ) (5.4)
Fig. 5.6 shows that both pressure and Young’s modulus are not linear as a function of
distance, indicating a strain-stiffening?'! relationship. The Young’s modulus E, ~
1 0 P aunder 70% compression, which is larger than the Young’s modulus of aqueous

foam and granular bed?!2, showing that a large amount of energy can be stored in the

twist configurations?3,

(a 5 ; . ‘ ‘ . ‘ (d) 6
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Figure 5.6 Strain-stiffening of cholesterics. (a) Pressure  as a function of distance D,
calculated by equation 5.3. (b) Young’s modulus E,, as a function of distance D, calculated by

equation 5.4. K, ,= 6 p Nandp =1 2 R mare used for calculation.

5.3 Surface torque

The measured forces follow this equation very well with manual input of twist angle, but

three different regimes varying with anchoring strength are measured, namely
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constrained, stick-slip and sliding-slip. How do we understand the critical threshold of

jump in different regimes?

When cholesterics are confined between two plates, the elastic torque is balanced by the
surface torque that is generated by surface anchoring and surface viscosity*143, For
strong anchoring, molecules deviate very slowly from the easy axis, thus torque from
surface viscosity is negligible, while at medium anchoring, molecules slide to deviated
angle with larger speed, therefore, both surface anchoring and surface viscosity balance

with elastic torque.

D Dy—D 9D
K, 2(5— QO) =W 02 T Vs 53 (5.5)

where W is anchoring strength, @, is original twist angle, y; is the surface viscosity, and

t is the time.
5.3.1 Strong anchoring

With strong anchoring, surface viscosity is neglected here. The elastic torque T, is mainly

balanced by the anchoring torque I,

®o—D
2

Le=K; A3~ q0) =Ta=W (5.6)

I = K> 5o (% - 1) (.7

Fig. 5.7 shows that there exists a threshold constant of critical jumping distance D, over

original distance %, about 35% and 75% for first and second regimes respectively, for
0

the surface to sustain the elastic stress at certain anchoring conditions, no matter how

many layers are compressed. This means there is a threshold torque I, that is analogous
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to breakaway friction torque 2! that is a term in rotational friction. When the anchoring
is large, larger friction torque can sustain elastic torque, such that cholesteric layers will

not jump until the threshold is reached. Once the layers jump, stick-slip happens.
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Figure 5.7 Normalized critical jumping distance D—C as a function of the number of integral half-
0

turns n. (a) First regime. (b) Second regime.

The anchoring torque in first and second regimes is plotted in Fig. 5.8, scattering around
1.9 x 1 0%and 0.7 x 1 0% m N/m respectively. The first regime and second regime fall
on different slopes of calculation based on equation 5.7 with K, ,= 3.8 and 6 pN. If the
force profile in Fig. 5.2 is carefully examined, one can see that the slope at small
compression is actually higher than calculation with K, ,= 3.8 pN. This may be because
mica surfaces on lenses are not large enough, such that at large compression, forces are
responded by the area larger than the mica coverage. Outside the mica coverage, the glue
produces negligible forces. While at small compression, the forces mainly generated near
the contact position are free from the effect of mica areas. From the fitted elastic constant,

we can estimate the effective coverage of mica on lenses is 2/3.
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For more rigorous calculation considering anchoring deviations, the surface distance D

in equation 5.6 is calculated as,

Ky #b
To-@
2

D =
KZ ﬂ0+W

At the critical torque threshold T, the

distance D, are calculated,

(5.8)

critical twist angle @, and the critical surface
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Figure 5.8

Anchoring torque  asa function of normalized critical jump distance D,/D,, the

red line is theoretical prediction according to equation 5.7 with K, ,= 3.8 and 6 pN, blue dots are

calculated with critical jump distance from the first regime and green dots are calculated with first

critical jump distance from the second regime. All data are using fitted twist constants K, ,to calculate

anchoring torque.

2T

(ON ”

(5.9)
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From Fig. 5.9, the slope and intersection of critical distance as a function of original
distance in the first regime are obtained from the trend line, although the Burgers vector?!®

may need to be considered to calibrate the data, minimizing scattering, thus,

1

K2 A0

2T¢
— 0¥ _— 477421 0° (5.12)
1+—E

K2 70

[, 0.2 3nN/m, W = 0.1 5m N/m with K, ,= 6 p Nand half-pitchp =1 2 2 mThe

anchoring energy is similar to the value by dimensional estimation?® W ~ K, g, ~

R

0.1 5m N/m. The deviated angle on one surface can be calculated ~ 0.4 9, which

means the molecules on each surface deviate 90° from easy axis at the jump threshold.
Perhaps this is a maximum intrinsic angle of deviation, which could potentially be
observed by polarized microscope to prove the prediction. Notably, with the Rapini-

Papoular potential?®, no solution can be found. Certainly, anchoring potential with other

®o—D

forms may also be feasible. For example, if the anchoring torque is %W >

differentiated from parabolic potential, the anchoring strength will be 0.3 mN/m, but the

critical torque and deviated angle are still the same.

From equation 5.8, twist angle & is a function of surface distance D,

D, +2K2 Ao
b = 0+2—sz2 (513)

1+—WD
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Figure 5.9 The critical jump distance D, as a function of the original distance D, in the first

regime, the black line is the linear trend line.

With parabolic anchoring potential, free energy can be calculated,

2K 2K
¢0+—€Vﬂo 2 @0-}-—5'/270
1 (@-qoD)? Dy—D 1 2Rz 90D Pom— 2k, 5
G =K, 7202k 4 W (P22 =2k, U +W(—U )2 (5.14)

and the corresponding force profile is compared with the profile in the infinite anchoring
case, shown in Fig. 5.10 where the deviation is small, but indeed the additional anchoring
energy decreases total forces, and the obtained elastic constant K, ,= 4.2 p Ns closer to

the molecular property.

