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Abstract
As one of the key technologies involved in communication networks, all-optical
switching has witnessed many research efforts during the last decade.
This work presents a detailed investigation of the properties and attractive interaction of spatial solitons in nematic liquid crystals for all-optical switching devices.
This includes a description of basic properties such as their multimode behavior,
as well as their power dependent interactions and signal steering. Furthermore, the
temporal performance of an all-optical switching setup is analyzed and discussed.
Thanks to their long-range, phase and wavelength independent interactions at
milliwatts powers, and despite their slow response time in switching applications,
nematicons proved to be an extremely promising testbed for soliton-based devices,
including signal waveguides and power-dependent spatial steering devices.

Kurzfassung
Optische Schalter als eine der Schlüsseltechnologien für optische Datennetze und
optische Datenverarbeitung wurden im vergangenen Jahrzehnt intensiv erforscht.
Diese Arbeit präsentiert eine detaillierte Analyse der Eigenschaften und Wechselwirkungen räumlicher Solitone in nematischen Flüssigkristallen welche in zukünftigen optische Netzen Verwendung finden könnten. Dabei wurde sowohl die Wellenleitercharakteristik dieser Solitone als auch ihre leistungsabhängige Wechselwirkung
untersucht. Abschließend wurde ein rein optischer Schalter realisiert und dessen
zeitliches Verhalten analysiert.
Ihre nahezu einzigartige, phasen- und wellenlängenunabhängige Wechselwirkung
über große Distanzen macht Solitone in nematischen Flüssigkristallen zu idealen
Testkandidaten für soliton-basierte Bauelemente. Somit können optisch generierte Wellenleiter und optische Schalter entwickelt und untersucht werden ohne das
Laserleistungen im Kilowattbereich benötigt werden, auch wenn langsame Schaltgeschwindigkeiten eine Anwendung in Hochgeschwindigkeits-Netzwerken unwahrscheinlich erscheinén lässt.
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1

Introduction
“But eventually, we will have to move
to optical.”
Aviel Yogev, Intel Corporation

Communication technology based on the world wide connection via the Internet is
determining our way of life in a modern society. We are connected with friends,
acquaintances and strangers on the planet as never before. Mass communication
is not a temporary fashion. Modern society considers it a necessity, and there is
an economic justification for a fast, reliable and ubiquitous communication system.
Fiber optic technologies and related markets will continue to grow over the next
50 years and beyond [1]. However, existing long-haul networks seem unable to
meet market demands for increasing network capacity. The capacity of the optical
fiber as a transmission medium is not fully utilized. In most optical networks,
cross-connect switches are employed, which act like electronically reconfigurable
distribution nodes. The cross-connect performs optical to electrical conversion, reads
the data, sets the switch accordingly, and then reconverts the data to the optical
domain for transmission. Electronic switching had sufficient speed in the past few
decades, and optical switching is by no means a mature technology. However, the
speed of electronic switching is not even close to being able to keep up with the
capacity of optics. The reason for this imbalance lies in the physical properties
of the moving electrons in those circuits and can only be properly addressed by a
fundamental change in the working principle of communication technologies.
The most probable solution to this electronic bottleneck, is also a quiet obvious
one. Instead of converting the electrical signal back and forth, one can increase
the bandwidth by several orders of magnitude by using all-optical data switching
between the single routing points. Techniques to implement optical switching have
been in the focus of photonic research for several years now, all having their advantages and weaknesses. One of the most promising technologies for implementing
optical switching on a commercial scale is by using nonlinear optical effects in liquid
crystals and other strongly nonlinear media. Optical switching has already been
shown in various setups, all with one similarity: The switching of the signal was
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done in the optical domain, avoiding the back and forth transformation of the light
signal. In order to eventually exploit the tremendous bandwidth provided by optical
fiber, the switching functions must, even partially, be carried out optically [2].

1.1. Advantages of All-Optical Signal Handling
Replacing the current hybrid (electrical-optical) networks would allow an increase
in the bandwidth and speed of our communication networks by several orders of
magnitude. To do so, optical switching, optical memory and optical data manipulation has to be put into practice on a commercial scale and at an affordable cost.
Since optical switching is a rapidly developing field of research, it is beyond the
scope of this thesis to explain the different optical switching technologies available,
however a comprehensive introduction to the field can be found in [3] and [4]. The
advantages that result from the shift from electronic to optical switching will be
discussed briefly in the following sections.
1.1.1. Higher Bandwidth
The most important feature of optical switching lies in a significant increase in the
maximum bandwidth that can be used to transfer data. The cornerstone for modern
communications, based on high-speed Internet connections, was laid in the 1960s
and 1970s. Researchers around the globe attained significant progress in the theory
and manufacturing of low loss optical wave guides, also known as optical fibers,
which have defined high speed data connections ever since.
Since the worldwide dawn of optoelectronic data communication, the bandwidth
of those fiber connections has increased tremendously. While the connection speed
in the mid-eighties was limited to 155 Mbit/s, it has increased by a factor of more
then 15 to 2.5 Gbit/s until the mid-nineties. Today, standard commercial fiber based
Ethernet connections are offering 10 Gbit/s while the next generation of Ethernet
technologies, namely 40 Gbit/s and 100 Gbit/s, have been standardized by the IEEE in
2010 [4].
This development might be amazing, but there is one major problem that could
slow down the development of systems with a higher bandwidth in the near future.
The rub lies not in the optical signal transmission in the fiber, its root is the data
transmission and reception at both ends of the fiber. To understand how this bottleneck evolves, it is necessary to understand the design of modern communication
networks. To receive data over the Internet, the end-user is not connecting directly
to the server at which the desired information is stored. Instead, the signals are
routed and have to pass through several layers in the network topology, as shown in
Figure 1.1.
To send data over large distances and between multiple participants, a number
of steps are necessary. Once an electrical signal is generated by a home computer
or server, it is sent to a nearby router. The flowing current is then converted
from an electrical into a light signal. This light packet is then sent through the
fiber highly parallelized, using multiplexing techniques such as Wavelength Division
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Multiplexing (WDM). Once the signal has arrived at the corresponding end of the
fiber, it must be forwarded to the next hub in the network. The cross-connects that
are currently used in networks to carry out this forwarding use an electrical core
for switching. To do so, the optical signals are first converted into electrical signals,
which are then switched electrically and finally converted back to optical signals.
In general, several of those conversion processes are necessary, since the signal has
to be routed to the proper receiver. A more detailed review of telecommunication
switching and network technologies can be found in [5].
PoP #3

Internet

Tier 1 networks

Transit

Tier 2 Network

Transit

IP Backbone
Peering

PoP #2

PoP #1

Tier 2 ISP

IXP

Transit

Transit

Tier 3 Network
(single homed ISP)

Tier 3 Network
(multi-homed ISP)

Internet users
(business, consumers, etc)

Figure 1.1.: ISP network connecting the end-user to the Internet [6].

But if optical data transmission is providing the highest bandwidth, why are we
even converting the light back and forth instead of routing the light directly? Why
is the cable connecting your computer to the network still using electric signals,
when optical transmission would be so much faster? It is because of the outstanding capabilities of electronic devices to process, switch and amplify electrical signals.
Complex functionalities can be implemented into microscopic devices that are working with Gigahertz frequencies. The electronic parts in those networks are used to
generate, edit, recover and switch the signals. Since integrated circuits are produced
in highly automated and sophisticated semiconductor foundries in large quantities,
the price for a single chip is rarely more then a few dollars. To manipulate optical signals in the same manner and on the same scale is not yet possible. Since
high speed fiber optical data transmission uses multiple wavelengths in one fiber,
one has to use a large amount of parallel electronic devices to generate and process
the numerous data channels. To double the transmission rate by doubling the used
wavelengths, one has to double the amount of electronic devices in every transmitter,
interconnect and receiver. Therefore, high speed optical connections are pricey and
difficult to maintain. On a small scale, where the price is more important than peak
performance, electrical data transmission is still the prevalent technology. However,
on a larger scale, peak performance is the most important feature. The actual data
transmission between the higher network layers (e.g. between Tier 2 and Tier 1
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networks) is done with optical fibers, while the switching and processing are done
electrically. This provides maximal bandwidth, which is necessary to handle the
enormous amounts of data that are carried every day1 . To overcome the electronic
bottleneck, it is only logical to convert our hybrid, electro-optical networks to alloptical networks (AON). Those next generation networks will transport the data
predominantly optically with only a limited number of conversions back into the
electrical domain.
Electronic switching may be the current technology, but optical switching is certainly making advances. For several decades, significant progress has been made in
this field, producing a number of possible solutions to overcome the electronic bandwidth bottleneck [3, 8–11]. Using highly sophisticated all-optical signal processing
techniques, enormous transmission rates have been shown [12]. The challenge now
is to move from theoretical and experimental setups to scalable and affordable solutions for an industrial scale. Intel, as a provider of cutting edge technologies for both
the commercial and end-user market, has made significant progress in this field. In
2009 they announced their Thunderbolt technology (formerly known as Light Peak).
It was officially introduced into the market in 2011, still using copper cables. But
as the name Light Peak suggest, this technology was originally planned to use fiber
connections. This has not yet been implemented due to the high cost [13], however
for future generations of the interface, Intel will use optical connections [14], making
100 m connections with bit rates around 10 Gbit/s available for the consumer market.
This kind of implementation of complex optical devices into small devices is only
possible due to the integration of photonic devices into standard silicon technology
[15, 16]. By evolving toward a fabless silicon photonic production, photonic devices will become more affordable and will be therefore also provide higher market
share [17].
1.1.2. Lower Power Consumption
The amount of data transferred over the Internet is growing rapidly, doubling every
18 months. This rate is likely to continue, since multimedia content like large audio
and video files are becoming increasingly popular. As Internet traffic increases, the
quantity, capacity, and energy consumption of transmission and switching equipment
required to route this traffic must also grow. Energy consumption is thus becoming
a key environmental, social and political issue [18]. The power consumed by the
Internet is rising rapidly from around 4% of the world’s electricity today and is
expected to increase to more than 10% of the world’s usage in the near future [19].
The network parts which are consuming this power are shown in Figure 1.2.
Surprisingly, it is not the processing or regeneration of data in the network that
is consuming the lion’s share of the power. The switching and routing is consuming
34% of the total energy use. Thus, to reduce the power consumption of next generation networks, it would be the most effective to reduce the power consumption of the
1

Global IP networks carried 474 Petabytes per day in 2010, with a prediction of up to 2.6 Exabytes per
day in 2015 [7].
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Transport
Storage

7%
10%

Processing

34%

Switching/
Routing

22%

27%
Regeneration

Figure 1.2.: Distribution of power consumption in telecommunication networks [20].

hubs and switches. The energy bottleneck in the Internet is due to the routers and
not the optical fibre links [21]. If optical signals could be switched without being
converted to electrical form, this drawback would be eliminated. In addition, the
elimination of E/O and O/E conversions will result in a major decrease in the overall
system cost, since the equipment associated with these conversions represents the
major share of cost in today’s networks [2, 22].
Ultimately, this raises the question if Internet growth in the future may be constrained by energy consumption rather than by bandwidth. Maximizing the use of
optical technologies in AON architectures will eventually deliver the lowest power
per function for transport and switching in tomorrow’s networks [20].
1.1.3. Smaller Delay in Communication
One issue which is not a pressing one for most users is the delay with which the
data is transmitted. The delay, also called lag, specifies how long it takes for the
data to travel across the network. This might not be an issue for unidirectional
connections, such as downloads or video streaming, where the bandwidth determines
whether or not a connection is experienced as fast. On the other hand, for interactive
processes such as Voice over IP (VoIP) and gaming, the delay in transmission is more
important than raw bandwidth. A large delay can have a considerable impact on
the conversation quality and therefore on the user experience.2 The delay is also
affecting modern business structures. Banking systems and stock exchanges depend
on up-to-date information. Estimations predict that a one millisecond lower delay
for transatlantic communication is worth up to $100M per year for large hedge
funds [23]. Since one of the main retarding mechanisms is the optical-electrical
conversion at the network nodes, a change to all-optical networks will also speed up
connections by lowering the delay.
2

A more detailed description of the cause and effects of delays can be found online at http://www.cisco.
com/application/pdf/paws/5125/delay-details.pdf
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1.2. Purpose of this Work
Numerous optical switching technologies have been developed and investigated so
far. Some of them are promising substitutes for the existing, electronic switching
devices. Nonetheless, they exhibit one major drawback which they share with their
electronic counterparts. All existing optical switching technologies handle the signal
without transforming it into an electrical signal, but the control of those devices is
still done electrically3 . Eventually, this will once again result in a bottleneck since
the electronics cannot hold up against the immense speeds which are made possible
through optical light transmission. It would be even more favorable to use light not
only as transport medium but also to control light with light. This true all-optical
switching, meaning light as both a transport and control medium, would allow for
even higher speeds.
All-optical switching and computing has motivated a large effort in nonlinear optics and related materials during the past 30 years. More recently, the research
focused more on self-confined optical beams called spatial solitons. These solitons
exhibit a particle-like behavior and are able to confine a signal which copropagates
undiffracted within the soliton. One promising candidate to study true all-optical
switching are nematicons, spatial solitons in nematic liquid crystals. Collective
molecular responses of the liquid crystal molecules result in the largest nonlinearity
among all known materials. However, all soliton based switching setups presented so
far have used electrical signals to control the molecular direction within the crystal.
In this thesis, I attempt to achieve true all-optical switching, meaning a setup in
which an electromagnetic wave, propagating in a liquid crystal cell is controlled and
guided solely by light itself.

3

See reference [2] for a detailed description.
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Nonlinear Optics
“Using a term like nonlinear science is
like referring to the bulk of zoology as
the study of non-elephant animals.”
Stanislaw Ulam

The generation of optical solitons rely strongly on the occurrence of optical nonlinearities to provide the characteristic self-focusing effect. This chapter summarizes
the physics of nonlinear optics which is essential to understand the basic concepts
of solitons in liquid crystals (LCs). The details of the generation and propagation of
solitons is then given in Chapter 4. It is beyond the scope of this thesis to provide
insights into fundamental optical phenomena, such as polarization or diffraction. I
refer the interested reader to [24, 25] and [26] which are all covering those topics in
great detail.

2.1. General Linear and Nonlinear Systems
A system is called nonlinear if its output is not directly proportional to the system’s
input. Therefore, the system does not satisfy the superposition principle. The direct
opposite are thus called linear systems in which the response (xout ) to a certain input
(xin ) is of the form:
xout = kxin ,

(2.1.1)

where k is a constant factor. So for a linear system, the output at a certain time t
is proportional to the input at that time and the superposition principle is fulfilled.
A good example of a linear system is the spring equation or Hooke’s law:
F = −kx,

(2.1.2)

where k is the so called spring constant which relates the restoring force F exerted
by the spring linearly to the displacement x of the spring.
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Figure 2.1.: Response of a linear (xout = xin , solid line) and a nonlinear system (xout =
xin + εx2in + εx3in , dashed & dotted lines) to a linear input.

