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Abstract

The objective of this thesis is to test and analyze the optical control of topological defects in
ferroelectric nematic liquid crystal cells confined between ferroelectric solid substrates. The used
liquid crystal is the newly discovered 4-[(4-nitrophenoxy) carbonyl]phenyl 2,4-dimethoxybenzoate
(RM734), a nematic liquid crystal in which almost complete polar ordering of the molecular dipoles
generates an internal macroscopic polarization locally collinear to the mean molecular long axis.
Lithium Niobate crystals, a synthetic salt consisting of niobium, lithium and oxygen. We found that
the topology of ferroelectric nematic liquid crystals confined between two LN substrates, can be
manipulated by a light beam focused to a waist smaller than the typical domain size, impinging at
normal incidence on the lower LN substrate. Light irradiation of lithium niobate crystals gives rise to
surface charging; the charges distribution gives rise to an internal electric field known as photovoltaic
field. The resulting surface polarization is confined within the irradiated region and generates a
fringing field Er external to the crystal. All these effects are absent in the case of RM734 confined
between two glass substrates, so the light-induced topological manipulation is mediated by LN
substrates. The fluid nature of the ferroelectric nematic phase combined with its polarity, makes its
response to electric fields stronger and intrinsically different with respect to both ferroelectric solids
and dielectric fluids. This makes our study new and interesting in view of possible technological
applications.
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INTRODUCTION

Liquid crystals (LC) are a class of organic compounds that encompass both properties of solids and
liquids. They can flow with noticeable viscosities and exhibit anisotropic responses to external
stimuli. Liquid crystal is a widely used term today but, like many other words imported from scientific
literature into common life, it is little understood in its deeper meaning. The difference between
crystals and liquids, the two most common phases in condensed matter, is that the molecules in a
crystal are ordered while in a liquid they are not. Order in a crystal is both positional and orientational
in the sense that molecules are forced to occupy specific sites in the lattice and orient their molecular
axes in specific directions. On the other side, the molecules in liquid spread randomly throughout the
sample container with molecular axes tumbling randomly. There are also in nature many phases with
more order than those present in liquids but less order than that typical of crystals, mesophases.
Molecules in all phases of liquid crystals diffuse about much like molecules in a liquid but in doing
so they remain oriented locally in average in a certain direction and sometimes even positional order;
this orientational order is not perfect as in a solid in fact, the molecules of liquid crystals spend only
a little more time pointing along the direction of orientation than some other direction [1]. The amount
of order in a liquid crystal is quite small relative to a crystal. There is only a slight tendency for
molecules to point more in one direction than others or to spend more time in various positions than
others.

Depending on the quantity and type of order, different phases of liquid crystal can be identified. The
simplest and most similar phase to a conventional liquid is the nematic phase, which is the basis of
liquid crystal display technology. In the conventional nematic phase, the rod-shaped molecules are
oriented with respect to each other. However, the phase is not polar, since the probabilities of the
molecular dipoles pointing in each of the two opposite directions associated with the alignment axis
are the same, no head-tail symmetry [2]. Recently, nematic liquid crystal compounds that exhibit
polar order have been discovered; this is an important discovery, as the combination of fluidity and
polar coupling to electric fields, peculiar to this new phase, opens the door to a whole new world of
phenomena [3].

The ferroelectric nematic liquid phase was first recognized in the phase diagram of RM734, a
synthetic compound observed to feature an unexpected second nematic phase, later proved to exhibit
self-stabilized spontaneous polar order. The discovery of the molecule DIO and of structural variants
of RM734 has recently led to the identification of additional families of ferroelectric-forming
materials, some of which operate at room temperature. Beside adding a new, very peculiar, member
to the group of ferroelectric materials, the new phase offers a broad range of physical effects to
explore, for example response to low frequency electric fields and light, viscoelastic properties,
behavior of topological defects, surface anchoring, interplay of bound and free electric charges.

The research proposed here is based on the study of the effects of light irradiation on topological
defects in thin ferroelectric nematic layers sandwiched between ferroelectric solid substrates such as
lithium niobate. Upon normal incidence, laser beam induces charges at liquid crystal-lithium niobate
interfaces. Due to the cylindrical profile of the beam, induced electric field exhibits a radial in-plane
component able to reorient the polar axis, thus inducing defects with texture like that of umbilical
defects [4]. Here the initial alignment is planar conversely to that in [4] where the alignment is
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homeotropic. Moreover, wall defect in cases can be induced. The dynamic of this phenomena is
studied with control parameters the thickness of the RM734 layer, the laser intensity and its fluence.
The thesis is structured as follows, chapter 1 describes liquid crystalline materials and the ferroelectric
crystal. Chapter 2 contains the description of the experimental setup and the performed
measurements. Chapter 3 reports the experimental results. Chapter 4 contains the discussion of the
experimental results described in Chapter 3.



CHAPTER 1

1. LIQUID CRYSTALS

1.1 GENERAL DESCRIPTION

We know that in nature matter exists in three different states: solid, liquid and gas. These three states
are different from each other because the molecules/atoms in each state show different amount of
order that can be quantified with a set of parameters called order parameter. The latter can be used
to describe ordering of molecules/atoms on lattices sites (positional order parameter), orientation of
molecules with respect to preferential spatial directions (orientational order parameter). In
crystalline solid, atoms/molecules will be aligned on lattice sites, thus maximizing the positional
order, and constituent molecules well aligned in space thus maximizing the orientational order. In
conventional liquid phase, both positional and orientational orders are lost, atoms/molecules
randomly positioned in space, and molecules randomly oriented. Transition from solid to liquid is
thus characterized by the loss of order. However, it has been demonstrated that some organic materials
exhibit a cascade of transitions incorporating new phases rather than a single transition from solid to
liquid. Physical properties and the symmetries of the order parameter of these phases lie between
those of a liquid and those of a crystal. For this reason, they are frequently referred to as liquid
crystals.

Liquid crystals are a state of matter, which can be made by systems composed of different types of
molecules in which the most common ones are elongated molecules with aromatic rings. The presence
of organic rings, made up of carbon atoms and many delocalized electrons, governs all the main
physical properties that characterize liquid crystals. Fig. 1 reports the structure of 4-Cyano-4'-
pentylbiphenyl (5CB), one of the most studied LC compounds that exhibit a nematic LC phase.

NC CsHy

Figure 1. Molecular structure of 5CB liquid crystals.

Based on the temperature in which they are found, the crystals can be observed in three main phases.
Above a critical temperature termed nematic to isotropic transition temperature (Tni), liquid crystals
are in the isotropic phase where the molecules are randomly oriented and distributed. Below the Tni,
they are in the nematic phase. Here, the molecules are randomly positioned, but they exhibit a long
range orientational order. A further decrease in the temperature (below the Tcn, crystalline to nematic
transition temperature) can crystallize the compounds. These critical temperatures can vary based on



the specific pure/mixture of liquid crystalline compounds. For example, Tni and Tcn are respectively
60.5°C and -22 °C for the E7 mixture, 35.4°C and 22°C for 5CB.

Beside these simple phase transitions, a careful analysis shows that, before reaching the crystalline
phase, certain compounds go through other intermediate phases characterized by the organization of
the molecules in layers parallel to each other, and within each layer there is a well-defined orientation.
Such phases are classified as smectic phases.