5.3.2 Medium anchoring

For the second regime, all the stick-slip jumping points except those within spring
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Figure 5.10 Normalized forceg =2 G as a function of distance D in the first regime, the red

line is from the first regime in Fig. 5.1, blue and green lines are calculated based on equation 5.3 and

5.13 respectively, with K, ,= 4.2p N

instabilities are plotted as a function of original distance, as shown in Fig. 5.11. Similarly,

the critical torque I'; = 0.0 1 4n8N/m, anchoring strength W =~ 0.0 0 7n8N/m and

R

~ 1 1.4° for the second regime are calculated from the slope and intersection at

the large distance in Fig. 5.11.

The anchoring strength in the second regime is not strong compared with the first regime,
and the deviation of force profile is large from the infinite anchoring force profile, shown

in Fig. 5.12.

The anchoring torque and strength calculated from Fig. 5.11 are used to predict the
positions where consecutive jumps occur, shown in Fig. 5.13. The critical jumping
distances fit the experimental data very well. However, the odd thing is that force profile

is fit by the infinite anchoring case where anchoring energy does not contribute to the
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Figure 5.11 The critical jump distance D, as a function of the original distance D, in the second
regime. Data fit by the linear trend line, only data with determined layers is used, and the anchoring

transition that is discussed in section 5.3.4 has been taken into account.

free energy. It is like that the surface torque is correct but the composition of the torque
is not pure anchoring. Possibly, the surface viscosity may start to be important in this
regime. Alternatively, the 2/3 coverage of mica on the lenses may cause slip on this
regime after water adsorption, since the critical compression rate is similar to the
compression rate where K, ,changes from 6 pN to 3.8 pN in the first regime, shown in

Fig. 5.2.

In the second regime, either during approach or retraction, no defects are observed

stretching on the surface, indicating that defects are in the bisector of surfaces and the

polar anchoring energy?* is larger than 2 EKg B ~ 0.4 m N/m, where K; 5is bend
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Figure 5.12 Normalized force == 2 G asafunction of distance D in the second regime, red and

blue lines are calculated based on equation 4.6 and 5.14 respectively.

constant, B = K, g3 is compression modulus of cholesterics. It seems reasonable that the
azimuthal anchoring energy is one or two orders smaller than polar anchoring’2. Then the

polar anchoring energy in the first regime would be very large.

5.3.3 Weak anchoring

For very weak anchoring, the anchoring torque is negligible'#?, therefore, the elastic

torque is mainly balanced by the surface viscosity.

@ oD
K, 2(3 - CIO) =Vs 3= Vs@ (5.15)
aD
=V (5.16)
oD
;=@ (5.17)
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Figure 5.13 Force profile in green calculated by equation 4.6 based on the anchoring torque and

strength obtained in Fig. 5.11, red lines are experimental results.
Ys = Nsls (5.18)

where 7, is boundary material viscosity, [ is interaction length on boundary materials,

w 1s instant molecular rotation rate on surface, v is instant surface velocity.
From equation 5.16 and 5.17, w = %v, thus equation 5.15 becomes,

K, 2(% - QO) = Vs%” (5.19)

In the third regime, the layers are squeezed one by one. Therefore, ® = &, = q,D, at a

large distance. Equation 5.19 becomes,

KZ iDO - D) == YSUDO (520)
__ K; {Dg—D)
=2 dod) (5.21)
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p = & z¥sDo (5.22)
K3 2

Surface viscosity is estimated y, = 1.8 3x 1 0* P a s - m, by equation 5.21 with typical
K, ,=6p NDy =1 0 OnOmD, — D = 6 ITn mv = 2 n nfs. If the interaction length on
boundary materials is around 10 nm, then boundary material viscosity ny = 1.8 3X

1 0P as, which is very large.

The surface viscous torque in equation 5.19 is integrated over @ to calculate the surface
viscous free energy G, ,, and surface viscosity y; is estimated by equation 5.21 at a large

distance,

P2 2 (Dg—D)Dg

1
Gs = )/SEU ~ EKZ o D (5-23)

The force induced by surface viscosity is estimated about 0.8 mN/s at D, =1 0 OnOm
which is very close to the background force in the third regime in Fig. 5.1. As a result,
surface viscosity stretches cholesteric layers and the defects, in addition to the regular
elastic forces. In some studies®® 1&-188 \with smectics confined in SFA, defects also

escaped to the surfaces under homeotropic anchoring that is typically weaker than planar

anchoring. Given that the critical anchoring 2 EK3 P for surfaces to expel defects to the

bisector plane?* is larger for smectics than for cholesterics, defects in smectics were
pinned on the surfaces. Those studies'®-18 explained the avalanche events by the stretch
of screw dislocations pinned on surfaces. However, for cholesterics, defects are smaller
amount with large layers compared to smectics. The pinned defects cannot be the only
viscous force counted for the large background force. The sliding of whole cholesteric
planes has to be taken into consideration. This may shed light on the commonly observed
background forces in past studies'®”: 1" with LCs.
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5.3.4 Anchoring transitions

In more aged force profiles in the second regime, the forces cannot be fit very well with
equation 4.6. However, when the water-induced anchoring transition on mica surfaces
are taken into account, namely the intersection angle between anchoring axes changing
60 ° from 64.8 ° to 4.8 °, the force profiles can be fit very well. This indicates that the
easy axis of mica changes discontinuously in the second regime after absorption of water,
and that the third regime will be affected more by this anchoring transition after longer
time evolution. However, the exact configuration of new easy axes could be many

possibilities, if two surfaces are not changing symmetrically.