The plot of a linear response to a linear input signal is shown in Figure 2.1. If we
examine our example with the spring a little closer, we realize that this formula can
only be an approximation. Consider the case of stretching the spring too far, so that
the response is no longer of a linear nature. We might then write equation (2.1.1)
as a series expansion [27, chap. 50-6]:
xout = k(xin + ε1 x2in + ε2 x3in + . . . ).

(2.1.3)

Such a nonlinear response is shown in Figure 2.1. One can easily see the dramatic
consequences of a slight change in the value of ε. Now let’s consider the more interesting case of a sine function (xin (t) = sin(2πt)) as the input function. Again, using
the approximation for a nonlinear system of the form xout = xin + εx2in + εx3in , one
obtains the response shown in Figure 2.2. It is easily seen that the output of such
a nonlinear system is no longer a pure sine wave.
The consequences of those nonlinear responses in optics will be discussed in the
following chapter.
The usual treatment of the propagation of light and therefore the classical effects
like reflection, refraction and so on, are based on the assumption of a linear relation
between the electromagnetic light field and the response of the traversed medium.
When traveling through an optical medium, the oscillating electromagnetic field of
the light exerts a force on the electrons and protons in the medium. If this field is
not too large, the amount of the induced dipole moment will be proportional to the
field. A small field will induce a small dipole moment and a larger field will induce
a larger dipole moment. If a medium is illuminated with a beam of a certain power
density and the same experiment is repeated with a beam of twice the power, one
can expect the same beam shape and behavior, only with twice the intensity. That
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ε=0
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Figure 2.2.: Response of a linear (xout = xin , solid line) and a nonlinear system (xout =
xin + εx2in + εx3in , dashed & dotted lines) to a sine input of the form xin (t) =
sin(2πt).

is only true for a certain amount of power. If the power is increased into regions
where nonlinear effects have to be accounted for, the behavior is no longer as easy to
predict. If an intense beam of red light is send through the proper type of material,
the beam coming out will contain a little bit of blue light as well. This nonlinear
effect, called Second Harmonic Generation (SHG), among other effects, will be discussed in Chapter 2.2.
There are other types of nonlinear responses to the electric field of a propagating beam which occur especially in liquid crystals. These phenomena, especially
reorientation processes are discussed in Chapter 4.

2.2. Polarization Density Nonlinearities
The polarization density, also called electric polarization or simply polarization
might not be confused with the polarization of (mostly optical) waves. Instead,
it is the vector field which expresses the induced electric dipole moment in a dielectric material. In a homogeneous, linear and isotropic dielectric medium, the
polarization vector P is approximated to be proportional to the electric field E. Using only the magnitudes, since the direction of the polarization coincides with that
of the field in an isotropic medium, one gets [26]:
P = χε0 E,

(2.2.1)

where ε0 is the vacuum permittivity and χ is the electric susceptibility of the medium.
Since the electric field within the dielectric has been altered, a new quantity is needed
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to describe this effect. It is called electric displacement D and is defined as:
D = ε0 E + P,

(2.2.2)

again only taking magnitudes into account.
The electric field associated with traditional light sources is much smaller than
the field that links the electrons to the atoms. Hence, the field acts as a small
perturbation and the linear approximation is valid. However, if the radiation field
is comparable with the atomic fields, then the relation between the polarization and
the radiation field is no longer linear.
It was for this reason that the subject of nonlinear optics had to wait until the
advent of the laser in 1960 [28] so that the necessary power could be brought into
the optical region of the spectrum1 . To give an example of the intensity which
is achievable with modern laser sources, consider a Q-switched laser with a peak
power2 of 109 W. Let the laser beam be strongly focused to a beam diameter of
circa 10−3 inches. This equals an area of approximately 10−9 m2 and combined with
the 1 GW Power equals a power density of 1018 W/m2 . The corresponding electric
field is given by [24]:
E0 =

vs
u
u ε0
t

s

I
I
≈ 27.4
.
µ0 n
n

(2.2.3)

With the permittivity of free space ε0 ≈ 8.854 · 10−12 Fm−1 , the permeability of free
space µ0 ≈ 1.257 · 10−16 Hm−1 and a refractive index n ≈ 1, this yields in an electrical field E0 of about 3 · 1010 V/m. Compared to the fields holding a crystal together
(≈ 5 · 1011 V/m), the field of a strong laser source is only one order of magnitude
lower than the binding fields in a crystal and therefore a strong nonlinear response
can be expected.
To express the polarization in a more effective, i.e. a more accurate way, equation (2.2.1) can be written as a series expansion, still only taking the magnitudes
into account as we did before [25]:
P = ε0 (χ(1) E + χ(2) E 2 + χ(3) E 3 + ...).

(2.2.4)

In this expansion, χ(1) is the normal or linear susceptibility which is generally much
larger than the nonlinear coefficients χ(2) , χ(3) and so forth. Therefore, the nonlinear coefficients only contribute noticeably for strong fields, as previously discussed.
Susceptibilities of orders higher than 2 or 3 are hardly ever used since even with
modern pulsed lasers, it is hard to achieve powers where they contribute noticeably.
1

For more information about the history, development and modern applications of lasers, I strongly
recommend references [25] and [29](in German).
2
Due to short pulse durations, peak powers can become very high, even for moderate average powers.
A pulse energy of 1 mJ in a 10 fs pulse leads to a peak power in the order of 100 GW, which is
approximately the combined power of a hundred large nuclear power stations [30]. Terawatt peak powers
can be generated with devices of moderate size and even petawatt powers have been achieved [31].
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If the applied field has the form E = E0 sin(ωt), then the induced polarization
is
P = ε0 (χ(1) E0 sin(ωt) + χ(2) E0 2 sin2 (ωt) + χ(3) E0 3 sin3 (ωt) + ...).

(2.2.5)

In the case of crystalline media, P and E are not necessarily parallel. The polarization must then be expressed as an expansion of the type
X (1)

Pi = ε 0 (

χij Ej +

X X (2)

χijk Ej Ek +

j

j

X X X (3)

χijk` Ej Ek E` + ...).

j

k

k

(2.2.6)

`

where χ(1) is the ordinary susceptibility tensor. The coefficients χ(2) , χ(3) and so
forth are higher-order tensors. This rather complicated expression is often written
as the sum of two terms
P = PL + PNL

(2.2.7)

where the linear polarization is
PL = ε0

X (1)

(2.2.8)

χij Ej .

j

The remainder is the nonlinear polarization and is given by
PNL = ε0 (

X X (2)

χjk Ej Ek +

j

X X X (3)

χjk` Ej Ek E` + ...).

j

k

k

(2.2.9)

`

For nonmagnetic, dielectric materials, Maxwell’s equations can be expressed as [32]:
∂H
∂t
∂D
∂
∇×H=J+
= J + (ε0 E + P).
∂t
∂t
∇ × E = −µ0

(2.2.10)
(2.2.11)

Using those, one can find the wave equation for nonlinear media, which is of the
form
∂ 2E
∂ 2 PNL
∇ E − ε0 εµ0 2 = µ0
.
∂t
∂t2
2

(2.2.12)

2.2.1. Second Harmonic Generation
The generation of second harmonics can only occur in media in which the χ(2) tensor
is not zero. Taking the second term in equation (2.2.5), one can expand the sin2 -term
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in the following way:
ε0 χ(2) E0 2
[1 − cos (2ωt)]
2
ε0 χ(2) E0 2 ε0 χ(2) E0 2
=
−
cos(2ωt).
2
2

ε0 χ(2) E0 2 sin2 (ωt) =

(2.2.13a)
(2.2.13b)

The first term varies as E0 2 and is obviously not dependent on the frequency. Therefore, it is often called DC or constant bias polarization. Consequently, if an intense
beam traverses an appropriate crystal, a constant electric polarization will be induced in the medium. A voltage difference which is proportional to the beam’s flux
density will appear across the medium. Since there is a very analog effect which
occurs with radio frequencies, this effect is called optical rectification.
The second and more interesting part of equation (2.2.13b) is one with a doubled
frequency 2ω. This process is called second harmonic generation (SHG). The SHG of
a general nonlinear system, only containing the first even term is shown in Figure 2.3.
Second harmonic generation in liquid crystals is not possible in bulk material since
the χ(2) tensor is zero. Nonetheless, SHG in liquid crystals can be achieved by
breaking the inversion symmetry through boundary conditions [33]. To efficiently
generate second harmonics, there is another restriction. It is also necessary to have
so called phase or velocity matching. More details can be found in the references [24,
25, 34].
6
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Figure 2.3.: Second harmonic generation by a nonlinear system of the form xout = xin +εx2in
with a sine input of the form xin (t) = sin(2πt).
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2.2.2. Kerr Effect
In symmetric materials, χ(2) is zero, but χ(3) is often not. Using the same approach
as for the SHG, one can expand the third term in equation (2.2.5) in the following
way:
ε0 χ(3) E0 3
sin(ωt) · [1 − cos(2ωt)]
2
ε0 χ(3) E0 3
ε0 χ(3) E0 3
sin(ωt) −
sin(3ωt).
=
4
4

ε0 χ(3) E0 3 sin3 (ωt) =

(2.2.14a)
(2.2.14b)

Due to the χ(3) term, a third order harmonic term arises. For the Kerr effect, this
term is not important and using only the first term in equation (2.2.14b), we can
express the polarization as:
!

χ(3) E0 2
E ,
χ(1) E +
4

P = ε0

(2.2.15)

with E = E0 sin(ωt). Now we can define a susceptibility χ0 of the form
χ0 = χ(1) +

χ(3) E0 2
.
4

(2.2.16)

Since the refractive index depends on the susceptibility, we also have to define a new
refractive index [32]:
n0 =

q

1 + χ0

s

=

n0 2 +

(2.2.17a)
χ(3) E0 2
4

3χ(3)
|E|2
8n0
n0 = n0 + n2 I.
≈ n0 +

(2.2.17b)
(2.2.17c)
(2.2.17d)

We now have an intensity dependent refractive index, which is referred to as the
Kerr effect. More generally, the Kerr effect describes a change in the refractive index of a material in response to an external electric field. The sign of n2 depends on
the actual material and the values for n2 are negligible in most cases. Fortunately,
the dependency on the electric field is quadratic so that for high intensity fields,
this effect becomes significant. The resulting effects of this nonlinearity are, for example, self-focusing [35–37], self-phase modulation [38–41] and instabilities [42–44].
Furthermore, it is possible to create ultra short laser pulses by using so called KerrLens modelocking [45–48].
Stimulated Raman Scattering, Rayleigh Scattering and Brillouin Scattering are nonlinear optical phenomena which occur in so called active media, meaning media
which impose their characteristic frequencies on the light wave. These phenomena
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do not play a major role in the nonlinearities of liquid crystals and therefore will be
not discussed in this work.3

3

A more sophisticated description of all the above mentioned nonlinear optical phenomena can be found
in reference [34].
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Liquid Crystals
“Fliessende Krystalle! Ist dies nicht
ein Widerspruch in sich selbst?”
“Flowing crystals! Is that not a
contradiction in itself?”
Otto Lehmann

It was in the year 1888 that the Austrian botanist Friedrich Reinitzer observed a
strange phenomenon. He was studying the properties of various types of cholesterol
when he noticed that cholesteryl benzoate was not having a clearly defined melting
point. Instead, at a certain temperature, the solid cholesterol would change into a
milky liquid, and changing to a clear liquid at an even higher temperature. Even
though Reinitzer did not continue investigating this phenomena in detail, he is often credited for discovering a new phase of matter - the liquid crystal phase [49].
The name liquid crystal was invented only one year later by Otto Lehmann, who
continued Reinitzer’s work [50].
The knowledge and the technology of these liquid crystals has grown immensely
during the last few decades. Nowadays, liquid crystals are widely used in display
applications, ranging from small black and white wrist watch displays to huge color
screens. Due to their large optical nonlinearity, they also exhibit interesting features,
rendering them extremely useful to study nonlinear effects for all-optical signal handling. The following chapter gives a brief introduction into this complex topic. For a
complete introduction to the mechanical, electrical and optical properities of liquid
crystals, I refer to [51–53].

3.1. A Fourth State of Matter
Generally, materials in nature are divided into three different phases, also called
states of matter. Those states depend on the mobility of the individual atoms or
molecules and are known as solid, fluid and gaseous states. In the solid state, intermolecular forces keep the molecules close together at a fixed position and orientation,
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so the material remains in a definite shape. In the fluid state, the molecules are still
packed closely together, but they are able to move around. Like a liquid, a gas
has no fixed shape, but the molecules rarely interact with each other. But there
are also cases where classification is not that simple. For extraordinary high or low
energy states, such as plasmas or superfluids, those easy definitions are no longer distinct. Liquid crystals are another form of matter which claims to be the fourth state.
To gain a better understanding of this particular state of matter, it is useful to
define the distinction between a crystal and a liquid more generally. A crystal is
made up of a periodic arrangement of one or more atoms (the basis) repeated at
each lattice point. An ideal crystal can be described by an infinite array of discrete
points generated by a set of discrete translations in the three dimensional space:
R = n1 a1 + n2 a2 + n3 a3 ,

(3.1.1)

with ni being integers and ai the basis vectors. Given a basis at the point x0 in a
real lattice, finding another basis at the point x = x0 +n1 a1 +n2 a2 +n3 a3 stays finite
even for large ni . If one tries to define liquids in a similar fashion, one must realize
that there is now way to describe this probability for points far away from x0 as the
molecules are not arranged in a special manner. The important character of liquids
is the existence of a length δ over which the correlations between the direction and
position of the different molecules are lost. Using this definition, one can describe
LCs as “systems in which a liquid-like order exists at least in one direction of space
and in which some degree of anisotropy is present” [52].

3.2. Liquid Crystal Phases and the Order Parameter
The most widely used type of liquid crystals (LCs) are the so called thermotropic
or temperature dependent liquid crystals. They are composed of moderate sized
organic molecules which tend to be elongated, e.g. like a cigar. Despite having a
complicated molecular structure, they are often described as rigid rods [51]. These
rods interact with each other, producing the properties that are unique for liquid
crystals. The principal chemical structure of these rod-like liquid crystals is shown
in Figure 5.2. Single molecules consist of two or more ring systems connected by a
central linkage group.
Terminal Group

Ring

Linkage
group

Ring

Side Chain

Figure 3.1.: Molecular structure of a typical liquid crystal [54].