RN
\
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Figure 2. Sketch depicting common phase of nematics. (a) Crystalline, positional and orientational
order. (b) Nematic phase, only the orientational order persists. The molecules align on average along
the nematic director identified with the arrow. (c) Isotropic phase, no order.

The transition from nematic phase to isotropic phase is governed by the following quantity:
1 2
S = E<3cos @,)—1>

Where 6; is the angle formed by a given molecule with respect to the average molecular axis (Figure
5) and the average is performed on all the liquid crystals contained in a small volume of interest, large
compared to the dimensions of the molecules. It is a temperature dependent quantity that represents
the scalar order parameter of the liquid crystal. It is non-zero for the nematic phase, while it is equal
to zero for the isotropic phase. The order parameter of a liquid crystal decreases as the temperature
increases and typical values range in between 0.3 and 0.9.
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Figure 3. Order parameter variation in liquid crystal phase. An abrupt variation in the order
parameter occurs at TNI (the nematic to isotropic temperature).

1.2 TYPES OF LIQUID CRYSTALS

Transitions to mesophases can occur in two different ways: one by purely thermal processes and the
other by solvent influence. Liquid crystals obtained by the first method are called thermotropic, while
those obtained by the second are lyotropic [5]. Thermotropic liquid crystals are of interest both from
standpoint of basic research and for applications in electro-optics such as displays, optical
temperature and pressure sensors. The lyotropic liquid crystals, on the other hand, are of great interest
in biology and appear to play a key role in living systems.

The term thermotropic arises because transitions involving these mesophases are most naturally
affected by changing temperature. Materials showing thermotropic liquid crystal phases are usually
organic substances with molecular structures typified by those of cholesteryl nonanoate and N-(p-
methoxybenzylidene) -p’-n-butylaniline (MBBA) shown in Figure 4.

CHOLESTERYL NONANOATE

cnz‘o—@—cu-r».l—<§>—c4n‘3

N=-(P=-METHOXY BENZYLIDENE)-P—BUTYLANILINE (MBBA)

Figure 4. Example of molecular structures that give rise to thermotropic mesophases.
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Axial ratios of 4-8 and molecular weights of 200-500 g/mol are typical for thermotropic liquid crystals
mesogens. In this type of liquid crystal, every molecule participates on an equal basis in the long-
range ordering. Solutions of rod-like entities in an isotropic solvent often form liquid crystal phases
depending on the solute concentrations. These solutions exhibit similar properties to thermotropic
liquid crystals and are called lyotropic liquid crystals. Although rod-shaped entities are usually quite
large compared to typical thermotropic liquid crystal mesogens, their axial ratios are rarely more than
15. Deoxyribonucleic acid (DNA), some viruses, and many synthetic polypeptides form lyotropic
mesophases when dissolved in an appropriate solvent and in adequate concentration. The
conformation of most of these materials is quite sensitive to temperature, i.e., the rods themselves are
quite unstable with respect to the changes of temperature. This eliminates the possibility of thermally
inducing phase transitions involving lyotropic mesophases.

The solute concentration is the main parameter which can be varied to produce phase transitions, it
plays the same role as temperature for thermotropic liquid crystals. The main interaction that produces
long-range ordering in lyotropic liquid crystals is the solute-solvent interaction while solute-solute
interaction has little influence on the underlining physics, thus, to be considered of secondary
importance. To a good approximation, therefore, only rod-like entities (solutes) participate in long-
range ordering [6].

1.3 COMMON LIQUID CRYSTALLINE PHASE
As apparent from what have discussed until now, the liquid crystal state is a phase of matter observed
between the isotropic (liquid) and crystalline (solid) states.

1.3.1 Nematic phase

The nematic phase liquid crystal is the simplest liquid crystalline phase; the molecules are free to
move in the sample, but they tend to remain oriented in a certain direction, the dispersion of the
alignment along n quantifies the orientational order parameter. Unlike the solid phase, in this phase
there is no positional order.

Figure 5. Molecular order in a nematic liquid crystal. Each molecules makes an angle with the
director ().
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The term nematic comes from the Greek word for threads, the latter characteristic of the nematic
phase. They can be observed in thick films as dark or bright lines depending on observation technique
and their properties. These lines are defects lines in the orientational order, along them the preferred
direction of the molecules is not well defined; thus, they tend to scatter light as they induce optical
inhomogeneity in the sample (Figure 6-a). Under crossed polarizers, thin cells with degenerate planar
or conical anchoring (molecules lying in the plane of the cell or with fixed angle with respect to the
normal to the cell) present streaky pattern of intersecting dark and bright stripes known as schlieren
pattern (Figure 6-b). Areas in which the director is parallel or perpendicular to the polarizer axis
appear as dark brushes, while the bright areas represent areas in which the director makes an angle of
45° or -45° with the polarizer. The preferred in-plane direction is undefined at the crossing points of
the dark/bright brushes (Fig6-b, encircled areas); thus, these points represent defects in the texture
where the director points normal to the plane of the cell or is undefined. The topological charge of
the defects can be inferred from the number of brushes by dividing their number by 4. The sign of the
charges is determined by rotating the analyzer. Positively signed defects corotate with the analyzer,
whereas negatively signed ones rotate in the in the direction opposite to that of the analyzer. The
texture in Figure 6-c shows an example of polarized optical micrograph of a thin liquid crystalline
film sandwiched between two glass plates. The nonuniformity in colored pattern, due to thin film
interference effects, gives invaluable information about the in-plane orientation of the director and
the effective optical path length experienced by light propagating in the liquid crystal. The optical
path depends on the thickness of the film and the effective birefringence. These concepts will be
detailed in a successive section. Also in this case, dark bands indicate regions where the orientation
of liquid crystal molecules is parallel to the polarizer of the optical microscope.

The understanding of the spatial distortions in molecular orientation typical of nematic fluid, relies
heavily on the study of optical micrographs. Because variations in the direction of alignment in the
film plane, the out of plane tilt perhaps the order parameter these films behave optically like uniaxial
anisotropic thin film with spatially varying optical axis and birefringence and will be study with
polarizing optical microscopy through this thesis.

Figure 6. (a) Bright field micrograph of a nematic droplet on a glass slab with homotropic alignment,
the thread like structures, characteristic of the nematic phase can be observed. (b) Schlieren texture
in a cross-polarized optical micrograph. Here the cell is treated to have degenerate planar
anchoring. Defects with different topological charges can be observed at the crossing point of dark
brushes. (c) Schlieren texture, with color sensitive camera.
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1.3.2 Smectic phase

Another phase of the liquid crystal is called smectic phase, the correspondent of the Greek word for
soap because the researchers noticed that these phase shows the mechanical properties of a soap
system. In the smectic phase there is a small amount of positional order, and not only the orientational
order of liquid crystal is present. This phase shows that the molecule tends to point along the director
and arrange in layers. If the director is perpendicular to the layers in which molecules are more likely
to be, the phase is called a smectic A liquid crystal. If the director makes an angle other than 90° to
these layers, it is a smectic C phase (Figure 7). In both cases, there is no positional order within the
layers.

n n

V000000 0o0g000
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smectic A smectic C

Figure 7. Smectic liquid crystal phases.

