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Introduction 
 

Recently laser is considered as an essential tool in our society. It have found 

widespread use as well on daily basis, for example in compact disc (CD) and digital 

versatile disc (DVD) players, as in industry, telecommunications and medicine where the 

laser is used for high precision surgery. This is why this particular field of physics is 

being nowadays privileged and it attracted a great interesting in both practical and 

fundamental point of view and why the ongoing developments in nanotechnology have 

led to the quest for nanolasers. In a laser, the light is generated by the combination of 

light amplification by stimulated emission and optical feedback. It has been 

demonstrated in a variety of materials and more recently the interest has been devoted 

to organic materials where intensive studies on one- and two-dimensional band-gap 

materials have been performed. In a one-dimensional (1D) periodic structure, laser 

action has been demonstrated at the edge of the photonic band-gap, where the photon 

group velocity approaches zero.  Lasing has been explained through the phenomena of 

distributed feedback. These distributed feedback laser are highly compact because they 

do not require the use of a mirror cavity to operate. This possibility has been recently 

exploited with success by different research groups using these organic materials. 

Several advantages arise from the combination of responsive soft materials and gain 

media, such as low threshold lasing, tunability, well defined wavelength and 

directionality. The first part of the research activity performed during the doctoral 

studies was dedicated to photonic band gap soft materials. A later important phase 

focused on the experimental investigations of random lasing in partially disordered 

liquid crystals.  

Multiple scattering  is invoked as the main responsible for lasing in these systems 

because its ability to increases the dwell time, or path length, of light inside the gain 
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medium, enhancing light amplification. Even in this scenario, we no longer need mirrors 

to trap the light in the gain medium like in regular lasers since scattering can do the job 

on its own. Since strong light scattering usually occurs in highly disordered media, the 

word “random” has been used to describe lasers that operate on the basis of these 

properties. 

This thesis explores lasing in liquid crystals from periodic to random, by studying 

their emission light properties as function several external stimuli and constraints 

(temperature, geometries, electric and magnetic field etc..). This topics are discussed 

individually in the following chapters. 

Chapter I is an introduction to liquid crystals and some of their main physical 

properties. In the last part of this chapter a definition of fluorescence and mirror-less 

laser has been reported.  

In chapter II is discussed the propagation and the emission of light in periodic and 

disordered scattering media. It presents the main physic concepts which govern lasing 

both in ordered media such as periodic photonic band gap structures and disordered 

systems which manifest Anderson localization and enhanced back scattering.  

The chapter III reports the experimental investigations about the confinement and 

emission of dye doped chiral liquid crystals in capillary tubes. The light emission 

properties in such system behave as a fiber-like multidirectional distributed feedback 

laser. The experiments performed for this confining geometry show that laser action is 

exhibited both axially and radially, indicating a self-organized three-dimensional blue 

phase-like configuration. The thermal behavior shows wavelength tunability for both 

orientations emphasizing two different linear behaviors. The distributed feedback 

mechanism and the Q factor of the mirrorless resonant cavity result enhanced for axial 

stimulated emission because of the significant increase in the number of helical periods. 

In addition, long-lived spectrally narrow defect modes appear within the photonic band 

gap owing to optical phase jumps which take place in local structural defects.  

In the second part of this chapter a new micro-structuring  technique based on the 

combination of a dichroic photoinitiator and polarization holography is reported. By 

using the polarization holography to polymerize a mixture of both reactive and non 

reactive liquid crystals and photoinitiator. After the etching process a high aspect ratio 

grating is created. A low threshold microcavity lasers was created by embedding dye 
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doped cholesteric liquid crystals in these pre-designed micro channels. The work is still 

in progress in the framework of a collaborative project between Licryl and Engineering 

Chemistry group of the University of Eindhoven (The Netherlands). 

Chapter IV reported the first observation of random lasing in optically anisotropic 

dye doped nematic liquid crystals with long range dielectric tensor fluctuations. The 

unexpected surviving of interference effects in recurrent multiple scattering provide the 

required optical feedback for lasing in nematics. Coherent backscattering of light waves 

in partially ordered nematic liquid crystals manifests a weak localization of light which 

strongly supports diffusive laser action in presence of gain medium. The experimental 

characterizations demonstrate that above a given pump power the fluorescence curve 

collapses and discrete sharp peaks appear. The analysis of the emission spectra 

emphasizes an irregular intensity fluctuations of the speckle–like emission pattern 

indicating the typical spatio-temporal randomness of diffusive laser emission. To gain 

further understanding about the mechanism behind this phenomena, it was varied the 

confinement geometry of the studied systems (wedge cell, capillary tube, freely 

suspended and free standing films) and  the concentration of the nano-powders added 

to these systems. Also a comparison of the laser action is reported for systems with 

different order degree: fully disordered semiconductor powders, self-ordered 

cholesterics and partially ordered nematic liquid crystals is reported in this work. In 

addition, the role of the thermally modulated order parameter on the lasing in nematics 

was investigated.  