At high temperatures, the molecules are randomly oriented, as shown in Figure 3.2(a),
thus forming a normal, isotropic liquid. At lower temperatures, after passing the
transition temperature TNI , also called clearing point TC , the molecules are still positioned randomly. However, due to their elongated shape, the molecules are aligned
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in a general direction such that all the axes are lined up. Those nematic1 liquid
crystals (NLC) are shown in Figure 3.2(b). The molecules are still able to flow as
they would in a liquid, but their general orientation does not change. If not only
orientational but also positional order occurs, the liquid crystal is called smectic.
In this type of liquid crystals, the centers of gravity of the molecules are arranged
in layers and the movement is mainly limited inside the layers as illustrated in Figures 3.2(c) and 3.2(d). If the molecules are, on average, oriented perpendicular to
the layers, they are in the smectic A phase while in the smectic C phase, the director
is tilted with respect to the layer normal.[54] The direction of the orientational order

(a) Isotropic

(b) Nematic

(c) Smectic A

(d) Smectic C

Figure 3.2.: Phases of thermotropic liquid crystals [54].

in a liquid crystal is defined by the unit vector n̂ (also called director axis). The
single molecules are assumed to have a rod-like shape with a as their long axis. It
is furthermore assumed, that the rods are perfectly cylindrically symmetric around
a. The angle between n̂ and a is θ, as shown in Figure 3.3. Using this definition,
the most straightforward way to describe liquid crystals is in terms of the so called
order parameter S. It is defined as:
S=

E
1D
3 cos2 (θ) − 1 .
2

(3.2.1)

If all the molecules are aligned parallel to n̂, thus if all molecules form an angle
θ = 0 or θ = π in respect to n̂ then S = 1. On the other hand, if all the molecules
are oriented randomly, then cos2 = 13 and hence S = 0. As a result, S is a measure
of the orientational order of the single molecules. To define the order parameter of
molecules that are lacking cylindrical symmetry, more sophisticated approaches are
required, as described in references [52] and [51].

1

The word nematic comes from the Greek νηµα (nema), which means "thread". This term originates
from the thread-like topological defects observed in nematics, which are formally called “disclinations”.
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organic
molecule

a

θ

nˆ

Figure 3.3.: System to define the order parameter of a liquid crystal with n̂ the director
axis, a the long axis of the molecule and θ the angle between the two.

3.3. Optical Properties of Liquid Crystals
For crystals in which the atoms and molecules are arranged symmetrically, such as
sodium chloride with its cubic crystal structure, light will propagate uniformly in all
three directions in the crystal. This is also true for normal liquids and amorphous
materials where there is no preferred direction in the material. Those materials have
a single index of refraction and are therefore called isotropic.
As discussed in the previous chapters, liquid crystals do have preferred directions
in which the molecules are oriented. Therefore, LCs are anisotropic or birefringent.
The optical axis2 in a liquid crystal is in the direction about which the atoms are
arranged symmetrically. For a NLC this corresponds to the director axis n̂ and
since there is only one such direction, those materials are called uniaxial. Without
going into detail, the propagation of light in uniaxial media including birefringence
and the flow of energy will be discuss briefly. A well written and detailed but still
straightforward description of these phenomena is given in reference [25]. This also
includes the relation of birefringence to the susceptibility tensor which was discussed
in Chapter 2.2.
3.3.1. Light Propagation in Nematic Liquid Crystals
When light propagates through a liquid crystal, it is excites the LC molecules.
The electrons within these molecules are driven by the E-field of the light and
they reradiate. This reradiated light recombines and forms a refracted beam that
moves on. The speed of propagation and hence the refractive index of the LC
depends on the difference between the frequency of the light and the resonance
frequencies of the molecules. Those frequencies vary depending on the binding
forces within the molecules and since the crystals are unsymmetric, those forces will
be unsymmetric. Hence the refractive index will be anisotropic [24]. This effect is
known as birefringence and it occurs in all sorts of materials that are not isotropic,
such as quartz (SiO2 ), calcite (CaCO3 ), plastics and even optical fibers [55].
The birefringence is then described by the difference between the ordinary and
the extraordinary index of refraction:
∆n = ne − no
2

The optic axis is the direction in which light undergoes no birefringence.
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where no is the ordinary index of refraction for light that travels along the symmetry
axis and, in our case, along the director axis, and ne for light traveling perpendicular
to that direction. If no < ne , the crystal is called positive uniaxial; whereas if
no > ne , it is called negative uniaxial.
3.3.2. Double Refraction, the Poynting Vector and the Flow of Energy
Suppose an arbitrary polarized beam of light that is normally incident to a birefringent material, as shown in Figure 3.4. One can clearly see the different directions
of propagation for the two perpendicular polarized beams. To describe this double
refraction in uniaxial crystals, one can apply the ideas of scattering via Huygen’s
Principle, as it is done in reference [24]. We are going to use a somewhat more
sophisticated but also more complicated approach by using the electromagnetic description based on Maxwell’s equations.
optic axis

e-ray
o-ray

e-ray
E

o-ray

optic axis

Figure 3.4.: A light beam traversing through a birefringent crystals principal section. The
arrows and dots indicate the perpendicular polarization of the extraordinary
and the ordinary beam [24].

In isotropic media, the electric field E, the polarization density P and the electric
displacement field D are related by:
D = ε0 E + P = ε0 (1 + χe )E

(3.3.2)

where ε0 is the vacuum permittivity and χe is the electric susceptibility of the
medium. As discussed in section 2.2 on page 9, the electric susceptibility for isotropic
media is a scaler quantity and therefore, E and D are always parallel. However,
for anisotropic materials, the susceptibility varies according to the direction within
the material, hence E and D are related by a susceptibility tensor. As a result,
the displacement field does not necessarily need to be in the direction of the electric
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field. By applying Maxwell’s equations to a wave propagating in such an anisotropic
medium, one obtains that not the electric and the magnetic field are oscillating in
the wavefront. Instead, the electric displacement field D and the magnetic field B
are lying in the wavefront. Hence, the wave vector k is no longer perpendicular to
E but to D. To get a picture of these relations and to gain a better understanding
of the propagation within the uniaxial material, one should study Figure 3.5. The
figure displays the orientations of the different field vectors for the ordinary and the
extraordinary beam. For the special case of the ordinary beam, the electric field
is perpendicular to the optical axis. Since the optical axis is defined as the axis of
symmetry, the ordinary beam will effectively encounter an isotropic medium. As a
result, for beams traveling perpendicular or parallel to the optical axis, E and D
are parallel. Thus, k and E are perpendicular and the direction of propagation is
not disturbed. In contrast, for the extraordinary beam where the angle between the
electric field and the optical axis is neither parallel nor normal, E and D are no
longer in the same direction. As stated above, the electric field is now no longer
perpendicular to k. Although the propagation vector k defines the direction of the
planes of constant phase for light waves, the actual direction of the beam is not
generally in that direction. The propagation direction of a beam is described by the
direction of the energy flow, defined by the Poynting vector:
S = E × H.

(3.3.3)

Here H donates the magnetic field. Since for nonmagnetic materials H is defined
as H = µB, the propagation direction is normal to the plane, spanned by E and
B. Since the electric field vector for the extraordinary wave is not perpendicular
to k, the Poynting vector will not be along k. As a result, the ray direction in the
anisotropic medium will deviate from the initial propagation direction in vacuum.
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air crystal
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Figure 3.5.: Orientation of the electric field vector E, the electric displacement field vector D, the wave vector k and the Poynting vector S within an birefringent
crystal [24].

3.4. Molecular Reorientation in Nematic Liquid Crystals
Nematic liquid crystals are the most widely used and studied type of thermotropic
LCs and LCs in general. They are also the best example to illustrate the dual
nature of liquid crystals, combining properties of both liquids and crystals. Khoo
sums up their unique properties in the following way: “NLCs are wonderful naturally occurring nonlinear optical materials, as they are endowed with the smallest
elastic constant K’s and the largest birefringence among all known materials” [56].
Since only NLCs were used for the experiments completed in this thesis, further
descriptions will be restricted to this particularly type of liquid crystals.
There are a number of properties of NLCs that arise directly from the arrangement of the molecules. As mentioned before, the positional order is similar to that
of normal liquid; hence, liquid crystals in the nematic phase flow like normal fluids.
For a typical crystal such as Para-Azoxyanisole (PAA), the viscosity is approximately ten times higher then the viscosity of water. The order in the direction of
NLCs is reflected in the macroscopic tensor properties3 . All nematic crystals are
uniaxial media where the optical axis is along the director axis n̂. The direction of
the director axis is arbitrary in space and in practice it is determined by external
forces, such as the guiding effect at cell boundaries or electrical fields which will be
discussed in the following sections. Since the molecules are symmetric around n̂,
the states −n̂ and n̂ are not distinguishable. If the individual molecules carry a
permanent electric dipole, then the molecules will orient themselves in such a way
3

For a deeper understanding of tensors used to describe liquid crystals, I refer to Chapter IV in reference [57].
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so as to minimize the net polarization. Hence, NLCs are not ferroelectric, i.e. the
polarization with no applied field is zero.
3.4.1. Elastic Continuum Theory
To qualitatively describe the influence of external fields or boundary conditions on
nematic crystals and their orientation, one has to consider the free energy of the
system. In a liquid crystal, all neighboring molecules are approximately oriented in
the same direction, as described by the order parameter n̂. Due to constraints from
boundaries or externally applied fields, the director might also be distorted and will
therefore vary spatially, i.e. n̂ = n̂(x, y, z). The most common deformations are
shown in Figure 3.6. Liquid crystals inhibit a bulk elasticity, that is if a neighboring
molecule is changing its orientation, the next neighbors try to align in the same
direction. The distance over which such distortions in the order parameter occur is
usually much larger than the molecular size. The characteristic length for distortions of the form shown in Figure 3.6 is about 1 µm, whereas the typical dimension
of the molecules is in the order of a few angstroms.

a) Twist

b) Splay

c) Bend

Figure 3.6.: Deformations in a liquid crystal [51].

The energy related to these distortions is described by the Frank-Oseen theory. This
continuum theory neglects details of the molecular structure. Using this approach,
the elastic continuum theory treats nematic crystals as uniaxial, nonpolar, symmetric and rigid rods.
Frank developed a theoretical formalism to associate free energy densities to the
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three deformations shown in Figure 3.6, given as [51]:
1
fsplay = K1 (∇ · n̂)2
2
1
ftwist = K2 (n̂ · ∇ × n̂)2
2
1
fbend = K3 (n̂ × ∇ × n̂)2
2

(3.4.1)
(3.4.2)
(3.4.3)

with the Frank elastic constants K1 , K2 and K3 . Under the frequently used oneconstant approximation (K1 = K2 = K3 = K), the distortion free-energy in a bulk
LC is given as
i
1 h
Fdist = K (∇ · n̂)2 + (∇ × n̂)2 .
2

(3.4.4)

3.4.2. Alignment through Boundary Effects
A more complete description of the free energy density has to include not only the
deformation of the director axis in the bulk crystal (equation (3.4.4)). One has also
to account for surface interactions at cell boundaries since all liquid crystals have
to be contained in some sort of container or cell. Hence, the total energy density of
the system is then
F 0 = Fdist + Fsurface

(3.4.5)

where Fsurface is only dependend on the surface material and treatment. The equilibrium configuration for aR bulk liquid crystal is the one in which the total free energy
of the system, Ftotal = F 0 dV , is minimized.
In order to minimize the free energy, molecules close to a surface will anchor to that
surface, meaning that they will orient their director axis according to the boundary.
It is possible to use this anchoring to align the molecules in a predefined manner,
either parallel or perpendicular to the surface. In the case of a parallel alignment,
it is possible to explicitly define the direction of the molecules. Since the lowest
free energy in the cell is obtained when all molecules have the same orientation, all
the molecules in the bulk will also be influenced by the boundaries, as shown in
Figure 3.7a. Classic alignment layers hold the liquid crystal director at their surface
tightly in a fixed orientation, even if external perturbation fields are present. This so
called strong anchoring is widely used in liquid crystal applications. In Figure 3.7b,
one can easily see that the bulk molecules are reoriented through an external perturbation while the molecules close to the boundary are still anchored. On the other
hand, if the molecules are not strongly anchored to the boundary, an applied field
will perturb the orientation of the molecules both at the cell boundaries and in the
bulk, as shown in Figure 3.7c.
The nature of this anchoring process is the anisotropy of the surface in contact with
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(b) Strong anchoring.

(c) Weak anchoring.

Figure 3.7.: Molecular orientation in the bulk cell due to anchoring at the boundaries (a).
Comparison of molecular reorientation due to an external perturbation with
strong (b) and weak (c) anchoring.

the liquid crystal. The origin of this anisotropy can be very different. Some surfaces, like crystalline solids or polymers, have an inherent anisotropy which results
in molecular interaction between the liquid crystal and the surface. But also a surface topology like parallel grooves in an isotropic material can align the director.
Alignment layers can also be manufactured by other processes including photoalignment, structuration of surfaces or by surfactants4 . For a more detailed description
of surface anchoring I refer to reference [54].
3.4.3. Optical Field-Induced Molecular Reorientation
The strongest nonlinearity in NLCs, which is also the most pertinent to this work,
is due to reorientation processes that occur when a spatially confined light beam
(such as a laser) is incident on bulk liquid crystals.
For use in displays, the orientation vector of the molecules is changed by an
externally applied electrical field. Using the same equations as for this static case,
one can describe the change in orientation by an incident optical field [32, 51].
If the nematic molecules form an angle smaller than π/2 with respect to an electric
field E, they tend to realign so as to reduce the angle because of the dipolar torque.
In the process, the refractive index experienced by the field increases, thereby giving
rise to positive lensing along the axis of a gaussian beam. When the reorientation
effect is large enough, that is when the field is sufficiently intense and the self-focusing
balances natural diffraction a nematicon is excited, as described in Chapter 4. The
field-induced reorientation of the director axis arises as a result of the system’s
tendency to assume a configuration with the lowest free energy. Using the same
approach as in Chapter 3.4.1, one has to extend equation (3.4.4) for the bulk crystal
F 0 = Fdist + Fop

4

(3.4.6)

The term surfactant is a contraction of the term surface active agents. It has the property of altering
the surface free energies of surfaces it has adsorbed onto [58].
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to account for the optical dipolar interaction. Fop is given as
Fop

1 Z
=−
D · dE
4π
ε⊥
εa h(n̂ · E)2 i
= − E2 −
8π
8π

(3.4.7a)
(3.4.7b)

where h i implies a time average.5 Since the first term in (3.4.7b) does not depend
on the molecular director axis n̂ orientation, it can be ignored in our considerations
regarding the reorientation process. The second part of the equation indicates that
in the normal case of a positive permittivity ( > 0), the free energy is minimized
for a director orientation along the optical field polarization. Hence, the optical field
exerts a torque on the molecules of the form
mop =

∆ε
h(n̂ · E) (n̂ × E)i .
4π

(3.4.8)

This torque is directed in such a way that the molecules are rotated in the direction
of the electric field. To illustrate the effect of this torque, we now might consider a
simplified example.6
Consider a linear polarized beam that is incident on a homogeneously aligned NLC
as shown in Figure 3.8. With θ being the reorientation angle, the wave vector k
E

n'
β
θ

x

n
k

z

Figure 3.8.: Linear polarized beam incident on a homogeneously aligned NLC with k the
wave vector, E the direction of the electric field, n the director axis of the
undisturbed molecules and n0 the director axis rotated due to the optical
torque.

forms an angle of β + θ with the director axis. For small reorientation angles, only
the splay distortion has to be accounted for. Minimizing the total free energy of the
system gives the following torque balance equation:
K1
5
6

2
i
d2 θ ∆εhEop
+
sin [2 (β + θ)] = 0.
2
dz
8π

(3.4.9)

e.g. h(n̂ · E)2 i = |E| /2 for a plane wave with the polarization vector parallel to the director axis.
This and more elaborate examples can be found in [51, Chap. 8].
2
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Due to the large birefringence of NLCs, a small director axis reorientation will give
rise to a large enough change in the refractive index so as to generate observable
optical effects. Hence, we will use a small angle approximation for θ and (3.4.9) can
be written as
2ξ 2

d2 θ
+ [2cos (2β)] θ + sin (2β) = 0.
d2 z

(3.4.10)

With ξ 2 being
ξ2 =

4πK1
D

2
∆ε Eop

(3.4.11)

E.