Throughout the years, many liquid crystalline materials with the layering order of the smectic A and
C phases have been discovered and called smectic liquid crystals. However, some of them exhibit
hexagonal or rectangular positional order in the plane of the layers but there are no correlations of the
positional order from one layer to the next except for the directions of the axes of the rectangular or
hexagonal lattice. This type of order is known as bond orientational order, and the phases related to
it are called smectic hexatic phases. While all these phases are proper liquid crystal phases, there are
other phases in which the positional order is three dimensional. In these phases, the two-dimensional
positional order carries from one layer to the next with respect to both the orientation and position of
the lattice. Although such phases were originally labelled as smectic liquid crystals, they are now
more properly called crystal mesophases. These layered phases also differ in the nature of the rotation
of the molecules about their long axes. In many phases there is unhindered thermal rotation about the
long axes of the molecules; in other phases the rotation is hindered with only ‘flips’ of 180° taking
place.

Ferroelectricity has been noticed in liquid crystalline mixtures of chiral smectic-C type with a helical
structure driven by a chiral host molecule. Ferroelectric liquid crystal ordering in the chiral smectic-
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C* phase is considered unique for their spontaneous polarization P determined by molecular chirality.
The spontaneous polarization is induced by the tilt and does not appear self consistently as in proper
solid ferroelectric materials [7]. These types of ferroelectric liquid crystalline materials were the only
ones known until a few years ago. In 2020, the observation of a low viscous nematic polar phase has
been reported; in these observations the spontaneous polarization arises due to the orientation of all
the molecular dipoles in the same direction in a nematic configuration [8]. This phase is called the
ferroelectric nematic phase (Nr) and was first observed in the compound of 4-[(4-
nitrophenoxy)carbonyl]phenyl 2,4-dimethoxybenzoate (RM734). This is an important uncovering
since the combination of fluidity and polar coupling to electric fields is opening the gate to a whole
new world of phenomena, which are rapidly becoming the focus of the liquid crystal communities.
Its peculiarities and pertinence to my thesis will be discussed in the next section.

1.3.2 Cholesteric phase

If the molecules that form a liquid crystal phase are chiral, they exhibit a phase that is called chiral
nematic phase. Here, there is a well-defined orientational order, thus a nematic director, in planes
orthogonal to the helical axis around which the director rotates in helical fashion perpendicular to the
helical axis (Figure 8). Chiral nematic phases can be obtained from nematic phases with the addition
of chiral dopants.
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Figure 8. Structure of the molecule in the chiral nematic liquid crystal phase.

The pitch of a chiral nematic liquid crystal phase is the distance for one full director rotation. The
structure repeats itself every half pitch due to the equivalency of n and -n. Finally, the chiral nematic
phase is often called the cholesteric phase, since many of the first molecules forming this phase are
associated with cholesterol [1].
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1.4 FERROELECTRIC LIQUID CRYSTALS AND THE FERROELECTRIC NEMATIC
PHASE

The ferroelectric nematic phase shows a range of unique properties, all of them related to the
combination between fluidity and polarity. They are extremely responsive to electric fields, exhibit
very peculiar elastic properties, have large nonlinear optical susceptibility, and can guide electric
field. Other distinctive features will be revealed. 4- 18 [(4-nitrophenoxy)carbonyl]phenyl 2,4
dimethoxybenzoate (RM734) is the ferroelectric nematic liquid crystal used in this thesis and its phase
diagram and its structure are shown in Figure 9.

80°C N 133°C
— -—

C > N «— |
185°C 195°C

o
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0
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Figure 9. Phase diagram and structure of RM734

The ferroelectric nematic (Nr) phase of RM734 appears through a second order phase transition upon
cooling from the conventional N phase. The spontaneous polarization of P this compound depends
on the molecular temperature and exceeds 6 uC/cm? at the lowest temperature in the N phase (Figure
10). Since both are related to molecular order, the polarization and the nematic director are in the
same direction and P is either parallel or antiparallel to the molecular director n. A very distinctive
property of the ferroelectric phase, which is a consequence of the combination of large spontaneous
polarization and fluidity, is the readiness with which it can accumulate surface charges of density P -
u at any interface, either with solid walls or with air, by small collective rotations of n; u is a unit
vector perpendicular to the surface. Therefore, it is of particular interest to investigate the behavior at
the interface between a Nr phase and a ferroelectric solid; this can be analyzed by depositing sessile
LC droplets on a ferroelectric substrate.

16



-..‘J

I

" = —(O— i
e 6k » -] 5 __O—T_ -

e B I
S5} " : |
= | lupol - | '

plupolar

Q‘. 4+ nematic N \ . N i
r%‘ L simulation F % : |
5 3 ‘I d

© | .:
Sal p i
I RM734 . .
g1} ]
Q L L am 4
OF : -

90 100 110 120 130 140
temperature, T ('C)

Figure 10. The polarization density P of RM734 measured on cooling.

2. LITHIUM NIOBATE

Lithium niobate is a synthetic crystal composed of niobium, lithium and oxygen. In this study, lithium
niobate (LN) is the ferroelectric crystal chosen as a substrate to deposit the ferroelectric RM734
droplets. Due to its outstanding photovoltaic properties, LN is a sterling substrate for the active
control of matter. The LN shows a permanent polarization in the temperature range of interest which
is determined by the RM734 phase diagram (Figure 9). In fact, both temperature variations and visible
light irradiation of LN can be used in order to allow the realization of virtual, reconfigurable
electrodes suitable for liquids, droplets and micro-objects manipulation [9].

1.2.1 CRYSTALLINE STRUCTURE
The crystalline structure of lithium niobate consists of equidistant planes on which oxygen atoms are
found to form equilateral triangles and are rotated about 180° (Figure 11).
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Figure 11. Crystal structure of lithium niobate.

The position of lithium and niobium ions depends on temperature. For temperature lower than Tc =
1210°C (Curie temperature) lithium and niobium shift slightly along the optic axis of the crystal, also
known as € axis, resulting in a net polarization within the crystal. In this phase, which is the
ferroelectric phase, LN exhibits three-fold rotation symmetry about its crystallography ¢ axis. In
addition, it exhibits mirror symmetry about three planes that are 60 apart and intersect forming a
three-fold rotation axis [10]. For temperatures higher than the Curie temperature Tc, the crystal is in
the paraelectric phase, with lithium 1ons in the center of the oxygen triangles and niobium ions in the
center of the octahedron formed by two triangles on adjacent planes (Figure 12).
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Figure 12. Crystal structure of lithium niobate in paraelectric (A) and ferroelectric (B) phase.
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1.2.2 PYROELECTRICITY

Pyro-electricity is the property of some materials to generate a spontaneous polarization due to a
temperature change; it can be described as the ability of certain materials to generate a temporary
voltage when heated or cooled. This change in polarization gives rise to a voltage across the crystal.
A pyroelectric material shows a change in spontaneous polarization as a function of temperature. The
relationship between the change in temperature AT and the change in spontaneous polarization APs,
is linear and can be written as Aps = pAT where p is the pyroelectric tensor. In pyroelectric materials
such as Lithium Niobate (LiNbO3) the effect is generated in response to the movement of the lithium
and niobium ions relative to the oxygen layers. If the temperature remains constant at its new value,
the pyroelectric voltage gradually disappears due to leakage current which can be external due to ions
moving in the air or internal due to electrons moving through the crystal [11].