This reduction of anchoring angle a could be also due to the surface viscosity that hinders
the anchoring deviation at weak anchoring to a certain angle, but this deviation, on
average 30 “on each surface, is rather small and happens to be similar to the angle of the
anchoring transition. This anchoring deviation should also be continuous. Under such
condition, the surface viscosity y, = 2 x 1 0* can be estimated by equation 5.19 with 10
integral layers, K, ,= 6 p Nand v = 2 n nfs. This is consistent with the estimation in

section 5.3.3.

5.4 Retardation of twist transitions

Fig. 5.14a-c show that the retardation of twist angle between retraction and approach
exists in all the three regimes and decreases with the time evolution. Multiple-layer
jumping events occur during approach in the first and second regime, and upon retraction
in the third regime. Fig. 5.14e shows that the retardation during approach decreases with
the time evolution. However, the retardation during retraction is the same in the first two

regimes and a retardative jump is observed in the third regime, shown in Fig. 5.14f.
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Notably, the twist angle profile during approach in the third regime is consistent with
profiles during retraction in the first two regimes, shown in Fig. 5.14d. Most of the
jumping points occur on quarter-pitch distances, but at the small distances, more

uncertainties are observed.

In Fig. 5.14, all the non-integral layer has been deducted in order to eliminate the
difference of the intersection angle between the easy axes among different experiments.
The retardation among retractions results from viscous torque but the retardation among
approaches varies with regimes. The anchoring torque hinders the jump during approach
in the first regime, but the jump in the second regime might be due to both anchoring and
viscous torque in addition to the incomplete coverage of mica and anchoring transitions.
While in the third regime, viscous torque and anchoring transitions dominate the

retardation.

Fig. 5.15 shows one example of anchoring transitions considering only the easy axis
clockwise rotating 60 <dn the top surface after water adsorption, which will be based for
4x4 matrix simulation. Other possibilities may also be feasible, as has been discussed in

the last section.

Fig. 5.16b and 5.17b show the overlaid image of simulation and experiment spectrograms
in the third regime, with twist angle profiles in Fig. 5.14c. During retraction, no anchoring
transitions are considered while anchoring transitions with the configuration in Fig. 5.15b
is considered during the approach. This indicates that bi-stable easy axes exist after water
adsorption, and the new easy axis is another axis in addition to the possibilities shown in
Fig. 2.14. The twist angle @ either increases or decreases during retraction and approach

respectively to minimize the elastic energy. Notably, there are some deviations between
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Figure 5.14

p is half-pitch and first non-integral layer has been deducted, and the deviation of anchoring angles is
ignored. (a) First regime. The twist angle during the jump process is assumed to keep constant
compression rate as the critical distance but decrease the total twist angle. (b) Second regime (c) Third
regime, anchoring transitions are considered. (d) Three regimes (e) Approach profiles of three regimes
(f) Retraction profiles of three regimes. Dash and sold lines are approach and retraction profiles of the

twist angle respectively. Red, blue, green lines are first, second and third regimes respectively.
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simulation and experiment, such as at frame 1500 and 2300, in Fig. 5.17b during the
approach, manifesting that the deviation of anchoring angles occurs at small distances,
which is reasonable since twist angle profiles in Fig. 5.14 are irregular at small distances.
Apart from these deviations at small distances, the whole simulations in both Fig 5.16b
and 5.17b seem to indicate a strong anchoring, which is not true. A possible reason would
be that the anchoring strength deviates a small amount of the twist angle, such that the

simulation always works with strong anchoring assumption.

(b)

Figure 5.15 Two configurations of the mica setups with the intersection angle ¥ = 57.4 <of the
mica. (a) Dry condition. The 30 ° easy axes bottom o1 and top o2 of surface anchoring to the index
axes bottom y1 and top y2 of mica surfaces considering the right-handed cholesterics. (b) A possible

configuration with the easy axis o, of the top surface clockwise rotating 60 “after water adsorption,
leading to the anchoring angle @ = 4.8 . The white disk with black lines and the blue disk with red

lines correspond to the bottom and top mica respectively. The solid lines are the index axes while the
dashed lines are easy axes. The counter-clockwise direction is positive. The total twist angle ® is an

example of ®o(No) with ng = 1 showing the twist angle of cholesterics from the 61 to o, easy axis.

The simulations are compared with different twist angle profiles in Fig. 5.14c by
subtracting or adding one or two layers, as shown in Fig. 5.16 and 5.17. Overall, the
simulation changes significantly after one layer is subtracted, but makes small differences

during the retraction and negligible differences during the approach by adding one or two

137



layers. Additionally, the simulation during approach in first and second regimes is also
found not sensitive to the change of twist angle, because the layers are largely compressed,
which is similar to the isotropic limit discussed in section 3.3.11. This indicates that with

multiple twisted layers, the 4x4 matrices may not exactly reflect correct twist angles.
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Figure 5.16 Overlay of simulation and experiment spectrograms during retraction in the third

regime with the ImageJ, the configuration is based on the Fig. 5.15a. The twist angle in simulation is
the corresponding twist angle profile in Fig. 5.14c (a) by subtracting =, (b) with no change, (c) by
adding = and (d) by adding 2=. The frame number is proportional to the time, the thick green line is

experimental data, the thin red line is the simulation data by, and the overlaid region shows yellow.
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Certainly, the anchoring transitions could be just continuous anchoring deviation by the
surface viscosity, as discussed in 5.3.4, and the simulation is still the same. More
experiments are needed to see if the anchoring deviation is due to anchoring transition or

surface viscosity.