By using a strong boundary condition as discussed in section 3.4.2 and solving for
the reorientation angle θ, one gets
θ=

h

i
1
2
sin
2β
dz
−
z
.
4ξ 2

(3.4.12)

For a constant beam intensity, ξ 2 is a constant and the reorientation of the molecules
between the cell boundaries is shown schematically in Figure 3.9. One can easily
2 5
m o le c u la r r e o r ie n ta tio n

r e o r ie n ta tio n a n g le ( ° )

2 0

1 5

1 0

0

5

0 .0

0 .2

0 .4
0 .6
z - d ir e c tio n ( n o r m a liz e d )

0 .8

1 .0

Figure 3.9.: Director axis angle variation between the cell boundaries (zmin = 0 and zmax =
d = 1) due to light induced torque. Simulated using equation (3.4.12) with
4ξ 2 = 1 and a pretilt β = π/4.

see that the reorientation is zero at the boundaries (due to the hard boundary
condition) and is maximal at the cell center. As a result of this reorientation, the
incident extraordinary wave undergoes a z-dependent refractive index change given
by
∆n = ne (β + θ) − ne (β)
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where ne (β + θ) is given as
nk n⊥
ne (β + θ) = q
.
2
nk cos2 (β + θ) + n2⊥ sin2 (β + θ)

(3.4.14)

For small reorientations, the change in the refractive index is proportional to the
square modulus of the optical electric field:
∆n = n2 (z) hE2op i

(3.4.15a)

= α2 (z) I

(3.4.15b)

where α2 (z) is then given as:
α2 (z) =


(∆ε)2 sin2 (2β) 
dz − z 2 .
4Kc

(3.4.16)

One can estimate the value of α2 by taking the average over the cell thickness. For
a cell with a thickness d = 100 µm, ∆ε ≈ 0.6, K = 10−6 and β = π/2 we get
α2 (z) = 5 × 10−3

cm2
.
W

(3.4.17)

Here we can see why nematic liquid crystals are of particular interest for the study
of nonlinear phenomena. Equation (3.4.15b) shows the Kerr-like dependency of the
refractive index, which also corresponds to a third-order susceptibility χ(3) . However, in the case of liquid crystals, the nonlinear coefficient is approximately eight
orders of magnitude bigger than that of CS2 , a material that is usually used because
of its large Kerr-constant [51].
For their application in LC-displays, it is most desirable to study the electrical
properties and responses to externally applied electric fields. While the most common application of LCs is in liquid crystal displays (LCDs), where the reorientation
is controlled by such a field, it has no relevance for this thesis. It is therefore not
discussed here, but I refer to [32] and the references therein.
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Solitons in Liquid Crystals
Let light be the master of its own
destiny.
A. W. Snyder & F. Ladouceur

In the previous chapters, nonlinear effects as well as the properties and phenomena
within liquid crystals were discussed. Based on these fundamentals, the following
chapter will describe the very interesting phenomena of optical solitons.
When light travels in a linear medium like air, its temporal and spatial shape alters
depending on the distance traveled within the medium. If the temporal shape of the
beam is that of a short pulse, it will diffluence and become broader over time due to
the group velocity dispersion. However, if the medium being traversed is nonlinear,
it is possible that nonlinear and linear effects are balanced and that a stable pulse
is able to travel through the medium. This effect is known as temporal soliton and
it plays an important role in modern fiber optic communication. While temporal
solitons are an attractive topic, they are not relevant for this thesis. Hence, they will
not be described any further and I refer to [59] and references therein for a detailed
introduction.
A narrow beam, similar to the case in which a short pulse is stretched in time,
diverges while propagating in a linear medium due to diffraction. In general, the
narrower the initial beam, the more it diverges. However, if the self-focusing in
a nonlinear medium balances out the dispersion and diffraction of the beam, it is
able to propagate and remain stable over long distances. This self-confined beam is
called spatial soliton. While the term soliton is often used synonymously for temporal solitons, in this thesis it refers to spatial solitons. The following chapter tries
to give a short introduction to the relevant ideas for the creation of solitons and
some of their most interesting properties will be described . After giving a brief
historical review of solitons, the physical principals that lead to the generation of
spatial optical solitons will be discussed. The field of temporal and spatial solitons
in different nonlinear media is rich and diverse and it is therefore beyond the scope
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of this thesis to introduce that topic in much detail. The discussion will be limited to
spatial solitons in saturable media, such as the previously discussed nematic liquid
crystals. For a more detailed explanation of other types of solitons, their interaction
and properties, I refer to the references [59] and [60].

4.1. A Short Soliton History
The first documented observation of a soliton was made in 1834 by the Scottish
naval engineer James Scott Russell. He observed a solitary wave in the Union Canal
in Scotland which was propagating over a distance of several kilometers without
significantly altering its shape [61]. The first theoretical description of a solitary wave
was done in 1872 by Joseph Boussinesq when he derived the so called Boussinesq
equations. In 1895, the Korteweg-deVries (KDV) equation was presented, which
proved that these solitary waves were indeed theoretically possible. The first use of
the word soliton was made in 1965 in a paper by Zabusky and Kruskal [62]. They
pointed out that for a certain form of nonlinearity, solitary waves maintain their
identities even when they undergo collisions with each other, and that each one of
them conserves its power and initial velocity.
Those solitons where either purely mathematical constructs or the result results
of nonlinearities in water waves. The prerequisite for optical solitons, however, was
the rapid progress in the field of nonlinear optics in the last 40 years. One of the
cornerstones of this development was the invention of lasers by Townes et al. in
1960. Only with the high intensities produced by lasers was it possible to observe
the first nonlinear effects. The first theoretical prediction of temporal optical solitons
was made in 1973 by A. Hasegawa and F. Tappert [63, 64] and it was in 1980 that
Mollenhaueret et al. [65] were able to experimentally observe this type of solitons
for the first time.
After the first observation of the self-focusing of laser light by Hercher [66] and
yet still in the same year, Chiao et al. [35] have theoretically shown that the governing equation is nothing but the nonlinear Schrödinger equation (NLS) with a cubic
potential. They predicted that an optical beam propagating in a one-dimensional1 .
nonlinear Kerr medium can be self-trapped. Kerr-type spatial optical solitons can
only be observed in single-mode waveguides but not in the bulk. These instability
properties are universal and are exhibited by all Kerr solitons. In 1985, utilizing this
knowledge and using an interference grating to guide the beam in one transverse direction, Barthelemey et al. were able to observe spatial optical Kerr solitons in liquid
CS2 [69]. Five years later, the first observation of a spatial soliton in a single mode
glass waveguide was reported [70]. Soon after those first publications, a lot of exper1

A planar dielectric waveguide (also called slab waveguide [67]) is an example of such a one-dimensional
waveguide system. For such systems, the wave travels in one direction (y-direction) and it is guided in
a second, transverse direction (z-direction) by the waveguide. The guiding due to the nonlinearity is
then in the third direction (x-direction) and therefore those solitons are typically called (1 + 1) D (or
1 D). A good example for a (1 + 1) D soliton is the wave observed by Russell, where the x-direction is
the height of the traveling wave. A system in which the optical beam is guided by the nonlinearity in
both traverse directions (x- & z-direction) is then called (2 + 1) D. An optical fiber is a good example
for such a system [68]
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iments on Kerr-type solitons have led to a good understanding of (1 + 1) D systems.
However, there was one experiment that was contrary to the experiments carried
out in materials showing a Kerr nonlinearity. As early as 1974, Bjorkholm and
Ashkin demonstrated a “steady-state self-focusing, self-trapping, and self-defocusing
of a cw dye laser beam in sodium vapor” [71]. They came to the conclusion that
the stable effects occur because of the saturable nature2 of the optical nonlinearity.
A number of authors came to the conclusion that saturable nonlinearities are able
to confine beams and do in fact avoid the collapse of the solitons. However, the
propagation equations for saturable nonlinearities are non-integrable and therefore
theoretical predictions were hard to make. Due to these problems, experimentalists
focused on temporal rather than spatial solitons in the following years. It wasn’t
until the early nineties that the interest in theory about spatial solitons was aroused
again. By using a “self-consistency” approach, Snyder et al. developed a description
for spatial solitons which applies to many solitons in nature. Snyder and his group
developed the idea that a beam incidental to a saturable nonlinear medium induces
a waveguide [72]. It was also during the early nineties that a fundamental approach
in experimental physics was made: (2 + 1) D solitons, meaning solitons in a bulk
medium, were observed. Now a number of soliton interactions in three dimension
were observable. Ever since, the field has continued to evolve rapidly and many
publications on all kinds of solitons are being published [60].

4.2. Light Guiding Light
Due to a highly nonlocal and saturable nonlinearity, nematic liquid crystals allow the
generation and propagation of spatial optical solitons, also called nematicons [73].
After explaining the involved principles, it will be explained how these effects influence the propagation of spatial solitons in nematic liquid crystals. As discussed
in the introduction to this chapter, spatial optical solitons are beams in which the
naturally occurring beam broadening due to diffraction and dispersion is balanced
out by a self-focusing effect. A more formal description is given by Kivshar and
Agrawal [59]:
“...spatial solitons represent self-guided beams that remain confined in
the transverse directions orthogonal to the direction of propagation.”
Figure 4.1a shows a Gaussian beam that is focused into a linear media and that is
broadened while propagating in the media. If the exact same experiment is repeated
with a nonlinear material, the refractive index of the material is increased at the
location where the beam traverses. A self-focusing effect occurs, which balances
the broadening due to diffraction. If the right conditions are matched, the resulting refractive index profile is similar to the profile in a gradient-index fiber. In a
standard dielectric waveguide, a light beam propagating in a high index medium
undergoes total internal reflection from boundaries with a lower refractive index.
When these reflections constructively interfere, the beam becomes trapped between
2

The importance of this saturability will become more evident in section 4.2.
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the boundaries and forms what is called a guided mode [60]. Similarly, the light
incident in a nonlinear medium creates its own waveguide and can be stable over
long distances, as shown in Figure 4.1b. The lightwave is coupled with a matter
distortion and propagates forward with a stable transverse profile. Through the
molecular nonlinear response of a liquid crystal, an optical spatial soliton is created.
In NLCs, the nonlinearity is non-Kerr because of its molecular nature, as discussed
in section 3.4.3. In this case, the change in index is associated with a reorientation
of molecules in the LC and is, therefore, saturable and nonlocal. This effect cannot
exceed the natural birefringence of the medium.
linear medium

(a) A Gaussian beam broadened while propagating in a linear
medium.

nonlinear medium

(b) A Gaussian beam confined in a self-induced wave guide
while propagating in a nonlinear medium.

Figure 4.1.: Gaussian beam propagating in a linear (a) and nonlinear (b) medium.

A saturable nonlinearity is Essential for the stable propagation of the beam. If the
self-focusing is not saturable, like in the case of Kerr-media, an increase in the beam
intensity also increases the self-focusing effect and vice versa. If the beam power increases, the self-focusing also increases at the center of the beam while the width of
the induced waveguide is not increased. Since in reality a perfectly stable intensity
is impossible to generate, small perturbations in the beam intensity will destroy the
self-confinement. However, If the nonlinearity is saturable, this collapse does not
occur. Saturability of the nonlinearity implies that there is a maximum value for
the nonlinearity that is not exceeded. Following a simple approach as in [60], this
can be expressed as:


2

∆n |E|



∆nsat |E|2
=
.
|E|2 + Isat

(4.2.1)

If the intensity of the incident beam (|E|2 ) is much bigger than the saturation intensity (Isat ), the refractive index change asymptotically approaches the maximum
possible value (∆nsat ) which is shown in Figure 4.2. In contrast to the behavior of
Kerr-media, an increase in the beam power does not increase the self-focusing for
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∆n
s a t
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n

2

|E | ( a .u .)

Figure 4.2.: Refractive index change due to an saturable nonlinearity with ∆n the refractive index change (solid line) and the saturation value for the refractive index
∆nsat (dashed line).

sufficiently high intensities. Instead, the induced change of the refractive index becomes wider rather then stronger. This prevents a catastrophic collapse that would
otherwise occur and the beam can be fully trapped. Waveguides that are induced
in this way are stable over relatively long distances (> 2 mm). Furthermore, since
the nematicons become larger with increasing intensities, the numerical aperture
also increases. Due to the nonlocality of the nonlinearity, the transverse size of
the self-induced waveguide can be one order of magnitude larger than the beam
itself [74–76]. An optical signal copolarized with the soliton excitation and weak
enough not to disturb it can be confined in the nematicon. The nonlinearly induced
waveguide can confine light of a different wavelength but with an equal polarization,
guiding it along the soliton path [77]. For photorefractive solitons, this was shown
as early as 1996 [78, 79] while the multimode nature of nematicons has only just
recently been demonstrated by Izdebskaya et al. [80]. This, in combination with
the solitons interactions that will be discussed in the next section, render spatial
solitons extremely interesting for all-optical switching purposes.