Below the Curie temperature, lithium niobate exhibits a spontaneous polarization, P; = Pgkg along
the polar axis ¢, which varies as a function of temperature.

The pyroelectric constant (A) is equal to A =—4,0 x 107> [ C/Kxm?] and it is defined by the following
equation:

dP;

A=—=
dT

The negative sign indicates that, in the cooling process, the face corresponding to the positive

direction of the € axis is charged positively. This charge distribution brings to the formation of a

pyroelectric field which depends on the temperature change AT according to the following

relationship [12]:

1
E=——21ATk,
€€

Furthermore, it has an orientation antiparallel to the direction of the spontaneous polarization of the
crystal. Due to local heating leading to a change in spontaneous polarization, that field can also be
generated in the crystal under illumination [9].

1.2.3. PHOTOVOLTAIC EFFECT

The photovoltaic effect is caused by the anisotropy of the momentum distribution of nonthermalized
charge carriers due to the asymmetry of excitation, recombination and scattering. In ferroelectric and
piezoelectric crystals, the bulk photovoltaic current density can create photoinduced voltages, which
can be several orders of magnitude greater than the energy gap of the crystal [13].

Consider LiNbO3 doped with transition metal impurities, such as iron, which induces the greatest
effect. Iron doping introduces two valence states, +2 and +3, whose concentrations maintain a certain
reduction ratio. Visible illumination induces asymmetric electron excitation along the trigonal axis of
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the ferroelectric (Figure 13a). Directional electron excitation generates a photovoltaic current density
jev described by the following equation:

jPV == ealpvl == eSDlpvl

In which I represent the light intensity (photon flux per unit time), o being the absorption coefficient,
s being the photoionization cross section of donors, D being the donor concentration, and /py being
the PV drift length. The PV asymmetrical photoionization is followed by charge migration and
redistribution; this charge transport process generates a correlated space-charge field inside and
outside the sample (Figure 13b).

The field inside the sample can be write as:

Epy = ——

In which p is the electron mobility and n being the density of excited electrons; n can be described
as:

sID

ley—A

A 1s the acceptor concentration and the trapping coefficient of acceptors.

Considering these equations, the field for PV becomes:

Hy

PV —

This photovoltaic field changes the refractive index of the material through the electro-optic effect.
The high photovoltaic fields of Fe: LiNbO3 appears to be related to its low electron mobility along
with a high PV drift length for iron impurities.

The spectrum absorption of Fe?" covers the range from 350 to 600 nm and shows a peak at A = 480
nm (Figure 13c); it determines the efficiency of the PV effect through the photoionization cross
section s. The temporal dynamics, called response time depends on the light intensity, the electrical
transport parameters and the ratio [Fe*"]/[Fe*] [14].
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Figure 13. (a) PV mechanism; (b) evanescent PV fields generated under light excitation; (c)
Absorption spectrum for LINbO3:Fe.

3. BEHAVIOUR OF FERROELECTRIC DROPLETS ON LITHIUM
NIOBATE SUBSTRATES

The discovery of the ferroelectric nematic phase Nr opened a new chapter in condensed matter
physics. The ferroelectric liquid crystal is a nematic liquid crystal in which the polar ordering of the
molecular dipoles generates an internal collinear polarization to the mean molecular axis. Some
experiments have recently been carried out with the aim of characterizing the behavior of the
ferroelectric droplets on solid substrate. What has been found is that the combination of polarity and
fluidity brings electrochemical instability; this instability is due to the coupling between the
polarization of the ferroelectric liquid crystal and the substrate. This can be induced by a change in
temperature or by light irradiation. In the case of light irradiation, the fringing field is nearby the
illuminated area. Considering a beam smaller than the ferroelectric droplet and placing it close to a
specific part of the droplet, it is possible to notice that it affects this part of the droplets which becomes
the site of polarized charge accumulation [15].

The motion of ferroelectric liquid droplets with light was reported in [16]. So, the movement of the
ferroelectric liquid droplets deposited on lithium niobate substrate can be controlled by a light beam
which irradiates the substrate. To understand the effect of photoinduced charging on LN substrates
on RM734 droplets, the LN substrate was irradiated with a Gaussian beam. This configuration
produces an instability pointing out that the coupling between the droplet polarization and the LN
photoinduced polarization has the same characteristics as the coupling with the pyroelectrical LN
polarization and consisting in the emission of fluid jet (Figure 14).
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100um

Figure 14. RM734 droplet on LN substrate exposed to light illumination.

This phenomenon is due to the fringing field generated by the charge of the LN substrates which
affect the behavior of the ferroelectric nematic droplets. This effect does not depend on the side of
the substrate which is in contact with the droplet. The light can be easily controlled; the intensity of
the beam can be varied and the same is true for the size and the position of the irradiated region. The
same fringing field generated by the photovoltaic charge brings. In this case, the droplet maintains
roughly the same shape, but is set in motion by a force generated by the light irradiation. to new
effects when the light beam is focused at some distance from the droplets. Interestingly, the direction
of this force can be attractive, with the droplets moving toward the center of the illuminated region,
or repulsive, with the droplets moving away from the light beam. droplets moving away from the
bright spot. The sign of the force depends on the irradiated side of the substrate of LN. It turns out
that the coupling of the droplet to the light is mediated by the fringe field generated by charge
accumulation due to the photovoltaic properties of LN crystals. The simplest form of such coupling
is dielectrophoresis. What is expected is that F becomes negligible at the center of the illuminated
area where the electric field gradients disappear by symmetry.

In the article, all-optical control of sessile ferroelectric liquid droplets deposited on lithium niobate
substrates was demonstrated. The droplets are attracted or repelled from the center of the illuminated
region depending on the irradiated face of the LN crystal with an interaction range that is sub-
millimeter under the conditions reported but can increase using different surface coatings. The
droplets can also be traveled by the light beam over long distances. The reported droplet actuation
was observed only in the NF phase, which emphasizes the pivotal role played by RM734 ferroelectric
polarization [16].
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The role of electrostatics in this phenomenon is indicated since the instability described here depends
crucially on the presence of the LN substrate. The RM734 droplets are stable during NF phase cooling
on other solid surfaces. The liquid crystal is not a conductor, so the shape instability arises in the
absence of free charge, but with the necessary charge within the drop resulting from the intrinsic
polarization of the ferroelectric LC through its contact with the ferroelectric substrate. The LN crystal
has finite size, so its pyroelectric charging produces a fringing electric field E outside the crystal.
The fringing field is a fraction f of the internal field oy /&y, with /= 10~ depending on the finite size
of the crystal; in the region of interest, it is mostly in the vertical direction. The fringe field, due to
the finite size of the LN combined with interfacial coupling produces an induced polarization of the
ferroelectric droplet along z, which screens the field. This polarization changes the field surrounding
the droplet, which acquires a radial component that results in the elongation and movement of the jet
at instability. The instability is generated by the Coulomb force (F;) that exceeds the surface
tension (Fg) and forms an area (S) smaller than the size of the drop. At this condition, the instability
is transformed into an explosive process as the flow of ferroelectric liquid into the nascent jet induces
an orienting order of the nematic director along the direction of the jet, which carries the polarization
charge toward its tip, increasing electrostatic repulsion [17].