This experimental work is supported by a statistical study carried out in 

collaboration with theoretical colleagues within LICRYL lab and presented in chapter V.  
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1. Liquid Crystals: Chiral and Achiral 

1. 1 A New Phase of Matter 

Between 1850 and 1888, researchers in different fields such as chemistry, biology, 

medicine and physics found that several materials behaved strangely at temperatures 

near their melting points. It was observed that the optical properties of these materials 

changed discontinuously with increasing temperatures. W. Heintz, for example, reported 

in 1850 that stearin melted from a solid to a cloudy liquid at 52°C, changed at 58°C to 

an opaque and at 62.5°C to a clear liquid. Others reported observing blue colors when 

compounds synthesized from cholesterol were cooled. Biologists observed anisotropic 

optical behavior in "liquid" biological materials, a behavior usually expected only in the 

crystal phase. 

In 1888, an Austrian botanist named Friedrich Reinitzer, interested in the biological 

function of cholesterol in plants, was looking at the melting behavior of an organic 

substance related to cholesterol (The chemical structure of cholesterol was still 

unknown, today we know that the observed substance was cholesteryl benzoate). He 

observed, as W. Heintz did with stearin 38 years the substance melted to a cloudy liquid 

at 145.5°C and became a clear liquid at 178.5°C. He repeated an earlier observation 

which showed that upon cooling the clear liquid, a brief appearance of blue color could 

be seen at the transition temperature, and that a blue violet color appeared just before 

crystallization. Discussion with Lehmann and others led to the identification of a new 

phase of matter called the liquid crystal phase. 

1. 2 What are liquid crystals? 

The term “liquid crystal” refers to materials that possess phases with molecular order 

that are intermediate of a crystalline solid and an isotropic fluid.  A liquid crystal (LC) 

may flow like a liquid, but have the molecules in the liquid arranged and/or oriented in a 

crystal-like way.  

 

http://en.wikipedia.org/wiki/Molecules


Introduction                                                                                                                     3 

 

       

There are many different types of LC phases, which can be distinguished based on their 

different optical properties (such as birefringence). When viewed under a microscope 

using a polarized light source, different liquid crystal phases will appear to have a 

distinct texture. Each "patch" in the texture corresponds to a domain where the LC 

molecules are oriented in a different direction. Within a domain, however, the molecules 

are well ordered. Liquid crystal materials may not always be in an LC phase (just as 

water is not always in the liquid phase: it may also be found in the solid or gas phase). 

Liquid crystals can be divided into thermotropic and lyotropic LCs. Thermotropic LCs 

exhibit a phase transition into the LC phase as temperature is changed, whereas 

lyotropic LCs exhibit phase transitions as a function of concentration of the mesogen in 

a solvent (typically water) as well as temperature. 

1. 3 Liquid crystal phases 

The various LC phases (called mesophases) can be characterized by the type of 

ordering that is present. One can distinguish positional order (whether molecules are 

arranged in any sort of ordered lattice) and orientational order (whether molecules are 

mostly pointing to the same direction), and moreover order can be either short-range 

(only between molecules close to each other) or long-range (extending to larger, 

sometimes macroscopic, dimensions). Most thermotropic LCs will have an isotropic 

phase at high temperature. That is, heating will eventually drive them into a 

conventional liquid phase characterized by random and isotropic molecular ordering 

(little to no long-range order), and fluid-like flow behavior. Under other conditions (for 

instance, lower temperature), an LC might inhabit one or more phases with significant 

http://en.wikipedia.org/wiki/Optics
http://en.wikipedia.org/wiki/Birefringence
http://en.wikipedia.org/wiki/Microscope
http://en.wikipedia.org/wiki/Polarization
http://en.wikipedia.org/wiki/Light
http://en.wikipedia.org/wiki/Texture
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Gas_phase
http://en.wikipedia.org/wiki/Thermotropic
http://en.wikipedia.org/wiki/Lyotropic
http://en.wikipedia.org/wiki/Phase_transition
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Concentration
http://en.wikipedia.org/wiki/Mesogen
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Macroscopic
http://en.wikipedia.org/wiki/Isotropic
http://en.wikipedia.org/wiki/Fluid
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anisotropic orientational structure and short-range orientational order while still having 

the ability to flow. 