4.3. Nonlocality and Soliton Interaction
While the saturability of the nonlinearity in nematic liquid crystal is a necessary condition for soliton generation, its stability is also due to a nonlocality of the refractive
nonlinearity. The nonlocal nonlinear response of NLCs allows for long-range interactions between spatial solitons that result in a richness of phenomena not found
with temporal solitons in fibers, including effects such as fusion, annihilation, and
stable orbiting in three dimensions. Interactions in Kerr-like media as well as 3D
interactions are beyond the scope of this thesis and I refer to a well written re-
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view by Stegeman et al. [81]. Furthermore, no phase-dependent interactions will
be discussed in this thesis as the interaction in NLCs is determined only by the
power of the solitons, and is independent of their relative phase [82–84]. By these
constraints, this diverse topic is reduced to different facets of attractive interactions.
For some materials such as glass, the nonlinear response is essentially local. It
is then confined to the spatial extent of the beam and the change in refractive index
at position x only depends on the intensity at that position. This means that a
Gaussian beam will induce a Gaussian refractive index change. Beams in materials
with a local nonlinear response generally breathe periodically as they propagate, and
their cross sections are generally elliptical. These beams are referred to as mighty
morphing3 spatial solitons because the beam shape can change dramatically and the
beams are tolerant to changes in intensity.
However, other materials exist for which the light-induced change in the refractive
index is nonlocal. The nonlinear response extends in space beyond the location x at
which the electromagnetic disturbance is applied, as shown in Figure 4.3. Examples
of such materials include photorefractive materials, liquid-crystalline materials, and
materials that exhibit laser-induced thermal nonlinearities [86]. The influence of the
nonlocality depends on the beam size relative to the size of the nonlocal response
and the refractive distribution can extend well beyond the region where the optical
field is non-zero [82].
Refractive Index Profile

Refractive Index (a.u.)

Beam Intensity (a.u.)

Beam Profile

Transverse position (a.u.)
Figure 4.3.: Nonlocal, nonlinear refractive index change induced by a solitary beam [76].

Consider the example of monochromatic light beams in a homogeneous medium
whose squared refractive index4 is expressed as:

3

The name was invented in 1997 by Allan W. Snyder and John D. Mitchell [85]. It is a homage to the
creators of the “Mighty Morphin Power Rangers.”
4
Following the convention of modern optics, using n2 as it appears in Maxwell’s equations rather than n.
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n2 = n2L + δn2

(4.3.1)

where nL is the constant and linear refractive index and δn the nonlinearly induced
change caused by the beam. Typically this response is local, meaning that δn2 at
position x is proportional to the beam’s intensity at position x. However, in the
nonlocal case, a beam of radius ρ induces a circularly symmetrical refractive index
change δn2 . The characteristic spatial dimensions of this change are much larger
than ρ and therefore δn2 depends on the integrated intensity of the beam, i.e. on
the beam power P .
Under the assumption of a highly nonlocal medium, where the spatial extent of
each light beam, as well as the distance between them, is small compared to the
characteristic nonlocal response length of dn2 , equation (4.3.1) can be expressed
as [85]:
n2 = n2L − r2 α2 (P ),

(4.3.2)

with r = |x̄ − x| as the transverse distance from the beam center, n0 = n(0, P ) as
the maximum refractive index and where α(P ) is a given material property. The
interpretation of (4.3.2) is that a beam of power P induces a circularly symmetric, parabolic refractive index waveguide, n(r, P ). For a single Gaussian beam, x̄
is equivalent to the beam center, with α = α(P ). As far as one isolated beam is
concerned, there is no qualitative difference between propagating beams in a local
or a nonlocal saturating medium, regardless of the magnitude of nonlocality. The
propagation is qualitatively the same, hence Gaussian beams remain Gaussian (Figure 4.4a). For two identical and parallel beams however, x̄ lies midway between
the two maxima with α = α(2P ). Thus, both beams form a parabolic refractive
index medium, and the behavior is significantly different from the propagation of
a single beam. While the underlying math is described in detail in [85], the interpretation for two parallel beams of equal power P is the following: Both beams
experience a medium with a refractive index maximum in between the two. Beams
that are launched parallel to but displaced from the axis of the induced parabolic
medium undergo a sinusoidal trajectory about the center of the parabolic medium
(Figure 4.4b). This bends their individual trajectories and causes two initially diverging or parallel propagating solitons to collide or fuse. This long-range attraction
is caused by the much larger extent of the nonlocal response than the field transverse
profile.
For large enough divergent angles between the initial trajectories, the solitons
never collide. On the other hand, for parallel or converging angles, the solitons can
fuse together either on the first merging (Figure 4.4c) or after a finite number of
oscillations of decreasing amplitude and period [81]. If the trajectories are converging
to much or if the beam powers are to high the solitons simply cross each other
unaffected (Figure 4.4d). The beam shapes are unaltered by the collisions and the
relative phase between the beams is irrelevant for all cases.
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(b) Attraction

(c) Fusion

(d) Crossing

Figure 4.4.: Trajectories of two parallel launched solitary beams in a nonlinear medium.
The medium in (a) shows no nonlocality and the beam trajectories are unaltered. For (b) the medium is highly nonlocal and both beams attract each
other. For a smaller initial displacement, the beams eventually fuse and form
a single soliton (c), while a big enough angle between the initial trajectories
will cause a crossing of the solitons (d). Dashed lines indicate the trajectories
for undisturbed propagation.

One of the main applications of spatial solitons might be reconfigurable optical
interconnects. It is possible to steer or switch solitons only by interactions with
other solitons, which would allow for pure all-optical beam switching. The idea of
processing information by taking advantage of nematicon interactions is truly an
intriguing one.
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Experimental Implementation
“You have to learn the rules of the
game. And then you have to play
better than anyone else.”
Albert Einstein

To generate solitons and to examine their interactions, controllable light sources and
prepared liquid crystal cells were used. The liquid crystal cell geometry and the most
important properties of the NLC used will be discussed in the following chapter.
Furthermore, the basic optical setup used for the generation and observation of
nematicons will be described, as well as the necessary adaptations of this setup for
the specific experiments on beam steering and signal switching.

5.1. Liquid Crystal Cell
In the conducted experiments, the nematic liquid crystal 6CHBT was used. The
following sections will describe how this LC was confined in a cell. Furthermore they
will explain why this particular LC was used for the generation and observation of
nematicons.
5.1.1. Liquid Crystal Cell Design
In order to observe optical and physical phenomena in liquid crystals, it is necessary
to confine the liquid crystal material in a cell. The principal design of the liquid
crystal cell used is shown in Figure 5.1. It consist of two planar polycarbonate plates
that are positioned parallel and at a distance of 110 µm. To separate the two plates,
a spacer was used at the long ends (x-axis) of the cell. The plates were 1.1 mm long
in the direction of the light propagation (z-axis). The cell was then filled with the
liquid crystal 6CHBT. In order to prevent the formation of menisci at the open ends
of the cell, they were sealed with two additional 159 µm thin plates perpendicular to
the polycarbonate plates. The orientation of the liquid crystals is achieved by the
anchoring described in section 3.4.2. By rubbing both polycarbonate plates at an
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angle of 45◦ , an alignment layer was created. The polymers within the polycarbonate
plates align in the direction of the rubbing and the anchoring which was previously
described occurs. The liquid crystals alignment in the direction of the polymers in
the polycarbonate plates and the orientation shown in Figure 5.1b is obtained at
the cell boundaries as well as in the bulk medium.

Glass Interfaces
k

45°

Polycarbonate

n
ˆ
δ

ca. 2 cm
110 µm
x

1.1 mm

(a) Cell Geometry

e

x

y
z

o

y

z
(b) Top View

(c) Photo of Cell

Figure 5.1.: (a) Principal geometry of the liquid crystal cell used. (b) A laser beam that
is incident in the cell undergoes double refraction with o the ordinary and
e the extraordinary beam. The orientation of the director axis (n̂) and the
walk-off angle (δ) are shown in respect to k. (c) A photo from the actual
setup, showing the cell mounted on a microscope slide with an incident laser
beam, two 10x/20x microscope objectives and a small part of one of the CCD
cameras objectives.

The laser beam is incident along the z-axis and due to the birefringence of the
nematic liquid crystals, it is possible to generate two beams within the liquid crystal.
Depending on the polarization one can create an extraordinary, an ordinary or both
types of beams.
As discussed in section 3.3.2, a beam that is polarized along the y-axis and
therefore perpendicular to the director axis1 will effectively encounter an isotropic
medium. Since the incidence is perpendicular to the glass interface the beam does
not change its trajectory and it is normally diffracted which is known as the ordinary
beam (o).
For a beam that is polarized along the x-axis, the electric field is in plane with
the director axis and the angle between the electrical field and the director is 45◦ .
Therefore a strong anisotropy occurs and the beam is deflected. This beam is called
extraordinary beam (e) and it traverses through the cell under the walk-off angle δ.
Because of its strong nonlinearity, the beam is not only deflected but for high enough
powers, a self-focusing occurs. This leads to the generation of a stable soliton that
traverses the full cell width. Figures 5.7 (a) - (c) on page 43 show both the ordinary
as well as the extraordinary beam in the cell.
1

As pointed out earlier, the director axis is equivalent to the optical axis in a birefringent material.
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5.1.2. Properties of 6CHBT
For the experiments carried out in this thesis, the nematic liquid crystal
4-(4-hexylcyclohexyl) isothiocyanatobenzene (6CHBT)
which belongs to the homologous series of
4-(4-alkylcyclohexyl) isothiocyanatobenzenes (nCHBT)
was used. Since this name is somewhat cumbersome, the shorter name 6CHBT
is usually used and will be used throughout this thesis. In general, nCHBTs are
characterised by low viscosity and high chemical stability. Furthermore, they are an
interesting component for display applications [87]. The chemical structure of this
LC is shown in Figure 5.2.

S

C

N

(CH2)5

CH3

Figure 5.2.: Molecular structure of 6CHBT [54].

For temperatures not too close to the nematic–isotropic transition temperature2 ,
the order parameter S of a NLC is typically between 0.4 and 0.6 [32]. For 6CHBT,
the order parameter at T = 0.98TC is 0.61.
Some important physical properties of 6CHBT are shown in table 5.1 where ∆T =
TC − Tm , ∆n = ne − no and ∆ε = εk − ε⊥ .
Tm = TNI
TC
TNCr
∆T

12.5 ◦ C
42.6 ◦ C
5.0 ◦ C
30,1 ◦ C

no
ne
niso
∆n

1.522
1.654
1.559
0.132

εk
ε⊥
εiso
∆ε

10.74
4.30
6.32
6.44

Table 5.1.: Physical properties of 6CHBT. Temperature-dependent properties correspond
to 0.98TNI = 36.28 ◦ C [88].

The are a number of reasons for choosing 6CHBT for our experiments. In general,
the nCHBT family shows the unique property among the LC families of showing
only the nematic phase, hence lacking a smectic phase. As illustrated in Figure 5.4,
the nematic phase of 6CHBT shows a uniquely large temperature stability ∆T =
TC − Tm . The nematic phase is stable over a range of more then 30 ◦ C, ranging from
12 ◦ C to 43 ◦ C.
Especially noteworthy is also the high birefringence that is inherent to most NLCs.
The birefringence of 6CHBT ∆n6CHBT = 0.132 is comparable to that of Calcite
(∆nCaCO3 = 0.170) and one order of magnitude bigger than that of conventional
quartz (∆nSiO2 = 0.009 ). It is reasonable to assume that the birefringence in the
2

Typically the order parameter S is given for temperatures T = 0.98TC .
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experiments that were carried out was even higher than the value given in Table 5.1.
This assumption is based on the temperature at which the experiments were conducted. The experiments were done at room temperature (≈ 22 ◦ C), whereas the
value given for ∆n was measured at T = 0.98 TNI = 36.28 ◦ C. The birefringence of
LCs is, however, dependent on the temperature. As shown in Figure 5.3 as well as
in [88], the birefringence increases as the temperature of the NLC decreases.

Figure 5.3.: Temperature dependence of the refractive indices of 5CB in the visible spectrum [51].
80

6CHBT

70

Tm, TNI & TNCr [°C]

60
50
40
30
20
10
0

TNCr

TNI

Tm

-10
-20
0

2

4

6

nCHBT

8

10

12

14

Figure 5.4.: Variation of the melting point Tm , nematic–isotropic transition temperature
TNI and crystallization temperature TNCr of the nCHBT series [88].
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5.2. Experimental Setup
5.2.1. Basic Layout of the Experiment
For the generation of the solitary and signal beams, we used two diode pumped solid
state CW lasers, whose specifications3 are shown in Table 5.2.
Laser

MLL-III-671

DPGL-2200

wavelength (nm)
max. output power (mW)
transverse mode
M2

671
300
TEM00
<1.2

532
200
TEM00
<1.2

Table 5.2.: Specifications of the lasers used in the experiments.

All experiments conducted for this thesis used the same principal setup for the
generation, observation and recording of spatial solitons and their interactions. The
layout of this setup is shown schematically in Figure 5.5.

CCD
Laser
532nm
Laser
671nm

λ/2
ND
λ/2

2

x
z

ND

NLC
MO
10x

ND

MO
20x

ND
CCD

y

1

Figure 5.5.: Schematic of the principal optical setup used for the experiments. ND - neutral
density filter, λ/2 - half-wave plate, MO 10x/20x - microscope objectives, CCD
- camera with CCD-sensor.