Now that we are in a controlled regime, we see how these beams affect the drop topology.

23



CHAPTER 2

This chapter describes the phases of the preparation of the material, the set-up used for the
measurements and the tests carried out. All the experiments were carried out in the laboratories of
optics of the Department SIMAU at Universita Politecnica delle Marche.

The first two subchapters deal with birefringence and polarizing optical macroscopy.

All liquid crystals have the property of birefringence. In our case we used RM734. We know that
birefringence decreases with increasing temperature, so because of this during our experiments, we
were able to observe most of the colors when the sample is held near the transition temperature
between liquid crystal and liquid phase. The birefringence can be estimated by polarized light
microscopy observations.

Polarizing optical microscopy has been used to identify liquid crystal phases based on the observed
optical structure and to control polarization topologies. The technique has also been used to evaluate
the physical properties of liquid crystals in specific phases and at specific temperature ranges. This is
done by the view of our cells formed by the RM734 interposed between two lithium niobates. The
resulting cell is placed on the microscope stage, which can be accurately controlled in temperature
and observed between crossed polarizers.

2.1 BIREFRINGENCE

When light enters a material, its wavelength and velocity decrease by a factor called reflection index.
If n is the index of refraction of a material, the wavelength and velocity of the light in the material are
given by:

c A
v=- and A= =2
n

where c is the speed of light in vacuum and 2, the wavelength of the considered wave in vacuum. An
isotropic material has a single index of refraction since light polarized in any direction travels at the
same velocity in the material.

One factor common to all liquid crystals is anisotropy; the refractive index seen by light travelling in
a liquid crystalline material depends on the mutual direction between molecular director n and the
wavevector, and the specific direction of linear state of polarization of light. Specifically, light
polarized orthogonal to n and the wavevector sees the so called ordinary refractive index, lower with
respect to the one experienced by light polarized in the plane formed by n and the wavevector, the
extraordinary refractive index. Liquid crystal thus possesses two refractive indexes. This means that
all liquid crystals will have a property known as birefringence.

The difference between the two indices of refraction An = n; — n, is related to the amount of order
of the liquid crystal phase and decreases when the order parameter decreases. The order parameter S
decreases with increasing temperature, indeed An follows the variation of the order parameter.
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The birefringence of a nematic liquid crystal is dependent on its temperature; it decreases with
increasing temperature, this explains the colorful pattern of thin planar cells when observed through
crossed polarizes and most colors will be observed when the sample is held close to liquid crystal to
liquid phase transition temperature, indicates with T" (Figure 15) [18].
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Figure 15. Birefringence of a liquid crystal

2.2 OPTICAL POLARISING MICROSCOPY

Texture analysis by polarizing microscopy has been employed as a primary tool for the
characterization of different liquid crystalline phases. The texture of a nematic liquid crystal between
two substrates is a complex inhomogeneous distribution of the director, which can include defects.
When a nematic sample is placed between crossed polarizers, colors and zones of different intensity
are observed, which are the result of light propagation through the entire thickness of the nematic
liquid crystal layer and thin film interference. From a thermodynamic point of view, fluctuations in
the director's degrees of freedom occur, accordingly, by changing the order parameters of the nematic
medium, such as birefringence, e.g. The images provided by such micrograph contain different types
of textures that may be analyzed to extract information about the director distribution, the
birefringence and perhaps phase transitions. The detection of such phases is very important to liquid
crystal research. As these identify, for example, the temperature range that a given phase can be used
in a specific application [19]. If an isotropic liquid is analyzed, the polarized light remains unaffected
by the sample (since it is isotropic) and so no light passes through the second polarizer (called the
analyzer). However, when an anisotropic, birefringent medium is present, light is not extinguished,
and an optical texture appears that gives information relating to the average arrangement of the
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molecules within the medium. There are two basic forms of alignment for liquid crystalline
compounds, homeotropic and planar. (Figure 16).
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Figure 16. Planar and Homeotropic alignment of liquid crystals.

Homeotropic alignment is obtained when the liquid crystal molecules are oriented such that their long
axes (whose average orientation defines the optic axes) are normal to the supporting substrate. In this
way, light polarized in the plane orthogonal to the optic axis, is unaffected by the material and cannot
pass through the analyzer and the sample appears dark. In homogeneous (planar) alignment the
constituent molecules of the liquid crystal phase are on the average oriented parallel to the supporting
substrates, so a slender film of the liquid crystal phase exhibits birefringence and it is possible to see
a colored texture results when viewed between crossed polarizers. Nevertheless, where the long
molecular axes are in line with either polarizer, light is extinguished.

2.3 SETUP

The first step is to prepare the setup in which the experiments will be performed. They will be
performed on the optical bench and a very important issue is to have an excellent alignment between
all the components and the CCD camera. The optical alignment for image acquisition was carried out
by means of a white light LED, which is considered appropriate for obtaining good images. For the
acquisition of the images and videos a CCD was used for the lateral view of the drop and a reflex
camera for the view of the top of the drop. To avoid risks of destabilizing the system, the camera is
controlled by the computer, and everything remains aligned. Then, two converging lenses were used
between the drop and the CCD to form the image in the camera and keep the magnification fixed.
The last focusing lens has a focal length of 21 cm, and this allows to get to the focus; the beam
diameter when focusing turns out to be around 20 um. The green laser is used at different powers,
the beam diameter is of 12 pm and is kept fixed. It is used for short period of time because it can
damage the sample. By opening the shutter, the green light beam reaches the drop and illuminates it
from below. Thanks to it, we can see, based on how the light spreads in the drop, the phase in which
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the liquid crystal under examination is found. Video and photos of the drop from above were taken
by a Canon D750 reflex camera.
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Figure 17. Setup block diagram.

2.4 SUBSTRATES

Once the setup and the optical bench are ready, the second step is to choose the type of substrates that
will be used, in our case the lithium niobate. Once the substrate has been chosen, it must be cleaned
to avoid contamination from the external environment and other experiments. The substrate is first
cleaned with acetone and then, to achieve a better cleaning, it is placed inside a small baker filled
with ethanol, which is then placed inside an ultrasonic cleaner for a few minutes.

Figure 18. Lithium Niobate substrates.
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By doing tests and putting the drop on the substrates on either side, the field that is generated depends
not only on the direction of the niobate but also on the incidence of the laser. The top of the substrate
will turn out to be attractive, the bottom repulsive.

For our experiments, we used two different configurations. For the first, the substrates are positioned
so that the positive charges face each other (Figurel9). For the last experiment we turned the top
substrate, so we have negative and positive charges interfacing (Figure 20).

Figure 19. First substrates configuration.

Figure 20. Second substrates configuration.