The ordering of liquid crystalline phases is extensive on the molecular scale. This 

order extends up to the entire domain size, which may be on the order of micrometers, 

but usually does not extend to the macroscopic scale as often occurs in classical 

crystalline solids. However, some techniques (such as the use of boundaries or an 

applied electric field) can be used to enforce a single ordered domain in a macroscopic 

liquid crystal sample. The ordering in a liquid crystal might extend along only one 

dimension, with the material being essentially disordered in the other two directions. 

1. 3. 1 Isotropic Phase 

In the isotropic phase the moelcules are randomly aligned and exhibit no long range 

order. The isotropic phase has a low viscosity and will often appear to be very clear. 

There is no long range positional or orientational order of the molecules, although this 

sort of order may exist on very short length scales of order tens of Angstroms, 

corresponding to a few molecular distances. For all practical purposes, the isotropic 

phase macroscopically appears to be like any other isotropic liquid such as water.  

1. 3. 2 Nematic phase  

One of the most common LC phases is the nematic, where the molecules have no 

positional order, but they have long-range orientational order. Thus, the molecules flow 

and their center of mass positions are randomly distributed as in a liquid, but they all 

point in the same direction (within each domain). Most nematics are uniaxial: they have 

one axis that is longer and preferred, with the other two being equivalent (can be 

approximated as cylinders). Some liquid crystals are biaxial nematics, meaning that in 

addition to orienting their long axis, they also orient along a secondary axis.  

The name of this phase has been given with respect to thread-like textures 

observed under polarizing microscope. Nematic phase is the first one which is obtained 

when cooling down from isotropic. The orientations of the molecules are largely 

“frozen” such that the particles point on average in the same direction. This direction of 

http://en.wikipedia.org/wiki/Anisotropic
http://en.wikipedia.org/wiki/Structure
http://en.wikipedia.org/wiki/Macroscopic
http://en.wikipedia.org/wiki/Crystal
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Electric_field
http://en.wikipedia.org/wiki/Dimension
http://en.wikipedia.org/wiki/Nematic
http://en.wikipedia.org/wiki/Biaxial_nematic
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preferred alignment can be described by a unit vector, the so-called nematic director nr . 

The orientation of individual molecules may differ from this direction, so that the 

director must be more correctly defined as the symmetry axis of the orientational 

distribution (Fig 1). In nematics the distribution function is rotationally symmetric 

around the director, i.e. they are uniaxial. Usually, the nematic liquid crystals are 

invariant for an inversion of nr  [1] (meaning that nr  and - nr  states are indistinguishable). 

The nematic symmetry is present even when the constituent molecules are polar 

because the molecules form anti-parallel pairs to minimize the intermolecular interaction 

energy (usually originating from Van der Waals force). As consequence of the existence 

of this privileged axis of orientation, there is a macroscopic anisotropy in many material 

properties, such as dielectric constants and refractive indices 

 

                 

 
Fig.1: (a) Picture showing a typical nematic texture with point disclinations, the nuclei of 

st commonly used phase in liquid crystal displays 

(LCDs)

1. 3. 3 Smectic phase 

The word "smectic" is derived from the Greek word for soap. This seemingly 

ambiguous origin is explained by the fact that the thick, slippery substance often found 

divergent brushes or threads. (b) picture showing the orientation of molecules in the nematic 

liquid crystalline phase.   

Nematics are (still) the mo

, with many such devices using the twisted nematic geometry.  



6                                                                                                                         chapter 1 

 

at th

erpendicular to the smectic plane, and 

there is no particular positional order in the layer (Fig 2). Similarly, the smectic-B 

mes

e bottom of a soap dish is actually a type of smectic liquid crystal. The smectic 

phases, which are found at lower temperatures than the nematic, form well-defined 

layers that can slide over one another like soap. The smectics are thus positionally 

ordered along one direction. In the Smectic A phase, the molecules are oriented along 

the layer normal, while in the Smectic C phase they are tilted away from the layer 

normal. These phases, which are liquid-like within the layers, are illustrated below. There 

is a very large number of different smectic phases, all characterized by different types 

and degrees of positional and orientational order. 