(a)
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(c)

Frame number
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Pixel number Pixel number
Figure 5.16 Overlay of simulation and experiment spectrograms during approach in the third

regime with the ImageJ, the configuration is based on the Fig. 5.15b. The twist angle in simulation is
the corresponding twist angle profile in Fig. 5.14c (a) by subtracting «, (b) with no change, (c) by
adding 7 and (d) by adding 2x. The frame number is proportional to the time, the thick green line is

experimental data, the thin red line is the simulation data by, and the overlaid region shows yellow.

5.5 Fractures and cracks in liquid crystals
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During retraction and approach, the mechanical responses are very different, which can
be understood by analogy to the fracture in solid materials. In order not to mix up the
crack and defect in LCs, here only the defect that induces fracture is referred to the crack.

During retraction, the innermost defect shrinks serving as a crack that finally breaks the

LCs, which is analogous to the opening mode in fracture mechanics, while in approach,
defects move to a larger radius, such that they never become crack, but the whole layers
are under shear stress that induces sliding or tearing mode in fracture mechanics, and the

crack happens on either surface or interlayer.

The surface torque is analogous to the friction torque in rotational friction, which is
consistent with the slip morphology on frictional substrates?'®. Recently a new
paradigm?}”2%0 pased on fracture mechanics is used to explain the transition between
static and kinetic frictions. The energy dissipation during ruptures of lubricants is very
high?2°, such that most elastic energy is released by the heat and the rest of elastic energy
is transferred to a new circle of the defect after jump events. As a result, the energy of
defects is negligible to influence the position of jump and the force calculation, during
both approach and retraction that is shown in section 4.3.2. This fracture energy that
hinders the nucleation of a new defect loop is estimated, 10%° kT, by integrating the force
profile over the working distance 300-1000 nm in the first regime, which is much larger

than the defect energy, 10° kT, with radius 3 5um and line tension 10 pN.

In three regimes, the deviation of the anchoring axis provides evidence of interfacial
ruptures during static rotational frictions. Therefore, both surface torque and retardation

are unified within the framework described by ruptures and cracks in fracture mechanics.
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There has been a lasting debate!® 22! on the mechanism of stick-slip motions during
friction. Three scenarios, one-layer or whole-layers melting and interlayer slip, are
proposed?®, It is difficult to distinguish the melting and the slip because the heat
dissipation is high enough to melt molecular layers during stick-slip. However, from the
anchoring deviation before slip, it might be more favourable to the scenario of interlayer

slip that is also a signature of interfacial ruptures.

5.6 Summary

The stick-slip phenomenon widely exists in contact mechanics from the macroscale to
the nanoscale. Here we observe three regimes, namely constrained, stick-slip and sliding-
slip, with retardation during twist transitions under mechanical winding with different
anchoring conditions, and measure corresponding forces by the SFA. The surface torque
is adopted to analyze the threshold of the jump in different regimes and to estimate
anchoring strength and surface viscosity. Both the surface torque and the retardation
phenomena are discussed with fracture mechanics. Some conclusions are drawn as

following,

(1) Compression rate of cholesteric layers before jumps decreases with the time evolution
in three regimes. The forces experienced by surfaces in three regimes are mainly
contributed by twist elastic energy but there exists a background force in addition to

the oscillating elastic forces of the third regime.

(2) In the constrained regime, all the layers are compressed around 65 % before they are
squeezed out together. There is almost no viscous dissipation under stress as the
surface move quasi-statically. The effective coverage of mica on lenses is around 2/3,

which decreases total elastic forces to 2/3 under large compressions.
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(3) During jumping events, the slope of the force results from the balance of spring
instabilities, twist elastic forces and bulk viscous forces in the first two regimes. On
top of this, surface viscous forces share the balance in the third regime, and perhaps

in aged second regimes.

(4) In the stick-slip regime, one or multiple layers jump at the distances slightly lower
than the crossings among elastic forces of integral layers calculated with infinite

anchoring, after about 30 % compression.

(5) In the sliding-slip regime, the layers jJump one by one with a half-pitch period at a

small compression rate, but large forces are encountered below 100 nm.

(6) Burgers vector may need to be taken into account at the distance larger than 10

integral cholesteric layers.

(7) All the measured forces are calibrated by single fitting parameter, velocity, which
reasonably varies with runs among different experiments. Strain-stiffening is found

to be natural especially in large compressions.

(8) All the jump behaviours in three regimes are results of a balance of twist elastic torque
and surface torque, but the surface torque is consist of different factors. The critical
jump threshold in the first regime is dominated by anchoring torque generated by
anchoring strength W = 0.1 5m N/m with the deviated angle 0.4 %t on one surface.
However, in the second regime, the surface torque is attributed to both the anchoring
torque and the viscous torque, anchoring transitions and coverage of mica, without a
determined medium anchoring strength. In the third regime, the anchoring is weak
and the viscous torque dominates jump threshold that is adapted by anchoring

transitions.
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(9) The deviated twist angle in the aged second regime and the third regime is due to
either the discontinuous anchoring transitions after adsorption of water or the
continuous anchoring deviation impeded by surface viscosity. The deviated twist

angle with one possible configuration is analysed by 4x4 matrix simulation.

(10)  The retardation of twist transitions in three regimes originates from the same
mechanisms of jump threshold. Both the surface torque and the retardation are
described within the framework of ruptures and cracks in fracture mechanics. The
bulk crack as the opening mode in the bisector plane between two surfaces is mediated
by the innermost defect and the interfacial ruptures as sliding or tearing mode are
mediated by the surface torque. The ruptures determine the onset of slip from static
rotational frictions to kinetic frictions, which are evidenced by the anchoring

deviation and viscous retardation.
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6 Conclusions and outlook

The Surface Forces Apparatus is used to simultaneously and precisely measure optics and
mechanics of LCs under crossed-cylindrical confinement. As a result of the competition
among surface anchoring, LC elasticity and confinement, rich morphologies of LCs are
observed in both optical fringes and mechanical winding. Therefore, the index ellipsoid
and 4x4 matrix are used to understand the optical interaction of multiple birefringent
layers; the surface frictional torque and fracture mechanics are adapted to analyse twist

transitions and stick-slip forces in this thesis.