2.5 EXPERIMENTAL PROCEDURE

The next step is cell formation. First, we rubbed the surface of the first substrate that will be in contact
with the liquid crystal; the substrate is placed on a thin glass. After this, the placement of the spacer
takes place. One the spacer has been placed, the second substrate is rubbed, again from the side that
will be in contact with the liquid crystal, and then placed above the first substrate. Between the two
substrates a space must be left so that the liquid crystal can enter by capillary action. Now we place
our cell on the hotstage plate and when it becomes quite hot, we can deposit the RM734. The plate
contains some resistive cartridges that are connected to a current generator which is controlled
directly by the computer through the LabView SP1 2019 program. The same program also displays
the temperature measured by a probed bonded with conductive paste to the hotstage plate. The
RM734 is deposited between two substrate (lithium niobate) which in turn rest on a glass; the
deposition occurred by capillarity. The two substrates are separated by a spacer; for the first
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experiment we used a mylar spacer of 6 um, while for the other three we used glass balls, with
medium size 2.5 = 0.5 pm.

The thickness of the obtained cells has been measured using the Michel-Levy interference color chart.
The birefringence of an anisotropic material can be estimated by polarized light microscopy
observations. Michel-Levy interference color chart (Figure 21) graphically explained the relationship
between interference color and retardation. Looking at the graph, on the abscissa is placed the optical
retardation and on the ordinate the specimen thickness. Birefringence is determined by a family of
lines that emanate radially from the origin, each with a different measured value of birefringence
corresponding to thickness and interference color.

The Michel-Levy chart is utilized by comparing the highest-order interference colors displayed by
the cells under the polarized microscope with those contained in the chart. Once the appropriate color
is identified, the vertical line closest to the interference color is followed to the nearest horizontal line
representing the known thickness. Birefringence can be determined by selecting the diagonal line
crossing the ordinate at the intersection of the sample interference color and thickness value [20].

/| ‘/
|/ 955 ZE22
4 =1 = 1
| ’/ -//’// . // I =
. ,/ll// /?% 5 | // | |
b/ |/ A | - .
[ % ¢¢/ |_—1 1
1 / ] | =1 | i 1
2= = =
,!’ // 1 :,—-4"/—'; ]
7 1 > - —
17 = 1 -
77 1 I
i 1 | L ——1
= — [

Figure 21. Michel-Levy interference color chart.

Figure 22 displays the images used to measure the thickness of the cells. According to the colors
observed at the polarized optical microscope, the thickness is d = 6 um (Figure 25a), d =2 um (Figure
22b) and d = 1 um (Figure 22c, Figure 22d).
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Figure 22. Frames used to measure the thickness of the cells, comparing the colors with the Michel-
Levy interference color chart.

To study the effects of light irradiation on the ferroelectric nematic texture, we firstly raised the
temperature to T = 175°C with gradual steps of 5°C. We made some measurements in the nematic
phase, then we began the cooling ramp, and decreased T by 1°C per minute, for the transition to the
ferroelectric nematic phase, which occurs at T = 135°C. Once reached the ferroelectric nematic phase,
we carry out measurements at different temperatures and with different values of the laser intensity.
The droplet texture under light irradiation were observed at the polarizing optical microscope and
videos were recorded at 25 frames per second.
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CHAPTER 3

3. RESULTS

3.1 EFFECTS OF LIGHT IRRADIATION ON LIQUID CRYSTAL TOPOLOGY
The results of our experiments will be described in the following.

Experiments were conducted on cells with a thickness distribution ranging from 1 um to 6 um, at
different temperatures, with different exposure times and different values of the light intensity, so to
analyze the possible effects of these parameters.

Figure 23 shows what happens when irradiating a cell of thickness d = 2 um, at temperature of 128
°C with a light irradiation power of P =4 mW. In this sample, the LN substrates are positioned so
that, once pyroelectrically or photovoltaically charged, the positive charges face each other (Figure
19). Figure 23a shows the topology of the sample before switching on the laser, with two uniform
domains divided by the typical zig-zag boundary. The light beam impinges in a region of uniform
polarization, within one of the two polar domains (Figure 23b). After 2 s of irradiation, we observe
the formation of a small domain separated by the rest of the area by a line defect very similar to the
one separating the two principal polar domains in Fig. 23a (Figure 23 b and c). Figure 23¢ shows the
complete deformation, which is stable on keeping on the illumination. By turning off the laser, the
new domain remains well defined.

Figure 23. RM734 cell withd = 2 um, T is 128 °C and both LN crystals have positive charges at the
interface with the LC. a) topology of the cell before turning on the laser,; b) switching on the laser;
¢) formation of the lobe in one direction.

By increasing the light power, we observe quite a different kind of deformation. This is shown in
Figure 24, reporting a cell of thickness d = 1 pm, kept at temperature T = 120 °C and irradiated with
a light power P = 6 mW. The LN substrates arrangement is the same as in Fig. 24. In Figure 24a it is
possible to observe the topology of the sample before turning on the laser, with a mostly uniform
polarization. The small defects that can be seen are small surface imperfections, which are particularly
visible due to the thin thickness of the cell; this does not particularly concern us because the rest of
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the sample manages to have a consistent color and thus a consistent direction of sorting. Figure 24b
shows what happens when light irradiation starts; the yellow narrow indicated the position of the
laser. The formation of a small region of different birefringence close to the directly irradiated area,
is clearly seen. Figure 24c shows the complete deformation, with the formation of a Maltese cross,
that is an interference figure formed by birefringent materials placed between crossed linear
polarizers. This phenomenon makes it easy to identify birefringent samples. A Maltese cross can also
form when a beam of locally polarized light passes through two orthogonally oriented linear
polarizers.

Figure 24. RM734 cell with d = 1 um, T is 120 °C obtained from the interfaced positive-charged
substrates, a) topology of the sample before turning on the laser; b) turning on the laser and
formation of two black lobes, c) stationary situation.

A similar behavior can be observed in Figure 25, which shows what happens when irradiating a liquid
crystal cell of thickness d = 1 um, at temperature T = 115 °C, with a light power of P = 6 mW. For
this experiment, we turn the top substrate, so the LN substrates are positioned so that the positive and
negative charges face each other (Figure 20). Figure 25a shows the topology of the sample before
turning on the laser; Figure25b displays what happens after 30 seconds of irradiation and Figure 25¢
shows the complete deformation, with the formation of a Maltese cross similar to the one in Figure
24,

=

Figure 25. RM734 cell with d = 1 um, T is 115 °C and LN crystals have opposite charges at the
interface with the LC. a) topology of the sample before turning on the laser; b) turning on the laser
and formation of two black lobes, c) stationary situation.
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To analyze more directly the effect of light power, we irradiated the same cell in the same area, with
different values of P. Results are shown in Figure 26. The cell has thickness d = 6 um, T is 120 °C
and both LN crystals have positive charges at the interface with the LC. The effect of 10 s laser
irradiation at P = 4 mW and P = 10 mW are shown in Fig. 26 (b) and (c), respectively. In this
experiment, light illuminates the tip of a small polar domain. In the lower power case, the effect of
light is to change the birefringence in a small part of the domain. On increasing P, the birefringence
becomes uniform inside the domain, indicating a larger amount of rotation of the optic axis and thus
of polarization. After the laser is turned off, the domain disappears as shown in Figure 26d.

Figure 26. Figure 26. RM734 cell with d = 6 um, T is 120 °C and both LN crystals have positive
charges at the interface with the LC. a) topology of the cell before turning on the laser b) 10 s
irradiation with P = 4mW; c¢) 10 s irradiation with P = 10mW; d) topology of the cell after the laser

is turning off.