Following the path of the light from the red laser source, the light passed through
an adaptable neutral density filter. This filter was necessary to easily adapt the
beam intensity of the red laser light since a change in the laser current to adapt its
intensity resulted in unstable intensities. A half-wave plate was placed in front of
both laser sources. These half-wave plates were used to exactly define and change
the polarization states of both beams individually. The goal was to create only extraordinary polarized beams in the cell. Using the half-wave plates ensured that the
3

The full data sheet can be viewed at http://www.photoptech.com/main/products_jg/catalog/
DPGL-2200.pdf and http://www.cnilaser.com/PDF/MLL-III-671.pdf
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light incident to the cell would be polarized in plane with the director axis. Both
lasers were linearly polarized, but the direction of polarization could not be changed
at the laser. When passing through the wave plates, the polarization planes are
rotated with respect to the polarization planes of the incident beams. The rotation
of the polarization planes for a half-wave plate is always twice the angle between
the input polarizations and the wave plate’s axes. Hence, by simply rotating the
half-wave plates, the polarization planes were adapted as desired. The light of the
green and the red laser was then joined at the first 50:50 beam splitter. A second
beam splitter that was rotated 90◦ counterclockwise with respect to the first beam
splitter branched off two equally strong beams. On both paths (indicated by 1l
and 2l), the light passed another ND filter. The generation and steering of the
solitons is strongly power dependent. During the experiments, this power had to
be independently adaptable for both beams, which was achieved by the two ND
filters. Both beams were then joined again in a third 50:50 beam splitter. The copropagating beams were focused onto the front-facet of the liquid crystal cell using
a standard microscope objective as shown in Figure 5.1. The paths within the cell
are explained in section 5.1.1. After passing the cell, the output beam profile was
mapped onto the CCD sensor by a second microscope objective. To account for the
limited dynamic range of the CCDs and to avoid changes in the recording setting
during the experiment, ND filters were placed in front of the cameras to adjust the
exposure. Using both cameras at the same time, we were able to simultaneously
record the output of the cell as well as the scattered light from the top view. In the
interest of simplification, these will be called output and top view in the following
sections. In agreement with the literature [82], the observed interactions were phase
independent and therefore no control of the relative phase between the beams was
carried out.
The steps necessary to create and record nematicons were as follows:
Alignment With the microscope objectives and the cell removed from the setup, the
laser beams were aligned precisely in a way, that both the red and green beams
followed the exact same trajectory. Thereafter, the microscope objectives were
placed and adjusted to ensure a central transition of the beams. As a next
step, the cell was introduced into the beam trajectories and its position was
adjusted to let the beams traverse through the cell.
Optimization Not all positions in the cell were equally well-suited to generate nematicons. Due to dirt or irregularities at the cell surface, the beams might have
been diffracted and no stable soliton could be formed. Therefore, using relatively high beam powers (> 1.0 mW), the cell position along all three axes was
altered until a stable and clear soliton could be observed at both the output
and the top view of the cell.
Experimental Adaptations Once a good position within the cell was found, the
actual experiment was started. The adaptations necessary for the single experiments included the introduction of additional filters, the blocking of parts
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of the beams and adaptations to the beam power. The beam power was measured in front of the LC by inserting a power meter. Particular changes made
for different experiments will be explained in the corresponding sections.
Image Recording To be able to quantitatively analyze the experiments, pictures
of both the output and the top view were made. While the top view served
as an representation of the trajectories and interactions within the cell, the
output was used for the analysis of the beam positions and profiles. To be able
to record weak output signals in the order of 1.0 µW, the camera’s binning
function was used. This technique combines several adjacent pixels to form one
effective superpixel. By taking 2x2 pixels in one group, the light sensitivity
increased by a factor of four while the resolution was reduced by the same
amount. This resulted in an effective resolution for the output of 1296x972
pixels, which was sufficient for the conducted measurements. The output and
top view pictures are grayscale images and the images used in this thesis have
been colored afterwards for a better distinction between the two wavelengths
used.
5.2.2. Creation of Solitary Waves
To obtain viable results in the subsequent experiments, it was first ensured that
single spatial solitons could be stably generated. Generating stable solitons is not
only a good way of understanding the different components used in the experiments,
it was also always the first step in conductiing more complex experiments.
To generate a single nematicon, the beam splitting part of the setup in Figure 5.5
was not necessary. By blocking the beam path 2l as well as the red laser, the
simplified setup shown in Figure 5.6 was obtained.

CCD

Laser
671nm

λ/2
ND

ND Filter

NLC
MO
10x

ND

MO
20x

CCD

Laser
532nm

ND

1

Figure 5.6.: Simplified setup for the generation of single nematicons. Symbols and abbreviations are explained in Figure 5.5.

By applying the steps described in section 5.2.1, one can easily obtain a nematicon
as shown in Figure 5.7. The ordinary beam experiences no nonlinear self-focusing
and is therefore diffracting for all beam powers. The extraordinary beam, however,
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experiences a self-focusing and for beam powers P higher than 1 mW, a stable soliton
is created. This is in good agreement with experiments carried out earlier using
this setup [80]. The generation of a single nematicon was only used to give a basic
understanding of the setup and it will not be analyzed further in subsequent sections.

(a) Ordinary beam.

(b) Extraordinary & diffracted beam.

(c) Extraordinary & solitary beam.

Figure 5.7.: Top view of a laser beam (λ = 532 nm) traversing the NLC for different
polarizations and powers along the z-direction. (a) Ordinary beam diffracted
during propagation for all powers. (b) Extraordinary beam diffracted during
propagation for P < 1 mW. (c) Extraordinary beam forming a spatial soliton
for P > 1 mW.

5.2.3. Multimode Waveguide
A nematicon can be interpreted as a self-induced gradient index waveguide. As in
the case of graded-index fibers, this waveguide is a multi-mode waveguide. Therefore, the nematicon is able to not only guide itself, but higher modes with a different
beam shape are trapped in the waveguide as well. Figure 5.8 shows some possible
modes that can be transmitted through a nematicon.
Light with a different wavelength than the solitary beam can be guided within the
soliton as well. This is a key feature for all-optical switching, because a beam of
high power can be used to guide and steer a weak, co-propagating signal beam of a
different wavelength.
The setup used to investigate the multimode behavior of nematicons is shown in
Figure 5.9. As in the first experiment, only beam path 1lis used while path 2lis
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Figure 5.8.: Experimentally obtained intensity profiles for the fundamental and higher
Hermite-like modes after propagating through a nematicon. The smaller insets
display the input signals. [80]

CCD

Laser
671nm

λ/2
ND
λ/2

RF

ND
CCD

Laser
532nm

ND
NLC
MO
10x

ND

MO
20x

RF

1

Figure 5.9.: Experimental setup for the investigation of the multimode behavior of solitons
in nematic liquid crystals. A red filter (RF) was used to observe the beam
profile of the red signal beam for both the output and the top view.

blocked. The green laser beam was driven with maximum power which allowed for
an input power range of 0.20 mW to 2.40 mW. The latter is well above the threshold
value of approximately 1.00 mW at which a soliton is formed. Using the neutral density filter (ND), the power of this green steering beam was changed in increments of
0.20 mW. The red laser beam was co-propagating along the exact same trajectory
but with an beam power almost two orders of magnitude lower then the green beam,
ranging from 14.0 µW to 85.0 µW. By using simple red absorptive filters (RF), the
red signal beam was extracted from the green guiding beam to record both the
output and the top view of the cell, as shown in Figure 5.10.
5.2.4. Optical Steering by Soliton Interaction
One of the most interesting features of nematicons is their interaction, which has
been described in section 4. In order to generate two solitons that can be controlled
individually, the setup shown in Figure 5.11 was used.
The conducted experiments aimed to investigate two main characteristics of alloptical beam steering in 6CHBT. As a first experiment, the power dependency of
the beam steering and the resulting beam steerage was examined. This was followed
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(a) Diffracted Signal Beam.

(b) Guided Signal Beam.

Figure 5.10.: Top and output beam profile for a diffracted and a guided weak signal beam
traversing the cell along the z-direction. The guiding beams had a power of
P=0.2 mW and P=2.0 mW, whereas the weak signal beams had a power of
P=14.0 µW and P=70.0 µW respectively.
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Figure 5.11.: Experimental setup to investigate soliton interaction and beam steering.

by an investigation of the temporal response of this steering process.
To avoid confusion between the guiding and signal beams on path
steering beam on path 2l, the following naming convention is used:

1l and the

Guiding Beam The green beam on path 1lguided the weak red signal beam and is
therefore called guiding beam. Its power was not changed during one steering
experiment and its output position was changed depending on the power of
the second green beam propagating along path 2l. Since the power of this
beam determines the maximum deflection of the signal beam, its power value
is indexed accordingly as Pmax .
Steering Beam The beam propagating along path 2lhad no co-propagating weak
signal beam. Its purpose was to influence and steer the guiding beam, hence
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the name steering beam with the power Ps
Signal Beam The red beam was co-propagating along the guiding beam trajectory
on path 1l. It was used to simulate a weak signal beam with only microwatt
powers that can be confined by the guiding beam. Thus it is called signal beam
with the according symbol Psignal for the beam power.
Power Dependent Beam Steering

The green beam that had a sufficiently high power to generate stable solitons which
propagated along both paths 1land 2l. Both beams entered the cell with an small
angle of ≈ 2 ◦ with respect to each other and with a small displacement of ≈ 20 µm.
If only one of the beams traversed the cell, it was refracted due to the birefringence
but the trajectory remained straight. Figure 5.12a shows this case for both beams.
The image is a superposition of two images that have been recorded separately to
illustrate the undisturbed beam trajectories. As a consequence, both beams exit the
cell at two different positions. Due to the initially diverging angle between the two,
the displacement at the cell output is even bigger than at the cell input. If, on the
other hand, both beams traversed the cell simultaneously, an attractive interaction
could be observed if both beams were entering the cell close enough to each other,
as shown in Figure 5.12b. Due to the nonlocality of the refractive index change,
both beams traversed the cell with parallel trajectories. For beams of equal power
that traversed the cell at a certain angle and with suitable spacing, the interaction
resulted in a fusion of the beams, as shown in Figure 5.12c. The correct conditions
for this interaction depend on the beam power, the angle, and the separation as
well as the position in the cell. Provided that the individual solitons are stable, and
despite the various dependencies, a beam fusion was experimentally easy to achieve
by trial and error. At the output, both beams joined and they exited the cell at the
same position. For beams of equal powers, this position was centered between the
single beams outputs.
Signal Beam Steering

As shown in the previous section, a weak co-propagating signal beam with a wavelength of 671 nm could be confined by the waveguide created by the guiding beam.
After a stable soliton fusion was ensured, a green filter (GF) was introduced in
beam path 2l. As a result, only green laser light was propagating along this path
while the red signal was blocked. As both green beams traversed the cell, the red
signal beam was confined only in one beam. For the experiment, both the red and
the green beams on path 1l had constant beam powers of Pmax = 2.3 mW and
Psignal = 25 µW respectively. The intensity of the green steering beam on path 2l
was adjusted by using the ND filter between a range of Ps = 0.0 mW to Ps = 2.3 mW
with increments of ∆Ps = 0.1 mW. By increasing the power of beam 2l, the interaction between the solitons and therefore their attraction also increased. Hence,
both beams converged for increasing powers and the output position of both beams
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(a) No Interaction

(b) Attraction

(c) Fusion

Figure 5.12.: Top view and output of two beams traversing the cell. (a) Two equally
strong beams (Pmax =Ps =2.3 mW) traversing the cell individually. The
image consists of two superimposed images to illustrate the undisturbed
beam trajectories. (b) Two beams with different powers (Pmax =2.3 mW,
Ps =1.5 mW) traversing the cell simultaneously. (c) Two beams with equal
powers Pmax =Ps =2.3 mW traversing the cell simultaneously. While for (a)
the beam trajectories are diverging due to the missing interaction, the beam
trajectories in (b) converge and ultimately form one soliton that exits the
cell at the same position in (c).

was changed with respect to their initial position. Since the weak signal beam on
path one is following the trajectory of the guiding beam, effective steering of the
signal beam was achieved using this setup. The position of the signal beam within
the guiding beam was easily controlled by changing the power of the steering beam.
Two red filters in front of both cameras were used to observe both the top view and
the output of the signal beam. Figure 5.13 shows the output beams for a diffracted,
a confined as well as a steered signal beam.

Time Dependent Beam Steering

While it is known that the temporal response of the signal steering process is slow
compared to other nonlinear effects [82], its exact temporal response depends on
the specific setup. Factors like the liquid crystal material, pre-alignment and beam
properties influence the temporal response. It was not so much the aim of this work
to investigate the dependency of these factors but rather to gain a quantitative specification of the response time.
To investigate the temporal behavior of the steering process, the camera settings
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(b) Confined

(c) Confined and Steered.

Figure 5.13.: Output of (a) a diffracted red signal beam (Psignal = 20 µW), (b) the red
signal beam confined by the high-power guiding beam (Pmax = 2.3 mW)
beam and (c) a red signal beam confined by a high-power beam and steered
by a second high-power beam (Ps = 2.0 mW). For (c), the initial position
before the steering is indicated by the uncolored spot.

were adapted to allow for a higher frame rate. By using four-times binning, i.e.
combining 4x4 pixels to a superpixel, the frame rate was increased to 23 FPS. The
same setup as in the previous section was used with beam powers and trajectories
set up to allow stable soliton propagation and fusion. After ensuring proper signal beam output profiles, the steering beam was blocked with a shield. Then, a
recording was started and the shield was rapidly removed. As a result the temporal
behavior of the signal beam for a rapidly appearing steering beam was recorded.
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Results and Discussion
“The aim of science is not to open the
door to infinite wisdom, but to set a
limit to infinite error.”
Bertolt Brecht, The Life of Galileo

To quantitatively analyze the recorded pictures obtained by the experiments in
the previous chapter, Mathematica and some of its advanced image processing and
analysis features were used. An example program is shown in Appendix A. In
general, the procedure used included the following steps:
Importing All recorded images were located and imported into the program. To
account for the large amount of data and the limited memory size, the pictures
were shrunk by a factor of four. Due to the sufficient resolution of the recorded
images, this resulted in no decrease in accuracy.
Image Processing The camera saved black-and-white images as JPEG files in the
RGB color space. A conversion from RGB color to greyscale images was carried
out to further condense the data. Image filters were applied to improve the
image quality and contrast.
Image Analysis Depending on the experiment, the beam position or profile within
the individual pictures was analyzed. More details to the code used can be
found in the comments in Appendix A as well as in the Mathematica documentation1 .
Export The data obtained for the individual images was exported as a DAT file,
which was then used in Origin for statistical analysis, fitting and plotting of
the data.
The average was taken over 100 pictures to account for the irregular beam patterns
that can be seen in Figure 5.10. This irregularities were caused by imperfections
within in the cell and laser power instabilities.
1

http://reference.wolfram.com/mathematica/guide/Mathematica.html
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To investigate how the co-propagating red signal beam is confined and guided within
the green beam, the output profile of the signal beam after propagating through the
cell was recorded, as shown in Figure 5.10 on page 45. For sufficiently high powers
of the guiding beam, the red beam was trapped within the soliton. The beam profile of the signal beam for both a weak and a high-power guiding beam is shown in
Figure 6.1.
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Figure 6.1.: Average beam output profile for diffracted and guided weak signal beams.
The guiding beam had a power of Pmax = 0.2 mW and Pmax = 2.0 mW while
the signal beam had a power of Psignal = 14.0 µW and Psignal = 70.0 µW
respectively. The average was taken over 100 pictures and the intensity was
normalized for the high-power beam.