LC status is found to be unstable during experiments and many studies in SFA, including
anchoring transitions, background forces and the repeatability, discussed in Chapter 2,
mainly on account of the sensitivity of LC molecules to the boundary conditions induced
by the surface alignment and adsorption from ambient environments. As a consequence,
examinations on anchoring transitions and careful cleaning and desiccated procedures are
discussed in the experimental setup in Chapter 2, such that stable anchoring conditions

are obtained and utilized to test the time evolution of samples.

The splitting of fringes generated by the MBI at contact positions in the SFA results from
the birefringence and the intersection angle W of the muscovite mica. The splitting
changes linearly with ¢ o4 at the contact, which depends on the phase retardation
maximizing at the parallel configuration and minimizing at the perpendicular
configuration. However, anisotropic LCs add more possibilities to the splitting of fringes.
If the long axis of index ellipsoid of LCs is parallel with the bisector of the acute
intersection angle of mica, the splitting of fringes keeps increasing and crosses with
fringes generated by other chromatic orders, while in the perpendicular case, the phase
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retardation is cancelled firstly resulting in a crossing within the same chromatic order
before it increases. For random angle configurations, the crossing event within the same
chromatic order is not observed and the behaviours of fringes can be intuitively
understood by the composition of phase retardations with parallelogram rule that is
similar to the geometrical composition of forces but with double intersection angle,
discussed in Chapter 2. For chiral LCs, multiple crossings within the same chromatic
order and bandgaps are observed with the separation of surfaces, simulated by 4x4

matrices.

Typically, average wavelengths in the same chromatic order and average refractive
indices are used to calculate the surface separation for simplification, as if average
wavelengths are generated by an isotropic medium with average refractive indices,
referred as isotropic equivalence. In Chapter 3, 4x4 matrices are used to reconstruct the
MBI from analysed data and to compare the deviation of isotropic equivalence, which
produces the errors § YD in the order of 1072, acceptable for typical SFA measurements.
It is shown that the resolution of the spectrometer is able to distinguish the differences of
optics generated by LC molecules with different azimuthal angles and polar angles as

small as 3 nm.

Under the confinement of crossed cylinders that is equivalent to a sphere approaching a
flat plate, circular dislocation defects are formed. During quasi-equilibrium retraction of
surfaces, cholesterics slip into the gap layer by layer with a period equal to half-pitch,
producing twist transitions and structural forces. The 4x4 matrices are used to simulate
the optics after analysis of the twist structures, with a fitting strong anchoring strength W
= 0.8 mJ/m?2. The free energy is calculated with twist elastic energy and the Rapini-

Papoular anchoring potential to fit structural forces. Although the innermost defect serves
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as a bulk crack that breaks necks of cholesteric layers, the energy of defects is negligible
compared with the change of elastic energy. An anomalous twist elastic constant Kz, =
17 pN is used to fit the measured forces, which is attributed to the systematic errors,

including viscous forces and the calibration of the motor speed.

Three regimes with the time evolution are observed in cholesterics during mechanical
compression in the SFA. In the constrained regime, 65 % of layers are compressed before
they are squeezed out altogether, and the deformation is mainly due to the strain-
stiffening elasticity that sustains the compression without viscous dissipation, but the 2/3
effective coverage of mica decreases the total elastic forces. In the stick-slip regime, 30 %
of layers are compressed before they are squeezed out layer by layer. In the sliding-slip
regime, small compression is needed to squeeze out layers one by one and a background
force is observed on top of oscillating elastic forces. The slope during jump results from

a balance of spring instabilities, elastic forces and viscous forces.

The frictional surface torque that is analogous to friction torque in rotational friction is
adopted to analyze the onset of three regimes. In the constrained regime with strong
anchoring, the anchoring torque dominates while viscous torque dominates in the sliding-
slip regime with weak anchoring. In the stick-slip regime, both the anchoring torque and
viscous torque, as well as coverage of mica and anchoring transitions are possible to
affect the stick-slip. The retardation of twist angles originates from the balance of twist

elastic torque and surface torque.

Both the surface torque and retardation are within the paradigm of interfacial ruptures
and cracks in fracture mechanics that are used to explain the onset from static frictions to

Kinetic frictions. During retraction, the innermost defect serving as a bulk crack of the
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opening mode of fractures breaks the neck in the middle plane of integral layers. During
the approach, the deviation of anchoring and viscous retardation serving as interfacial

ruptures of tearing or sliding mode of fractures determine the critical jump threshold.

This thesis provides a new method based on the critical surface torque to measure strong
anchoring that is usually difficult to measure the anchoring deviation under the polarized
microscope. The twist elastic constant can be extracted preciously from the force
measurement provided that the motor speed is a priori known. The time evolution of
anchoring suggests that surface viscosity is measurable and may play big roles in the LC
morphologies at weak anchoring or after adsorptions of external molecules especially
water from ambient environments. This study reveals the importance and complexity of
boundary conditions on LCs and sheds light on the puzzles in past studies such as
anchoring transitions, background forces, the repeatability and permeative flows!% 222, |t
would be also interesting to study how the ions, water or other molecules on mica affect
the surface physics and the corresponding anchoring®*, given that the computational
chemistry’” 8 is becoming a useful tool to predict the energy interaction between surfaces
and external molecules. For example, the nitrogen with controlled humidity could be
purged to test the effect of water adsorption on the three regimes and the surface
anchoring could be modified with various methods described in section 1.4.1 and 2.2 to
reach other possible regimes in the future. Similarly, the cholesteric-nematic unwinding
could show discontinuous transitions with various surface anchoring under external fields,
such as temperature, stress, light, electric and magnetic fields, which opens new
possibilities for the design of tuneable self-healing laser. Apart from LCs, boundary
conditions are crucial to yield stress materials?® 223 frictions!®, adhesions??*,