Figure 27 exhibits the formation of the new domain induced by laser irradiation with increasing
power: 2 mW, 4mW and 6mW. Exposure time is t = 3 s for each value of P. The sample has a
thickness of 2 um and the temperature is 128°C. Both LN crystals expose positive charges at the
interface with the liquid crystal. With the lowest intensity P = 2 mW no effects are seen (Figure
27a); with intensity of 4mW I begin to distinguish the new domain (Figure 27b) and with the higher
intensity there is the complete formation of the domain (Figure 27¢).
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Figure 27. RM734 cell withd = 2 um, Tis 128 °C and both LN crystals have positive charges at the
interface with the LC. a) light irradiation with P = 2 mW for 3s; b) light irradiation with P = 4mW
for 3s; c) light irradiation with P = 6 mW for 3s.

The effect of a long exposure time is shown in Figure 28. This figure concerns a 1 um cell in the
ferroelectric nematic phase (T = 128°C) irradiated for t = 40 s at different values of the light power
P. The sample has been obtained from the interfaced positive-charged substrates. When light of 2
mW is used the formation of a not stable and not well-defined Maltese cross is observed (Figure 28a);
The cross becomes more defined for P =4 mW (Figure 28b); with the higher intensity of 6 mW, the
situation become stationary and there is the complete formation of the Maltese cross (Figure 28c¢),
with the apparency of additional tiny deformations.

Figure 28. RM734 cell with d = 1 um, T is 128 °C obtained from the interfaced positive-charged
substrates. a) light irradiation with P = = 2mW for 40s, b) light irradiation with P = 4mW for 40s;
¢) light irradiation with P = 6mW for 40s.

We performed experiments also on cells obtained by arranging the LN substrates to expose opposite
charges at the interface with the liquid crystal. As an example, we report Figure 29, where a 1 um
micron cell kept at T = 115 °C, has been illuminated with two values of the light power (4 mW and
6 mW), for 50 s. In the first case no effects are seen (Figure 29b) while in the second case it is possible
to notice the complete deformation (Figure 29¢).
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Figure 29. RM734 cell withd = 1 um, T'is 115 °C and LN crystals have positive and negative charges
at the interface with the LC. a) topology of the cell before turning on the laser; b) light irradiation
with P = 4mW for 50s; b) light irradiation with P = 6mW for 50s.

Experiments at higher temperature, with RM734 in the conventional nematic phase, have also been
performed. A typical example is reported in Figure 30. The nematic cell has a thickness d = 6 um, is
kept at T = 140°C and is irradiated by a light beam with P =4 mW. The sample appearance before
the light action is shown in Figure 30a. In Figure 30b the light impinges in the region indicated by
the arrow. As can be seen, there is no topological difference between the two images. The light that
appears is due to the optical effect of lithium niobate after a certain time of exposure to the light beam,
in this case 10 s.

Figure 30. RM734 cell withd = 2 um, T is 140 °C and both LN crystals have positive charges at the
interface with the LC. a) initial condition in nematic phase without the application of light
irradiation; b) nematic phase with the application of light irradiation with P = 4 mW, no difference
in the topology of the sample can be observed.
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CHAPTER 4

4. DISCUSSION

All the experiments described in the previous chapter demonstrate that the texture of ferroelectric
nematics confined between two LN crystals, can be manipulated by a light beam focused to a waist
smaller than the typical domain size, impinging at normal incidence on the lower LN substrate.
Specifically, results show that the polar domains formed upon entering the ferroelectric nematic phase
can be reconfigured by light and their formation in uniform regions can be optically controlled.

The coupling between light and conventional nematic liquid crystals is very well known and the
capability of optical fields to affect the average molecular orientation is a widely studied phenomenon.
However, all the effects reported in Chapter 3 are absent in the case of RM734 confined between two
glass substrates, which indicates that whatever the reason behind the observed light induced topology
manipulation, it is mediated by the LN substrates.

It is known that light irradiation of lithium niobate crystals gives rise to surface charging through the
bulk photovoltaic effect consisting in the appearance of a photo-induced current [ 18]. The subsequent
charge distribution that takes place inside the crystal gives rise to an internal electric field known as
photovoltaic field. The resulting surface polarization is confined within the irradiated region and
generates a fringing field Erexternal to the crystal, because of the finite size of the charged area. The
fringing field is a fraction f of the internal electric field, with f depending on the geometry of the
system. In the experimental conditions used in this thesis, f is between 0,075 and 0,45. The value of
the photovoltaic field in iron doped lithium niobate crystals of the kind used in the described
experiments reaches 107 V/m, which thus translates in a fringing field, after considering dielectric

2
scaling factor Sp = ———— =0,023 , Erin a range between 1,73 x 10*and 10,35 x 10* V/m.
Er1t+ELiINDO3

&1 and E&1jypo3 are the dielectric constant of air and dielectric constant of lithium niobate,
respectively.

Combining two lithium niobate crystals as described in Chapter 2, their fringing fields combine as
well, though in different ways depending on the specific substrates' configuration. Noteworthy, the
absorption coefficient of lithium niobate crystals at the used wavelength has been measured to be o =
2 mm!. This means that, upon irradiating the lower substrate, a significant amount of the incident
light is absorbed and just a fraction of about 75% reaches the second lithium niobate slab. Such
asymmetric irradiation may lead to a different amount of surface charging and to a total fringing field
mainly dictated by the directly illuminated crystal. In this case the expected field is mainly along the
cell thickness right in the center of the irradiated area and exhibits increasing radial components
moving to the edges.

The observations described in Chapter 3 can be interpreted as due to the coupling between the fringing
field induced by light irradiation of the lithium niobate substrates and the liquid crystals. As reported
in the previous chapter, no effect on the LC texture has been observed in the conventional nematic
phase, indicating that the polar nature of the ferroelectric nematic phase plays a major role.
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According to our results, light irradiation of ferroelectric nematic cells confined between two LN
substrates, has mainly three effects: the formation of new polar domains in previously uniform
regions, the disappearance of existing small domains and the formation of Maltese cross-like textures.
The specific effect observed depends to a certain extent to the thickness of the cell and to the
combination of light power and exposure time. On the other hand, the arrangement of the LN
substrates does not seem to affect the observed sample response, as shown if one compares Fig. 24
and 25.

Overall, the formation of disruption of single polar domains is favored in thicker cells, namely cells
with thickness higher than 2 microns, while in thinner cells the creation of the Maltese cross is most
often observed. This latter also depends on the irradiation time. As shown in Figure 24, the initial
formation of a new domain can lead to the appearance of a Maltese cross on keeping illuminating the
region with laser light.

As for the combination of power and exposure time, results show that the time required to observe the
appearance of a certain texture increases on decreasing the light power and vice versa, suggesting a
role of the energy density of the light beam.