The influence of the guiding beam can easily be seen. The black curve shows the
diffracted signal beam that is not confined due to the low power of the guiding beam
of only Pmax = 0.2 mW. This is well below the required threshold power to generate
a nematicon and therefore the beam is strongly diffracted. However, for a beam
power above the threshold value of ≈ 1.0 mW, a good confinement can be observed
and the full width at half maximum (FWHM) is reduced by a factor of more than
two. This behavior is not surprising and is in good agreement with the literature. It
shows the multimode behavior of the guiding beam if the threshold value for soliton
generation is exceeded.
To analyze the dependency of the signal beam confinement from the beam power of
the guiding beam, the guiding powers were incremented in steps of 0.20 mW between
a range of Pmax = 0.2 mW to Pmax = 2.4 mW. For each power, 100 pictures of the
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output profiles for the signal beams where made and then analyzed by the program
shown in Appendix A. There, a Gaussian function of the form
(x−µ)2
1
f (x) = √ e− 2σ2
(6.1.1)
σ 2π
√
was used for data fitting where 1/σ 2π is the height of the peak, µ describes the
mean (expected value) and σ the standard deviation. The later directly yields in
the FWHM of the function using the following equation
√
FWHM = 2 2 ln 2 σ.
(6.1.2)

This value was computed for every single picture and the resulting data is shown
in the box plots 6.2a and 6.2b. Plot 6.2a shows the beam width of the weak signal
beam with no guiding beam.
Both the signal and the guiding beams followed the same trajectory in the experimental setup. Therefore, adaptions made at the ND filter to change the beam
power of the guiding beam also affected the power of the weak co-propagating signal
beam. To rule out that a self-focusing effect occurred for the weak signal beam, the
FWHM was analyzed when only the signal beam traversed the cell. The box plot2 in
Figure 6.2a shows how the change from Psignal = 14.0 µW to Psignal = 85.0 µW beam
power affected the beam width when no guiding beam was present. By looking at
the whiskers and the relatively large boxes, it can be seen that the FWHM values
for all powers are widespread. Hence, no dependency of the signals FWHM on the
weak beam power can be shown.
On the other hand, if the signal beam was co-propagating with a high-power
guiding beam, a strong power dependency on the signal beam width can be shown.
For sufficiently high powers, the beam width is reduced significantly as shown in 6.2b.
While the transition in the beam width of a diffracted to a solitary wave at the
threshold value is quite rapid for the high-power beam (as can be seen in [80]), the
reduction of the beam width for the weak signal beam is rather steady. Nonetheless,
the beam width continuously decreases for increasing beam powers. Again, for
guiding powers higher than Pmax = 2.00 mW, the beam width is decreased by a
factor of more than two. The standard deviation as a measure of the stability of
the confinement is reduced by an even higher factor, as can be seen in Figure 6.3.
It is noteworthy that the standard deviation seems to decrease more rapidly around
the threshold than the FWHM. While this is an interesting feature, it was not
investigated closer in this thesis and should be examined closer in future experiments,
to gain a better understanding of the underlying phenomena.

2

A box-and-whisker plot displays the mean, quartiles, and minimum and maximum observations for a
data set. The length of the boxes represent the distance between the 25th and the 75th percentiles,
the grey squares represent the mean, the horizontal lines represent the medians while the whiskers
represent the maximum and minimum values of the data set.
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(b) Weak signal beam co-propagating with a high-power guiding beam.

Figure 6.2.: Box plots of the output profile (FWHM) for a weak signal beam (λ = 671 nm)
as a function of (a) the beam power of the signal beam with no guiding beam
and (b) the beam power of a high-power guiding beam (λ = 532 nm) where the
signal beam is co-propagating. The length of the boxes represent the distance
between the 25th and the 75th percentiles, the grey squares represent the
mean, the horizontal lines represent the medians while the whiskers represent
the maximum and minimum values of the data set.
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Figure 6.3.: Standard deviation of the FWHM values for a weak co-propagating signal
beam as a function of the guiding beam power.

6.2. All-Optical Beam Steering
After having observed the generation and propagation of spatial solitons in NLCs
as well as their multimode properties, the possibility of all-optical switching was
investigated. To investigate the steering properties, the output beam profiles were
used. As shown in Figure 5.13 on page 48, the output signal beams are confined and
a well defined output spot can be observed. A Mathematica program was written
and used to detect the position of the these spots in the indivdual images as a
function of the steering power and as a function of time. The output spot position
of the the signal beam when only the guiding beam was active was used as a reference
point to define the change in the output position of the signal beam. This deflection
is then defined as the difference
∆x = |x0 − x(Ps )| ,

(6.2.1)

with x0 being the output position for a deactivated steering beam, that is x0 = x(Ps )
with Ps = 0 mW, and x(Ps ) being the output position for a given steering power.
6.2.1. Power Dependent Beam Steering
To investigate the steering dependency of the beam power, the steering beam power
Ps was changed in steps of 0.1 mW, starting with a deactivated steering beam Ps =
0.0 mW to a maximum beam power of Ps = Pmax = 2.3 mW. For all steering powers,
100 output pictures were made. The data obtained for the single images that were
made with the same steering beam power have then been averaged and the standard
error was calculated. The results of this analysis are shown in Figure 6.4.
The deflection of the signal beam along the x-axis is plotted as a function of the
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Figure 6.4.: Deflection of a guided signal beam (Psignal = 20 µW) as a function of the
steering power Ps with a guiding beam power Pmax = 2.3 mW. The error bars
indicate two times the standard error

beam power of the steering beam (Ps ). The power of both the signal beam and
the guiding beam was stable throughout the experiment. Therefore, for increasing
powers, the deflection of both the guiding beam and the confined beam increases.
Evidently, the position of the signal beam depends strongly on the steering beam
power . Taking the output spot position as the reference point, a beam deflection of
almost 40 µm was observed. To achieve an even higher deflection, the beam power
of the guiding beam had to be increased. If this is done for a given trajectory of the
beams, no further steering can be achieved, since both beams are already joined.
Instead, if the power of both green beams is further increased without adapting the
trajectories, the beams are no longer joined at the output. Instead, both beams
cross, as described in section 4.3, and which is discussed in more detail in [89]. The
behavior of the beam trajectories after a first crossing is shown in Figure 6.5.
While this is an interesting behavior for light beams, it is not useful to steer a single
signal beam. To investigate whether the steering is also depending on the maximum
power used, the beam trajectories had to be adapted.
A crossing and subsequent splitting of the beams for higher powers can be prevented
by an increase in the beam’s input displacement and a slightly bigger angle between
both beams. This can be easily understood, since the nonlocality of the refractive
index change depends on the beam power. The influence on the refractive index is
spread out further for beams of higher powers. The trajectory adaption was done
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P = 2.0 mW

P = 3.5 mW

P = 13.5 mW

Figure 6.5.: Two nematicons traversing a cell for various powers and with a constant input
displacement [89].

experimentally in such a way that both beams always join directly in front of the
cells output for a given maximal beam power Pmax . This was done for powers ranging
from Pmax = 1.6 mW to Pmax = 2.8 mW. The latter was limited by the maximum
output power generated by the green laser. While the laser has a maximum output
power of 200 mW, as shown in Table 5.2, the beam power is reduced significantly
by the beam splitters and filters in the setup. The resulting deflection dependencies
for five different guiding beam powers are shown in Figure 6.6. Unfortunately, no
theory on the power dependency of the deflection was availabe at the time this thesis
was written and hence the following conclusions are only based on the experimental
observations.
Figure 6.6 displays the strong steering beam power dependency of the deflection for
all guiding beam powers. For low steering powers up to 1.0 mW, the values for all
Pmax values show a similar and linear behavior. For increasing powers, the data
points are more spread out while still maintaining an almost linear dependency on
Ps . Based on the conducted experiments, no dependency of the guiding beam power
could be shown. To analyze the average dependency on the steering beam power,
a linear fit was calculated and plotted as an average for all guiding beam powers.
Introducing a deflection coefficient R as the slope of the linear fit, the beam position
can be approximated as
x(Ps ) = x0 + RPs .

(6.2.2)

The interception with the ordinate x0 was set to zero, since x0 was used as the
reference point. The power dependence of the steering can then be characterized by
using the deflection coefficient
R=

∆x
.
Ps

(6.2.3)

Using the slope of the fit in Figure 6.6, the deflection coefficient for the experimental
setup used was calculated as
R = (14.9 ± 0.3)
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Figure 6.6.: Deflection of the signal beam (Psignal =25.0 µW) as a function of the steering
beam power for various guiding beam powers including data used in Figure 6.4.
A linear fit (adjusted R2 =0.98) over all data points was calculated to obtain
the deflection coefficient.

As explained above, no correlation between the guiding beam power and the deflection coefficient could be found. The variation of the deflection for different Pmax
is therefore presumably an artifact of the experimental setup. It is possible that
either the displacement or the angle between the beam trajectories influenced the
measurement. Another important factor that presumably influenced the measurement was the position of the trajectories relative to the cell (e.g. their height in
the cell). As the trajectories in the cell had to be adapted for different Pmax , their
positions within the cell were changed as well. While this would not be a problem
in a perfect cell, it might have a big influence in real experiments. The anchoring
of the cell was achieved by a simple mechanical rubbing process. While this process
produces considerably good results on average, small differences on a microscopic
scale can not be excluded. The experiments were also not conducted in a clean room
environment. Therefore small dust particles at the cell’s input interface might have
decreased the intensity of the incoming beam which would directly result in a lower
deflection coefficient.
Nonetheless, the dependency of the steering power is clearly the predominant effect
and other effects on the deflection coefficient are not covered by this thesis.
By using the maximum beam power possible, an even higher beam deflection was
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achieved, as shown for Pmax =2.8 mW in Figure 6.6. A maximal deflection of
∆xmax = (44.2 ± 0.2) µm

(6.2.5)

was measured. This is approximately three times the size of the beam itself and is
therefore more then sufficient to switch the signal beam between two or maybe even
three possible outputs.

6.2.2. Time Dependent Beam Steering
To analyze the temporal response of the steering process, the response of the signal
beam to the rapid appearance of the steering beam was recorded ten times. The
positions of the signal beam spot at the cell output was again analyzed using a
specific Mathematica program. The output position as a function of time was calculated and is plotted in Figure 6.7. Even though the single data points are strongly
scattered, the steering and resulting deflection is obvious.
To obtain a numeric value to specify the temporal response, an exponential fit of
the form
y = A + x0 e−t/τ

(6.2.6)

was calculated. Here x0 denotes the initial beam position, τ the mean lifetime and
A the offset from zero. The decay rate 3 Λ is the inverse of the mean lifetime, hence:
Λ=

1
.
τ

(6.2.7)

In the experiment, both the guiding and the signal beam had a power of Ps = Pmax =
2.3 mW. For the experimental setup used, setup a decay rate of
Λ = (1.00 ± 0.03) s−1

(6.2.8)

was obtained. This value is in good agreement with the literature [82] and it is
the major drawback for real-world applications using solitons in NLC for signal
readressing. This value is certainly not the lowest achievable switching time possible.
However, current electro-optical devices have switching times in the nanosecond
range [32]. Hence, the switching time has to be increased by ten orders of magnitude
to compete with current technologies. While this slow temporal response is a huge
drawback in applications requiring fast data processing, it allows the liquid crystal
to average out rapid intensity variations across the beam and, therefore, to support
the propagation of incoherent solitons as well.

3

Usually the decay rate is donated as λ. Since this symbol is already used to indicate the wavelength,
the capitalized Greek letter Λ is used.
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Pmax = 2.3 mW. Data was fitted using an exponential decay function (adjusted R2 =0.91).
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7

Summary and Outlook
“Everybody is a genius. But, if you
judge a fish by its ability to climb a
tree, it’ll spend its whole life believing
that it is stupid.”
Albert Einstein

Nematic liquid crystals are an ideal candidate for the investigation of spatial solitons,
their interactions, and applications. The optical nonlinearities in NLCs are orders
of magnitude larger than in Kerr-like materials. They are the result of saturable
reorientation processes of the LC molecules and allow for the stable propagation
of nematicons at milliwatt power levels. The self-localization and propagation of
light beams in NLCs was investigated in an unbiased NLC. A light beam, linearly
polarized in plane with the molecular director, self focuses and balances diffraction.
It was confirmed in this thesis that laser beams of powers as low as 1.0 mW are able
to stably propagate in bulk material over distances well above the diffraction length.
By using strong anchoring at the cell boundaries, and due to the resulting pre-tilt of
the director axis, this was implemented without an externally applied electric field,
rendering this approach very promising for all-optical switching devices.
Thanks to the saturable and nonlocal response of the molecules, nematicons are
not only able to be self-confined. Additional optical signals can be guided within the
self-induced waveguide. This was shown by guiding a red (λ = 671 nm) signal beam
with powers below 100 microwatts within a green (λ = 532 nm) guiding beam with
milliwatt powers. It was shown experimentally that waveguides induced by nematicons in unbiased NLCs can support guided modes. As shown in the experiment and
due to the nonlocality of the nonlinearity, this guiding is not restricted to beams
having a shorter wavelength than the guiding beam. This result is in agreement
with the literature [80] and is prerequisite for solitons-based all-optical steering and
switching.
The nonlocality not only allows nematicons to propagate in a stable fashion and
act as multimode waveguides, it also allows for rich, diverse and phase independent
long-range interactions between individual nematicons. Attractive interactions, one
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of the most useful interactions for optical signal steering, have been investigated in
this thesis. A weak signal beam was efficiently trapped and guided by a solitoninduced waveguide, demonstrating the possibility of all-optical signal guidance and
readdressing, as shown in the case of soliton-controlled angular steering. Power
dependent angular steering of a signal-beam over a range more than twice the size
of the beam itself was shown for several guiding-beam powers. This steering mainly
depends on the beam trajectories and the beam power and is therefore all-optical.
In other words, the signal beam’s path was determined only by light itself.
Having explored the main advantages of nematicon based signal steering, a major
drawback for their real-life application was investigated as well. It is known that
the temporal response of the signal steering process is slow compared to other nonlinear effects. Its exact temporal response depends on the specific setup and was
quantitatively explored for unbiased NLCs. Nematicons do require low powers but
their response times are generally quite high. The molecular medium’s response had
a time-scale of exactly 1 s, which is in great agreement with experiments conducted
earlier in liquid crystal materials [82]. Although this slow response of the system is a
drawback for prospective applications in ultrafast communications, it gives the NLC
the ability to average out rapid variations across the input beam, thus increasing its
stability.
Novel All-Optical Switching Devices

Based on the ideas of Peccianti et al. [90], the investigated soliton-based beam
steering can be used for all-optical beam steering and logic gating. In contrast to
the approach by Peccianti et al., the demonstrated setup used a molecular director
alignment by anchoring to the cell boundaries. Therefore, no electrical field was
necessary to pre-align the director axis. This allows true all-optical beam steering
and switching since no electronics whatsoever are necessary.
Combining all-optical steering in NLCs with standard silicon waveguides has the
potential to create a novel type of all-optical switching device. Silicon photonic wire
waveguides are attractive for constructing various optical devices that are extremely
small because the waveguides can be bent with extremely small curvatures which
have a bending radius of less than a few micrometers [91]. Furthermore, this technology uses standard semiconductor processes to manufacture these waveguides and
could therefore be easily integrated into existing technologies. Figure 7.1 illustrates
how such a combination could be implemented.
Both the steering and guiding beams could be launched into the NLCs by SiO2
waveguides embedded in Si. The signal beam could be combined with the guiding
beam using the same technology. This would also ensure precise co-propagation
of the signal. By varying the steering beam power, the signal beam could then
be switched between multiple outputs. The outputs are again formed by silicon
waveguides and additional focusing optics might not be necessary. By implementing a simple absorption filter, the signal beam could then be extracted for further
processing. While this setup is only a proposal, it shows some important benefits
of all-optical signal processing with NLCs. The signal beam power can be in the
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Guiding &
Signal Beam