nanoparticle additives?® and biomechanics??. For example, the time scale and wall slip
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change the rheology measurement of the apparent viscosity in yield stress materials as

much as a few orders2%% 223,

The surface anchoring increases the order parameter of LC molecules and the temperature
of nematic-isotropic transitions!’, which may generate repulsive order-parameter-related
forces!’®. It is intriguing to see the nature of parameter-related forces, and if the boundary
layer will melt into bulk transition!’ during nematic-isotropic transitions in the SFA by
measuring the order parameter with precise control of temperature. The application of
electric fields adds further controllable constraints to the LCs, which opens up new
possibilities on the tuneable optics and frictions with the analysis of 4x4 matrix

simulation.

Overall, three regimes mediated by the fracture mechanics offer new insight into
avalanches®®, earthquakes?*"-??° and the design of materials with new properties, such as
blue phases®?’, lubricants?®, nanomotors?? 22 Jasing®®, anisotropic diffusion®®1% and
strain-stiffening®!t. The controllable position of defects changing with anchoring
strength?* provides a new understanding of crack-free materials. The geometrical
understanding of phase retardation with multiple birefringent layers helps the

comprehension of topological photonics?,
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Appendix

A Symbols

n Liquid crystal director

S Order parameter

o Deviation angle between molecular axis and the director or easy axis
G Free energy per unit area

K; 1 Splay elastic constant

K, ,  Twist elastic constant

K3 ;  Bend elastic constant

P Pitch

A Wavelength

Ao Ordinary wavelength

Ae Extraordinary wavelength

Uo Ordinary refractive index

Ue Extraordinary refractive index

D Surface separation distance

S Deviation angle at zero distance

Deviation angle at distance y.

ép Deviation angle at distance D.

L Extrapolation length

w Anchoring strength or anchoring energy coefficient
a Distance within which molecules are affected by the wall
G, Surface free energy per unit area

6, Polar angle of molecules at the easy axis
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©o Azimuthal angle of molecules at the easy axis
0 Polar angle

©® Azimuthal angle

G,(0,,@,)  Free energy function at the easy axis

W@ — 0,y ¢ — @) A function that describes anchoring strength at deviated polar
angle 6 and azimuthal angle ¢

G,(0) Free energy of polar anchoring

W,  Anchoring coefficient that is not related to angle

W, Polar anchoring coefficient or polar anchoring strength
n, Director on the easy axis

a,,  Molecular dimension

W,  Azimuthal anchoring coefficient or azimuthal anchoring strength
Ox Projecting angle of director on x axis

Oy Projecting angle of director on y axis

Ge Critical surface energy potential

Sc Critical order parameter

Gg4 Free energy density

& Dielectric constant of vacuum

Ae Dielectric anisotropy of LCs

Electric field strength

M
o

Critical electric field strength
/A Critical voltage threshold

H, Critical magnetic threshold
Ay Diamagnetic anisotropy

Po Original pitch

n Integral number

R Radius of cylinder
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r Lateral radius from the minimum surface separation point
h Height of surfaces

U Average refractive index of medium

A9 Wavelength of the n' fringes at D = 0

Umi < Average refractive index of mica

Q“ Ratio of average refractive index of mica and average refractive index of medium
a Refractive index axis of mica at o axis

§ Refractive index axis of mica at  axis

Y Refractive index axis of mica at y axis

t Time

F Surface force

F(t) Surface force at time t

k Spring constant

D, Original surface distance

D(t) Surface distance at time t

v Motor speed

R, Radius of first cylinder

R, Radius of second cylinder

T Thickness of mica

R; Phase retardation

Ry  Phase retardation of the first layer
R;,  Phase retardation of the second layer

Ag Optical polarization by g index axis of mica

A, Optical polarization by y index axis of mica
Y Acute intersection angle between longest index axes of two birefringent layers.
€ Acute intersection angle between complex ellipsoid and first-layer ellipsoid
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o Easy axis
Tc 7 4 gThickness of CTAB coating
oL Deviation of two wavelengths

D Twist angle of LCs

B Compression constant
[, Relaxed length of integral n layers
l Length of integral n layers after stretch or compression

Al,  Compression length of integral n layers

oD Distance deviation

n Viscosity

v Oscillating frequency

A Applied amplitude

A Measured amplitude

o1 First easy axis

62 Second easy axis

ran  Radius of n" defect

q Prime fringe, an odd chromatic order of fringe at contact position

Fnum Sign of chromatic order for calculation, odd (Fnum = 1) or even (Fnum = -1)

Y1 Longest index axis of first mica surface

Y2 Longest index axis of second mica surface
u Projected molecular director on x-y plane
Ai Equivalent isotropic wavelength

hon  Height of the relaxed n layers
han  Height of the defect between n' and n+1'" layers
No The number of half-turns or half-pitches or layers

p Half pitch
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(o}

Intersection angle of the easy axes

®o(ng) Total twist angle of ng half-turns

D¢ Critical thickness of the twist transition

¢’ Molecule rotation rate at certain distance

Jo Intrinsic molecule rotation rate

he Critical height of twist transition

D1 First surface position

D2 Second surface position

Dn Surface separation of n layers

r4(i) The radius of i"" defect

T, Line tension of dislocation

E, The free energy of n layers moving from Dy to D¢
AE  Free energy change

Tan(Dc) The radius of smallest defect with n layers at the distance D
b Burgers vector

h, . Critical distance of Burgers vector changing fromb =ptob = 2p
a,,  Wedge dihedral angle