In the smectic-A mesophase, the director is p

ophase orients with the director perpendicular to the smectic plane, but the 

molecules are arranged into a network of hexagons within the layer. In the smectic-C 

mesophase, molecules are arranged as in the smectic-A mesophase, but the director is at 

a constant tilt angle measured normally to the smectic plane (Fig 3). 

 

 

Fig 2: (a) Diagram showing the orientation of molecules in the Smectic A phase. (b) Typical 

texture of the Smectic A phase.  
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Fig 3: (a) Diagram showing the orientation of molecules in the Smectic C phase. (b) Typical 

texture of the Smectic C phase. 

1. 3. 4 Chiral phases 

The chiral nematic phase exhibits chirality (handedness). This phase is often called 

the cholesteric phase because it was first observed for cholesterol derivatives[2]. Only 

chiral molecules (i.e.: those that lack inversion symmetry) can give rise to such a phase. 

This phase exhibits a twisting of the molecules along the director, with the molecular 

axis perpendicular to the director. The finite twist angle between adjacent molecules is 

due to their asymmetric packing, which results in longer-range chiral order.  

As in the nematic, the smectic-C mesophase has a chiral state designated C*. 

Consistent with the smectic-C, the director makes a tilt angle with respect to the smectic 

layer. The difference is that this angle rotates from layer to layer forming a helix. In 

other words, the director of the smectic-C* mesophase is not parallel or perpendicular 

to the layers, and it rotates from one layer to the next. Notice the twist of the director, 

represented by the green arrows, in each layer in the following diagram (Fig 4). 

 

http://en.wikipedia.org/wiki/Chirality_%28chemistry%29
http://en.wikipedia.org/wiki/Nematic
http://en.wikipedia.org/wiki/Chirality_%28chemistry%29
http://en.wikipedia.org/wiki/Cholesteric_liquid_crystal
http://en.wikipedia.org/wiki/Cholesterol
http://en.wikipedia.org/wiki/Chirality_%28chemistry%29
javascript:Glossary('director',400,175)
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Fig 4: A schematic representation of a smectic C* phase (left), and a view of the same 

phase, but along the axis (right). 

In some smectic mesophases, the molecules are affected by the various layers above 

and below them. Therefore, a small amount of three dimensional order is observed. 

Smectic-G is an example demonstrating this type of arrangement. 

An important characteristic of the cholesteric mesophase is the pitch [3]. The pitch, 

p, is defined as the distance it takes for the director to rotate one full turn in the helix as 

illustrated in the above figure (Fig 5).  A byproduct of the helical structure of the chiral 

nematic phase, is its ability to selectively reflect light of wavelengths equal to the pitch 

length, so that a color will be reflected when the pitch is equal to the corresponding 

wavelength of light in the visible spectrum. The effect is based on the temperature 

dependence of the gradual change in director orientation between successive layers, 

which modifies the pitch length resulting in an alteration of the wavelength of reflected 

light according to the temperature. The angle at which the director changes can be made 

larger, and thus tighten the pitch, by increasing the temperature of the molecules, hence 

giving them more thermal energy. Similarly, decreasing the temperature of the molecules 

increases the pitch length of the chiral nematic liquid crystal. This makes it possible to 

build a liquid crystal thermometer that displays the temperature of its environment by 

the reflected color. Mixtures of various types of these liquid crystals are often used to 

create sensors with a wide variety of responses to temperature change. Such sensors are 

used for thermometers often in the form of heat sensitive films to detect flaws in circuit 

board connections, fluid flow patterns, condition of batteries, the presence of radiation, 

or in novelties such as "mood" rings. In the fabrication of films, since putting chiral 

nematic liquid crystals directly on a black background would lead to degradation and 

perhaps contamination, the crystals are micro-encapsulated into particles of very small 

dimensions. The particles are then treated with a binding material that will contract 

javascript:Glossary('pitch',400,175)
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upon curing so as to flatten the microcapsules and produce the best alignment for 

brighter colors. An application of a class of chiral nematic liquid crystals which are less 

temperature sensitive is to create materials such as clothing, dolls, inks and paints. 

 

Fig.5:  Diagram showing the typical orientation of molecules in the Cholesteric Phase. 

The wavelength of the reflected light can also be controlled by adjusting the 

chemical composition, since cholesterics can either consist of exclusively chiral 

molecules or of nematic molecules with a chiral dopant dispersed throughout. In this 

case, the dopant concentration is used to adjust the chirality and thus the pitch. 