NLC
SiO2
Si

Steering Beam

Ps=0
(a) Output Port 1

RF

Ps=Pmax/2
(b) Output Port 2

Ps=Pmax
(c) Output Port 3

Figure 7.1.: Proposal for an all-optical switching device having three outputs by combining
NLCs with conventional Si/SiO2 waveguides.

range of a few microwatts and steering beam powers of only a few milliwatts would
be necessary. Both of these are values that are easily achieved using commercially
available laser diodes. No conversion from the optical into the electrical domain
is necessary to switch between multiple outputs, and in fact no electronic parts
are needed for the switching process at all. That also renders this type of switching extremely robust against electromagnetic interference or cross-talk. In addition
to that, this technology could be cascaded, which could result in large, all-optical
switching matricies.
Conclusion

Nematicons have paved the way in understanding the interplay of saturable nonlinearities and nonlocal responses. Companies are now considering whether optical
interconnects could be a possible solution to the problems of high power consumption and low bandwidths of electrical interconnects, while also achieving smaller
interconnect delays, lower cross-talk and better resistance to electromagnetic interference. The most important advantage of nematicons is that several nonlinear
optical phenomena can be investigated without the need for high peak-power pulsed
laser sources. The knowledge gained by studying solitons in liquid crystals can then
be transfered to soliton-based devices in general, which have orders of magnitude
faster response times[32]. Although soliton-based technologies still lie in the realm
of the laboratory, a most interesting application of solitons can be seen in all-optical
soliton-based switching devices. It does not take too much imagination to see what
could be achieved if this approach to all-optical circuits can be adapted to faster
nonlinear media in the near future.
In conclusion, NLCs offer many advantages for their experimental investigation.
These include robustness, stability, signal guiding, and incoherent excitability. Due
to their long-range, phase and wavelength independent interactions, nematicons
provide an extremely promising testbed for soliton-based devices, including signal
waveguides and power-dependent spatial steering.
Light is truly its own master in nematic liquid crystals.
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Appendix

A

Mathematica Code - FWHM Analysis
To understand the code listed below, one has to know the way in which the recorded
pictures are stored. The folder structure used to store the pictures is always of the
form
C:\...\Data\_Date_\_ExpNumber_\_BeamPower_\_Specifier_\_index_.jpg
where the single folders in the path are described in table A.1.
Example
_Date_
_ExpNumber_
_BeamPower_
_Specifier_

2011_10_12
Exp10
1.600
out red

_index_

0001.jpg

Description
Date at which the experiment was conducted.
All experiments are numbered consecutively.
Beam power of the guiding beam.
For most powers different beam combinations
have been recorded at different positions.
Pictures in the folders are numbered consecutively, starting by 0001.

Table A.1.: Explanation of the different folders that the path consists of.

The code I wrote and used to analyze the FWHM of the output beam profiles in section is listed below. Similar Mathematica programs were used for the image analysis
of the other sections in chapter 6. By using many built-in Mathematica functions
for image processing and function fitting, a highly sophisticated and parallelizable
image analysis has been created that is capable to analyze thousands of images
within less than one minute on a standard workstation.1 As a first step, all images
made during an experiment are imported. Then the pictures are processed and only
the relevant parts of the images are taken and transformed into an individual beam
profile for every picture. This profile is then corrected to allow for an subsequent
gauss fit. . This is then exported to a .DAT file that can be easily imported to origin
to create nice plots.
1

On a standard AMD six core processor the absolute timing for computing the whole program was less
than 60s for approximately 20.000 JPG pictures.
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1

( ∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ IMPORTING ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗ )

2
3
4

(∗ s e l e c t the f o l d e r that contains the p i c t u r e s ∗)
e x p F o l d e r="C: \ \ Data \\_Date_\\_ExpNumber_\\ " ;

5
6
7

( ∗ f o l d e r w i t h i n e x p F o l d e r i n which p i c t u r e s a r e s t o r e d ∗ )
outNameS = " out r e d + one g r e e n " ;

8
9
10
11

( ∗ g a t h e r a l l powers ( i f f o l d e r s a r e named p r o p e r l y ) ∗ )
S e t D ir e c t o r y [ expFolderS ] ;
powerFolderFA = FileNames [ ] ;

12
13
14
15

( ∗ g a t h e r names o f a l l images i n t h e output f o l d e r s ∗ )
ImageNamesA =
Map [ FileNames [ " ∗ . j p g " , { T o S t r i n g [ # ] <> " ∗\\ " <> outName } , I n f i n i t y ] &,
powerFolderFA ] ;

16
17

18
19
20
21
22
23
24
25

26

( ∗ s h r i n k by an i n t e g e r f a c t o r t o r e d u c e memory u s a g e and import a l l p i c t u r e s
∗)
FolderAmount = Length [ powerFolderFA ] ;
shrinkFactorI = 4;
i m a g e S i z e I = ImageDimensions [ Import [ ImageNamesSA [ [ 1 , 1 ] ] ] ] ;
shrinkedImageSize = imageSizeI / shrinkFactorI ;
ShrinkedPA =
F l a t t e n [ Reap [
For [ i = 1 , i <= FolderAmount , i ++,
Sow [ P a r a l l e l M a p [ I m a g e R e s i z e [ Import [ # ] , s h r i n k e d I m a g e S i z e ]
&,
ImageNamesSA [ [ i ] ] ] , i ] ]
][[2]] ,1];

27
28

( ∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ IMAGE PROCESSING ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗ )

29
30
31
32
33
34
35
36
37
38
39

( ∗ c o n v e r t RGB t o g r a y s c a l e ∗ )
GrayscaleImagePA =
Flatten [
Reap [
For [ i = 1 , i <= FolderAmount , i ++,
Sow [ P a r a l l e l M a p [
C o l o r C o n v e r t [# , " G r a y s c a l e " ] &, ShrinkedPA [ [ i ] ] ] , i ]
]][[2]] ,1];
xWidthI = ImageDimensions [ GrayscaleImagePA [ [ 1 , 1 ] ] ] [ [ 1 ] ] ;
yWidthI = ImageDimensions [ GrayscaleImagePA [ [ 1 , 1 ] ] ] [ [ 2 ] ] ;

40
41
42
43
44
45
46
47
48

( ∗ b l u r images t o remove i r r e g u l a r i t i e s ∗ )
BlurFactorF = 5 ;
BlurPA =
Flatten [
Reap [
For [ i = 1 , i <= FolderAmount , i ++,
Sow [ P a r a l l e l M a p [ Blur [# , BlurFactorF ] &, GrayscaleImagePA [ [ i ] ] ] , i ]
]][[2]] ,1];

49
50

( ∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ Image A n a l y s i s ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗ )

51
52

( ∗ g e t t h e p r o f i l e a l o n g t h e x−d i r e c t i o n f o r a l l p i x e l s a l o n g t h e y−d i r e c t i o n
and t a k e t h e a v e r a g e o v e r a l l o f them −> r e s u l t i n g i n a l i s t with t h e
l e n g t h yWidthI ∗ )
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53
54
55
56
57
58
59
60
61
62
63
64
65
66

67
68
69

allBestRows = {};
averageYProfiles =
For [ p = 1 , p <= FolderAmount , p++,
averageYProfiles =
P a r a l l e l T a b l e [ ( ∗ do i t f o r a l l p i x e l s a l o n g y−d i r e c t i o n ∗ )
Mean [ ( ∗ t a k e t h e a v e r a g e c u r v e f o r t h e s p e c i f i e d row ∗ )
Map [ ( ∗ do i t f o r a l l p c i t u r e s i n t h e f o l d e r s p e c i f i e d by i ∗ )
ImageData [ ( ∗ e x t r a c t image data ∗ )
ImageTake [# ,{ i , i } ] ( ∗ t a k e one c o m p l e t e row o f t h e image ∗ )
] [ [ 1 ] ] & , BlurPA [ [ p ] ]
]
] , { i , 1 , yWidthI }
];
m a x P o i n t Y P r o f i l e s = Map [ Max[#]& , a v e r a g e Y P r o f i l e s ] ; ( ∗ t a k e o n l y t h e
maximum p o i n t s from t h e d i f f e r e n t rows ∗ )
bestRow = O r d e r i n g [ m a x P o i n t Y P r o f i l e s , − 1 ] [ [ 1 ] ] ;
AppendTo [ allBestRows , bestRow ]
];

70
71

72
73
74
75
76
77
78
79
80
81
82

( ∗ g e t e v e r y beam p r o f i l e (=column ) o f e v e r y p i c t u r e a t t h e row s p e c i f i e d by
allBestRows ∗)
allXProfiles = {};
For [ i = 1 , i <= FolderAmount , i ++,
tempBestRow = a l l B e s t R o w s [ [ i ] ] ;
XProfiles =
Map [ ( ∗ do i t f o r a l l p c i t u r e s i n t h e f o l d e r s p e c i f i e d by i ∗ )
ImageData [ ( ∗ e x t r a c t image data ( 0 −> 1 ) ∗ )
ImageTake [ ( ∗ t a k e t h e b e s t column o f t h e image ∗ )
#,{tempBestRow , tempBestRow } ] ] [ [ 1 ] ] & , BlurPA [ [ i ] ]
];
AppendTo [ a l l X P r o f i l e s , X P r o f i l e s ]
];

83
84
85
86
87
88
89
90
91
92
93

( ∗ g e t o f f s e t and c o r r e c t i t ∗ )
a l l A v e r a g e X P r o f i l e s = Map [ Mean [ # ] &, a l l X P r o f i l e s ] ;
allCorrectedXProfiles = {};
For [ i = 1 , i <= FolderAmount , i ++,
l a s t D a t a P o i n t = Length [ a l l A v e r a g e X P r o f i l e s [ [ i ] ] ] ;
o f f s e t B o u n d a r i e s = { lastDataPoint − 50 , lastDataPoint − 20};
o f f S e t = Mean [ Take [ a l l A v e r a g e X P r o f i l e s [ [ i ] ] , o f f s e t B o u n d a r i e s ] ] ;
AverageCorrProfile = a l l X P r o f i l e s [ [ i ] ] − offSet ;
AppendTo [ a l l C o r r e c t e d X P r o f i l e s , A v e r a g e C o r r P r o f i l e ]
];

94
95
96
97
98
99
100
101
102
103
104

( ∗ c e n t e r data ∗ )
allCenteredXProfiles =
ParallelTable [
allMaximumPoints =
Map [ O r d e r i n g [ # , − 1 ] [ [ 1 ] ] &, a l l C o r r e c t e d X P r o f i l e s [ [ i ] ] ] ;
a l l D r o p R a n g e s = ( ∗ how much around t h e c e n t e r s h o u l d not be dropped ∗ )
allMaximumPoints ;
Map [
Drop [# ,{2∗ allMaximumPoints [ [ i ] ] , − 1 } ] &, a l l C o r r e c t e d X P r o f i l e s [ [ i ] ] ] ,
{ i , 1 , FolderAmount } ] ;

105
106

( ∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ FITTING ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗ )

107
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108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

( ∗ g e t t h e FWHM data ∗ )
g a u s s [ x_ , a_ , b_ , c_ ] :=
a ∗Exp [ −(( x − b ) ^2/(2 c ^2) ) ] ( ∗ g a u s s f u n c t i o n f o r g a u s s f i t : ∗ )
fwhm [ s_ ] :=
2 S q r t [ 2 Log [ 2 ] ] s ( ∗FWHM o f a g a u s s f u n c t i o n : ∗ )
allFwhMAllProfiles =
ParallelTable [
p a r s = Map [
F i n d F i t [# , g a u s s [ x , a , b , c ] , { a , b , c } , x , ] &, a l l C e n t e r e d X P r o f i l e s [ [ i ] ] ] ;
sigma = p a r s [ [ A l l , 3 ] ] [ [ A l l , 2 ] ] ;
allFWHM = Abs [ Map [ fwhm [ # ] &, sigma ] ] ,
{ i , 1 , FolderAmount }
];
averageFWHMArray =
ParallelTable [
p a r s = Map [
F i n d F i t [# , g a u s s [ x , a , b , c ] , { a , b , c } , x , ] &, a l l C e n t e r e d X P r o f i l e s [ [ i ] ] ] ;
sigma = p a r s [ [ A l l , 3 ] ] [ [ A l l , 2 ] ] ;
allFWHM = Map [ fwhm [ # ] &, sigma ] ;
myMean = Mean [ Abs [ allFWHM ] ] ;
myStd = S t a n d a r d D e v i a t i o n [ Abs [ allFWHM ] ] ;
AppendTo [ a l l F w h M A l l P r o f i l e s , allFWHM ] ;
e x p o r t i n g = {myMean , myStd } ,
{ i , 1 , FolderAmount }
];
Needs [ " E r r o r B a r P l o t s ‘ " ]
E r r o r L i s t P l o t [ averageFWHMArray , PlotRange −> A l l ]

135
136

( ∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ EXPORT ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗ )

137
138
139
140
141
142
143

( ∗ c o r r e c t s h r i n k f a c t o r & t r a n s f o r m p i x e l i n micron ∗ )
cellHeight = 110.;
pixelHeight2XB = 8 8 5 . ( ∗ c e l l h i g h t i n p i x e l f o r 2 x b i n n i n g ∗ ) ;
PxToHeightOutput2XB = c e l l H e i g h t / pixelHeight2XB ;
allFwhMAllProfilesMicrons =
a l l F w h M A l l P r o f i l e s ∗ s h r i n k F a c t o r I ∗ PxToHeightOutput2XB ;

144
145
146
147
148
149

( ∗ add power v a l u e a t b e g i n o f each row f o r O r i g i n import ∗ )
ExportA = a l l F w h M A l l P r o f i l e s M i c r o n s ;
For [ i = 1 , i <= Length [ a l l F w h M A l l P r o f i l e s ] , i ++,
PrependTo [ ExportA [ [ i ] ] , ToExpression [ powerFolderFA [ [ i ] ] ] ]
]

150
151
152
153
154
155

( ∗ Transpose t h e e x p o r t matrix f o r working O r i g i n import ∗ )
exportName =
FileBaseName [ D i r e c t o r y [ ] ] <> "_" <> outNameS <> " _PosData . dat " ;
transExportA = Transpose [ PadRight [ ExportA , Automatic , x ] ] / . x −> " " ;
Export [ exportName , transExportA ] ;
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