I Force per unit area, pressure

E, Young’s modulus

Vs Surface viscosity

I, Anchoring torque

[, Elastic torque

@,  Original twist angle

I, Critical torque threshold

) Instant molecular rotation rate on surface

Ns Boundary material viscosity
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lg Interaction length on boundary materials
G, , Free energy by surface viscosity

E, A factor for correcting the dispersion of refractive index and phase change of
silver mirrors

Ys Apparent reduction of thickness
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B Abbreviations

AFM Atomic Force Microscope
Cd-arachidate Cadmium arachidate

CTAB Cetyltrimethyl Ammonium Bromide
DHDAA Dihexadecyldimethyl ammonium acetate
FECO Fringes of Equal Chromatic Order
GSFB Graphene Surface Force Balance

I Isotropic

ITO Indium tin oxide

LC Liquid crystal

MBI Multiple-beam interferometry
MEMS Micro Electro Mechanical Systems
N Nematic

oTS Octadecyl-trichloro-silane

SmC Smectic C

SmA Smectic A

SDL Screw dislocation line

SFA Surface Forces Apparatus

SFB Surface Force Balance

TOC Total organic carbon
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C Mica-mica contact calibration

C.1  Mercury lines and FECOs at contact position

Mercury lines with known wavelengths are recorded as a reference to the FECOs after
bringing the mica surfaces into the contact position. The mercury lines used are shown
without the FECO in Fig. C.1a, where the bright line is the Hg green line with wavelength
546.075 nm, and the faint yellow lines have wavelengths of 576.961 and 579.067 nm
respectively. Usually, the green and farther yellow lines are used for calibration assuming
that the grating is linear. In a real experiment, one of the odd fringes selected as prime
fringe q is roughly moved to position 300 pixels by changing grating, to maximize its
moving range, as shown in Fig. C.1c. Consequently, the new reference is recorded in Fig.
C.1b after moving grating. Each of the fringes is split into a doublet as a result of the
birefringent nature of mica that depends on the intersection angle of mica surfaces. More
details about how mica intersection angle influences splitting of the doublet are discussed

in sections C.3 and 3.3.8.

In Fig. C.1c, the flattened area of the fringes indicates flattened contact of mica surfaces
where surface separation D = 0 shown in Fig. 2.1c. However, the shape of fringes outside
the contact region in different chromatic orders are not the same, depending on the parity
of chromatic order which can be distinguished by simplified formulas of distance
calculation. In equation 2.2, for a small distance, s i[m(1 — A9/A2)/(1 —A%/A%_)] =
T(1=/AD/A-N/-1) , com(l-A/A)/(1-A/Am-)]l~=1 , and

t a(2m u D) ~ 2 u B, thus equation 2.2 becomes,

D=nAl —22)/2umi o»q foroddn, (C.1)
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Yellow lines
Green line /N

(@

(b)

Figure C.1 Mica-mica contact calibration: (a) Hg green and yellow lines before moving grating.

The slit of the spectrometer is slightly open to make sharp mercury lines, such that yellow lines are

very faint. (b) Hg yellow lines and (c) FECOs q, g-1 and g-2 after moving grating, A is wavelength
and r is the radius from the closest surface separation point in Fig. 2.1c. Dashed lines

indicate the cropped region for analysis.
D =n(A] — A i /2u?, forevenn, (C.2)

The above equations show that at a small distance the odd fringes do not depend on the
refractive index of the medium, while the even ones are affected by the medium. Equation
C.2 can be used to estimate the refractive index u of an unknown medium used in the
SFA and also reveals the origin of the shape difference of fringes. For odd fringes, the
wavelength change is proportional to 2umicaD/n, but for even ones, it is proportional to
202 Mptmica. If 1 < pmica, for example, in the air with p = 1, the slope of the wavelength
di/dr in odd fringes will be much larger than in even fringes, which is exactly the case in
Fig. C.1c where odd fringes are much sharper than even ones. Only when p = pmica Can

one get the same shape of fringes at small separations.

C.2  Peak detection
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The centre area with a height of 30 pixels between the dashed lines in Fig. C.1 is the
surface contact region where each image is cropped for analysis. Hg lines are narrow and
sharp enough for a direct plot of grey value after being averaged with 30 pixels by
MATLAB, as shown in Fig. C.2 where images are left-right flipped before detection to

allow comparison between the SFA and the SFB using different arrangements of the

spectrometers.
4 4
7 x10 ‘ ‘ 7 x10
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0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Distance, D/pixels Distance, D/pixels

Figure C.2 Peak detection of Hg lines (a) before and (b) moving grating. The images are cropped,

averaged and left-right flipped before detection.

The observed fringes are much broader than the Hg lines, so position detection is not so
direct. In multiple-beam interferometry, the fringe can be sharp by coating thick mirrors
on the back of mica, but some trade-off is considered between the balance of light width
and intensity that can be detected by the camera with reasonable exposure time. Therefore,
a double Lorentzian function is applied to detect the peak, i.e. position of maximum
intensity peak of the FECO line by line, before which the image is left-right flipped. Also,
uninterested regions are tagged and excluded by foreground colour before detection. The

tagged regions in Fig. C.3 limit the peak detection of different fringes to certain areas,
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which also decreases the error when the intensity of the fringes changes as a result of
fringe crossing or non-symmetry. After detection, all the peak positions of the fringes are
highlighted with red dots, of which values are saved to an Excel file for the next stage of

the analysis.