2. The order parameter  

In liquid crystals, a local preferred molecular orientation can be always found, its 

direction being usually indicated by a unit vector called “director”. It represents the 

average molecular direction in a volume small enough to make meaningful talking about 

a molecular direction, and large enough to contain a great number of molecules, which 

makes meaningful an averaging procedure. The above-mentioned observation that a 

macroscopic polarization is generally not found even with polar molecules means that 

the orientations n and –n are equivalent. In the volume where it is defined, in general n 

does not coincide with the orientation direction ξ  of the single molecule. If θ is the 

angle between ξ and n, the degree of molecular order of the liquid crystal can be given 

by a parameter which takes into account the distribution f(θ) describing the alignment of 
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the molecules with respect to n. On the basis of these arguments, a scalar order 

parameter S is defined in the following way [4]:  

                           Ω−=−= ∫ dfS )()1cos3(
2
11cos3

2
1 22 ϑϑϑ                    ( 1.1) 

where φθθ ddd sin≈Ω  is the solid angle (Fig 6). Expression (1.1) indicates that the 

scalar order parameter S is defined as the ensemble average of the second-order 

Legendre polynomial of  θcos .     

S=P2<ξ.n> 

 

 

 
 

Fig 6: Geometry used for defining the order parameter. 

 

 
According to the mean field theory of R. Mayer and A. Saupe [1], typical values of the 

order parameter for a nematic liquid crystals, far from the nematic-isotropic transition, 

are included between 0.3 and 0.9. In this model the scalar order parameter is a universal 

function of T/TC, where TC is the phase transition temperature to the isotropic state. 

Furthermore, the dependence of S slightly decreases by increasing the temperature up to 

few degrees below TC, where it starts to become strongly affected by a further 

temperature  increase. 
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3. Fluorescence and dye lasers  

3.   1  What is fluorescence? 

. . . ex arte calcinati,et [. . . properly calcinated, and 

illuminato aeri seu solis illuminated either by 

radiis,seu flammae sunlight or flames, they 

fulgoribus expositi,lucem conceive light from 

inde sine calore themselves without heat; . . .] 

concipiunt in sese; . . . 

Licetus,1640 (about the Bologna stone) 

 

Luminescence is an emission of ultraviolet, visible or infrared photons from an 

electronically excited species. The word luminescence, which comes from the Latin 

(lumen = light) was first introduced as luminescent by the physicist and science 

historian Eilhardt Wiedemann in 1888,to describe ‘all those phenomena of light which 

are not solely conditioned by the rise in temperature’, as opposed to incandescence. 

Luminescence is cold light whereas incandescence is hot light. The various types of 

luminescence are classified according to the mode of excitation (see Table). 

The various types of luminescence 

 

Phenomenon                                                 Mode of excitation  

 

Photoluminescence (fluorescence,                  Absorption of light (photons) 

 phosphorescence,delayed fluorescence) 

Radioluminescence                                              Ionizing radiation (X-rays, a, b, g) 

Cathodoluminescence                        Cathode rays (electron beams) 

Electroluminescence                                           Electric field 

Thermoluminescence                                          Heating after prior storage of energy 

(e.g. radioactive irradiation) 

Chemiluminescence                                            Chemical process (e.g. oxidation) 

Bioluminescence                                                 Biochemical process 

Triboluminescence                                              Frictional and electrostatic forces 
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Sonoluminescence                                           Ultrasounds 

 

 

Fluorescence and phosphorescence are particular cases of luminescence 

(Table)(Fig.7). The mode of excitation is absorption of a photon, which brings the 

absorbing species into an electronic excited state. The emission of photons 

accompanying de-excitation is then called photoluminescence (fluorescence, 

phosphorescence or delayed fluorescence), which is one of the possible physical effects 

resulting from interaction of light with matter, as shown in Figure[5]. 

 

 

 

Fig. 7: Position of fluorescence and phosphorescence in the frame of light–matter interactions. 

 

Fluorescence is one of the ubiquitous luminescence family of processes in which 

susceptible molecules emit light from electronically excited states created by either a 

physical (for example, absorption of light), mechanical (friction), or chemical 

mechanism. Generation of luminescence through excitation of a molecule by ultraviolet 

or visible light photons is a phenomenon termed photoluminescence, which is formally 

divided into two categories, fluorescence and phosphorescence, depending upon the 

electronic configuration of the excited state and the emission pathway. Fluorescence is 

the property of some atoms and molecules to absorb light at a particular wavelength and 
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to subsequently emit light of longer wavelength after a brief interval, termed the 

fluorescence lifetime. The process of phosphorescence occurs in a manner similar to 

fluorescence, but with a much longer excited state lifetime. 