A possible interpretation of the observed effects can rely on the action of the fringing field on the
polar liquid crystal. It is well known that liquid crystal molecules in the presence of a static, or low
frequency, electric field, reorient with their long axis along the field or perpendicular to it, depending
on the sign of the dielectric anisotropy [ref. Collins]. The resulting variation of the optic axis direction
is witnessed in our case by the observed color variation (see for example Figure 24 and Figure 26,
where the color change occurs in an area much larger than the beam waist). In the case of ferroelectric
nematic liquid crystals, the equivalence of +-n is lost, and we expect the effect of the fringing field to
be different depending on the sign of the liquid crystal polarization. Some of the results described are
actually in agreement with this. Assuming a fringing field profile mainly radial (see Fig. 31), its effect
on liquid crystal regions where the field lines are parallel to P, is different with respect to the effect it
has on regions of opposite polarity. This is shown for example in Figure 32. This figure reports the
effect of the radial field generated by the laser on three cells. The first with thickness d = 2 pum, at
temperature of 128 °C with a light irradiation power of P =4 mW; both LN crystals expose positive
charges at the interface with the liquid crystal (Fig. 32a). The second cell withd =1 um, T is 128 °C
obtained from the interfaced positive-charged substrates (Fig.32b) and the last one withd =1 um, T
is 115 °C and LN crystals have positive and negative charges at the interface with the LC (Fig. 32c¢).

A
v |«
e
K 4
v

Figure 31. The arrows show the field lines and the shade of the green the profile of the illuminating
beam.
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Figure 32. a) RM734 cell with d = 2 um, T is 128 °C obtained from the interfaced positive-charged
substrates; b) RM734 cell with d = 1 um, T is 128 °C obtained from the interfaced positive-charged
substrates; ¢c) RM734 cell with d = 1 um, T is 115 °C and LN crystal crystals have positive and
negative charges at the interface with the LC.

To further verify this hypothesis, we performed the following additional experiment.

Since the two polar domains were well distinguished, we chose the cell with a thickness d =2 pum,
temperature is 128 °C with a laser power of P =4 mW. In this sample, the LN substrates are positioned
so that the positive charges face each other (Figure 19). We irradiated the two domains separately,
first one and then the other, precisely to highlight this possible dependence of the fringing field effect
on the sign of the polarity of the domain. What we can notice is that there is an asymmetrical behavior.
In the region where the polarity of the liquid crystal and the laser-generated field are antiparallel, the
new domain is formed in the opposite direction (Figure 33b) while in the region in which the polarity
of the liquid crystal and the laser field are parallel the new domain is form in the other direction
(Figure 33e-c). What is shown demonstrated that the effect is due to the torque induced by the fringing
field on the liquid crystal, which recognizes the polarization sign.
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Figure 33. a) two distinct zones with different polarities, b-d) application of the laser; c-e) generation
of the domain in the region where the polarity of the crystal and the field are antiparallel.

The role of the light power combined to the exposure time, can be understood by the following
considerations. At the intensity levels used in our experiments (I of the order of 10> W/cm?), the
fringing field at saturation is independent on the light intensity, so the effect of light should be the
same at different values of P. However, the time needed to the field to reach its saturation value
decreases at the increase of light intensity, which explains the observed dependence on the light
energy density. Specifically, low power and low exposure time result in a weak fringing field far from
the saturation value. On the contrary, increasing the exposure time, gives the field enough time to get
closer to its maximum strength.

As for the formation of the Maltese cross, as mentioned it is mostly observed in the thinnest cells and
for long exposure times. This texture is typical of the conventional nematic phase, which can be
obtained by increasing T above 133°C. Since the LN crystals used in our experiments strongly absorb
green light, it is reasonable to expect a certain amount of laser induced heating of the irradiated area.
This might suggest that the observed Maltese cross forms in area that become locally nematic under
the action of the light beam, which would agree with Figure 27, where the cross is more and more
defined as the power increases. However, comparable measurement in the nematic phase did not show
any effect. This suggests that the reason for the formation of the described texture is different. We
ascribed it as due to the formation of regions where the liquid crystal polarization follows the fringing
field lines assuming a radial configuration.

The absence of observable texture variation when RM734 is in the apolar, conventional nematic phase
is a puzzling point. Several studies have shown that conventional nematic liquid crystal cells with LN
substrates are strongly affected by the fringing field created upon light irradiation. The reason why
the nematic phase of RM734 behaves differently is not clear yet and constitutes another evidence of
the peculiarity of this material.

The mentioned dependence of the observed effects on the experimental parameters, namely cell
thickness, light power and exposure time, is summarized in Table 1. In this Table the first column
reported the thickness of the sample, expressed in um, the column at the center reported the laser
power expressed in mW and the last one represents the time needed to the cell texture to reach a
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stationary condition: in the first two cases with the formation of domains, in the other two with the
formation of the Maltese cross.

Thickness Power (mW) Irradiation Time (s)
(um)

6 10 10

2 2 3
4 2
6 1

1 2 50
4 45
6 30

1 4 110
6 50

Tablel. Thickness, laser intensity and time.

Data reported in the Table have also been used to build the graph in Figure 34, where the time
necessary to reach a stable texture under light irradiation is plotted as a function of the light power. In
this graph, the letters NPPN refers to the configuration with the interfaced positive-charged substrates
while NPNP indicates that LN crystals have positive and negative charges at the interface with the
LC. As already mentioned, for the cell with a thickness greater than 2 um it is possible to observe the
formation of new domains, while with cell of thickness lower than 2 um formation of the Maltese
cross occurs. What has been found is that with lower intensity more time is needed to reach a
stationary condition with the formation of new domains and Maltese cross, while with higher intensity
the time needed decreases.
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Figure 34. Stabilization time VS laser power.

The red dot referred to the cell with thickness d = 6 pm can be considered an oddity; although using
a light beam with a high power P = 10 mW, the time required to reach a stationary condition turns out
to be longer than the time required for the cell with thickness d = 2 um, whose texture reaches a
stationary situation after a few seconds with a lower light beam power.
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Conclusions

In this thesis the possibility of optically controlling the texture of ferroelectric nematic liquid crystals
has been investigated. Cells have been realized by confining the liquid crystal between two lithium
niobate ferroelectric substrates and the texture in the ferroelectric nematic phase has been analyzed
through polarized optical microscopy. They were irradiated by a laser beam focused to a waist much
smaller than the typical ferroelectric domain size.

Our experiments demonstrated that the topological texture of ferroelectric nematic cells can be
controlled by light. Specifically, both the formation and the disruption of single polar domains can be
optically induced with light of moderate intensity in cells a few microns thick. In thinner samples, the
formation of a large, distorted area is instead observed, resulting in a Maltese cross-like texture These
phenomena are absent in the case where no one of the substrates is ferroelectric, indicating that they
are not due to a direct coupling between the optical field and the liquid crystal. Moreover, they are
not observed in the conventional nematic phase of the used liquid crystal. All these observations are
strong indications that the obtained results are due to the coupling of the fluid polarization field of the
ferroelectric nematic phase to the fringing field generated by lithium niobate upon light irradiation.
Worthy of note, our measurements clearly show that the effect of a static electric field on a
ferroelectric nematic liquid crystal depends not only on the orientation of the optic axis n, but also on
the sign of the polarization vector, in full agreement with the notion that in these materials the
polarization P is uniform once fixed the temperature, but could adopt one of the two permissible
orientations along n, P and —P.

The reported results are expected to pave the way to domain-wall engineering in polar liquids and to
the research of novel topological textures controlled by light. Indeed, since ferroelectric nematics are
fluid and since the polarization vector is locally collinear to the optic axis, they provide a brand-new
platform for observing and controlling polarization topologies at the micron scale that can be directly
observed under polarized optical microscopy.
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