10+

201

Spectrum number
o

25+

500 1000 1500 2000 2500
Distance, D/pixels

Figure C.3 Peak detection of FECO in Fig. C.1c by double Lorentzian function, where red dots
are the peak positions of each line. The image is left-right flipped and tagged by foreground colour

before detection.

C.3  Thickness and intersection angle of mica surfaces

The detected data in Fig. C.2 and Fig. C.3 are analysed in Table C.1, where the doublet
of each fringe is labelled by the corresponding refractive index that gives rise to it.
Subsequently, peak values in Fig. C.3, are averaged and converted into wavelengths
based on the reference Hg lines. Next comes to the calculation of the refractive index of
mica umica, NFn, N, the apparent thickness of mica Y, phase change by reflection on the
silver mirror and phase retardation of birefringence, which all rely on the wavelength of

two adjacent fringes. The following equations are used for all the calculations,

u, =159 54347 6x 1 6/2% (4) (C.3)
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ug =15 97+ 4.7 6x 1 6/2% (A) (C.4)
where the refractive indices of brownish mica pg and ., are a function of wavelength.

nky = An_1/(An-1 = 1) (C.5)
F,~10241/n (C.6)

where Fn is a factor for correcting the dispersion of the refractive index and phase change
of silver mirrors. Chromatic order n obtained from equation C.5,6 usually is not an integer,
but with the correction factor Fn, it will be very close to an integer which can be calculated
by rounding. Note that F, and n for the g-2 fringe for which the calculation relies on the
g-3 fringe cannot be directly obtained from the wavelength data. The integer n is
calculated from the g-1 and q fringes As a result, 3 fringes at contact are sufficient for

checking the self-consistency of chromatic order.

With the parameters analysed above, the apparent thickness of mica is calculated with
two-layer mica interference in equation C.7, where Y is the thickness of a single mica

layer.
n A= 4pm; Yo (C.7)

Table C.1 shows that the deviation of mica thickness Y found in different chromatic
orders is a few nanometres, indicating strong phase change of silver layers. By taking
into account this phase change and dispersion with empirical equation C.8, the deviation

of the real thickness Y is only a few angstroms.

Yé‘ = bo + bll + bzﬂ.z + bglg (CS)
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Where Y5 is the apparent reduction of thickness which is negative, thus real thickness is
larger than apparent thickness. The constants bo, b1, b2 and bs valid for 50 nm silver are

obtained from the literature!®,

The intersection angle ¥ of mica results in a change of the splitting of the fringes in

different setups of experiments. The effective birefringence is a function of cos¥ given

byl70. 171
Apg = Apc o (C.9)
Apy =~ (A) = A3 tmi o/dh (C.10)

Where Apy is effective birefringence at a certain angle P, 4 is the average wavelength of
fringes with the same chromatic order, while Au = py - pg is the maximum birefringence

of mica.

Finally, the real thickness Y and intersection angle ¥ of mica from each fringe are
calculated and averaged for further analysis. For the experiment in Fig. C.1, the real
thickness of a single layer mica Y = 3.1000 pum, while the intersection angle between two

mica layers is ¥ = 46.8 <
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Parity of fringe g-2, odd g-1, even g, odd
Hg line/Fringe | Hg yellow Y B Y B Y B Hg green
A (pix) 675.5 1219 | 211.4 | 1266.8 | 1353.7 | 2342.8 | 2427.9 | 2965.5
A (A) 5790.67 | 5870.4 | 5857.5 | 5705.5 | 5693.0 | 5550.5 | 5538.2 | 5460.75
Average A (A) 5864.0 5699.2 5544.3
Pmica 1.598 | 1.593 | 1.599 | 1.594 | 1.600 | 1.595
Average tmica 1.596 1.597 1.597
R on - 35.59 36.80
n - 33.78134 34.95676
Integer n 33 34 35
Apparent Y (A) 30314.9 30340.5 30368.3
Apparent Y (um) 3.0315 3.0341 3.0368
Ys (nm) -68.6 | -68.6 | -65.9 | -65.9 | -63.3 | -63.3
Average Ys (nm) -68.6 -65.9 -63.3
Real Y (um) 3.1001 3.0999 3.1001
Apy 0.00351 0.00351 0.00354
cos¥ 0.68270 0.68352 0.68901
¥ () 46.9 46.9 46.4

Table C.1 The procedure for

calibration of and

thickness
intersection angle of mica based on

FECO and reference of Hg lines.
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C.4  Shape of fringes at contact

As has been discussed in section C.1, the shape of odd and even fringes depends on the
refractive index of the medium, as shown in Fig. C.4a for the case in air. After injection
of 5CB, with refractive indices close to those of mica, and bringing to contact again, the
parity of fringes is indistinguishable in Fig. C.4b. However, one can still estimate the
contact geometry by checking the shape of fringes. Fig. C.4c,d correspond to the
geometry that produces the fringes shown in Fig. C.4a,b. Although Fig. C.4b is at contact
position, the existence of liquid molecules reduced surface adhesion such that surfaces
are not flattened. However, if the surfaces are crushed with a high speed of motor
approach, the contact could be totally deformed, for instance, one more drastic fringe
shape is shown in Fig. C.4e,f, where surfaces are squeezed into a concave shape with

some liquids stored inside.

Figure C.4 Different shapes of fringes observed for two surfaces at contact: (a) Mica-mica
contact in the air before injection and (b) after injection of 5CB, which correspond to the shape of
contact geometry (c) and (d) respectively. () Example of concave fringe and (f) schematic diagram

of contact geometry.
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In brief, the fringes at contact usually reflect the shape of contact geometry, which can
be used to examine the radius of the cylinders R, integrity of the surfaces, cleanness of

the liquid, capillary condensation or even molecular orientation.
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