Fluorescence process is governed by three important events, all of which occur on 

timescales that are separated by several orders of magnitude (see Fig 8). Excitation of a 

susceptible molecule by an incoming photon happens in femtoseconds(10-15 seconds), 

while vibrational relaxation of excited state electrons to the lowest energy level is much 

slower and can be measured in picoseconds(10-12seconds). The final process, emission 

of a longer wavelength photon and return of the molecule to the ground state, occurs in 

the relatively long time period of nanoseconds(10-9seconds). Although the entire 

molecular fluorescence lifetime, from excitation to emission, is measured in only 

billionths of a second, the phenomenon is a stunning manifestation of the interaction 

between light and matter that forms the basis for the expansive fields of steady state and 

time-resolved fluorescence spectroscopy and microscopy. 

 

Fig 8: sketch present  Jablonski energy diagram 

Fluorescence is generally studied with highly conjugated polycyclic aromatic 

molecules that exist at any one of several energy levels in the ground state, each 
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associated with specific arrangement of electronic molecular orbital. The electronic state 

of a molecule determines the distribution of negative charge and the overall molecular 

geometry. For any particular molecule, several different electronic states exist(illustrated 

as S(0), S(1) and S(2) in the fig)depending on the total electron energy and the symmetry 

of various electron spin states[6]. Each electronic state is further subdivided into a 

number of vibrational and rotational energy levels associated with the atomic nuclei and 

bonding orbitals. The ground state for most organic molecules is an electronic singlet in 

which all electrons are spin-paired(have opposite spins). At room temperature, very few 

molecules have enough internal energy to exist in any state other than the lowest 

vibrational level of the ground state, and thus, excitation processes usually originate 

from this energy level. 

3.  2  Fluorescence polarization 

Light is an electromagnetic wave consisting of an electric field E
r

 and a magnetic 

field B
r

 perpendicular both to each other and to the direction of propagation, and 

oscillating in phase. For natural light, these fields have no preferential orientation, but 

for linearly polarized light, the electric field oscillates along a given direction; the 

intermediate case corresponds to partially polarized light. Most chromophores absorb 

light along a preferred direction depending on the electronic state. In contrast, the 

emission transition moment is the same whatever the excited state reached by the 

molecule upon excitation, because of internal conversion towards the first singlet state 

(Figure 9). If the incident light is linearly polarized, the probability of excitation of a 

chromophore is proportional to the square of the scalar product MA.E, i.e. cos2 θA, θA 

being the angle between the electric vector E of the incident light and the absorption 

transition moment MA (Figure 9). This probability is maximum when E is parallel to MA 

of the molecule; it is zero when the electric vector is perpendicular. 
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Fig. 9: Transition moments and photoselection. 

 

Fluorescence polarization measurements can thus provide useful information on 

molecular mobility, size, shape and flexibility of molecules, fluidity of a medium, and 

order parameters. 

Consider an XYZ coordinate framework with a fluorescent solution placed at the 

origin, as shown below, where XZ is in the plane of the page. In this system, the 

exciting light is traveling along the X direction.  If a polarizer is inserted in the beam, 

one can isolate a unique direction of the electric vector and obtain light polarized 

parallel to the Z axis which corresponds to the vertical laboratory axis. This exciting 

light will be absorbed by the fluorophore at the origin and give rise to fluorescence 

which is typically observed at 90o to the excitation direction, i.e., from along the Y axis. 
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The actual direction of the electric vector of the emission can be determined by 

viewing the emission through a polarizer which can be oriented alternatively in the 

parallel or perpendicular direction relative to the Z axis or laboratory vertical direction. 

Polarization is then defined as a function of the observed parallel (Ill) and perpendicular 

intensities (I⊥)[7] :  

⊥

⊥

+
−

=
II
IIP

II

II 

 

As an example, by studying the polarized fluorescence of the dye doped nematic liquid 

crystal filled in a wedge cell, the experimental measurements put into evidence a strong 

dependence of the emission intensity (spontaneous emission) on the pump polarization, 

as it shown in the polar plot of (Fig 10). By maintaining the pump energy fixed, a four 

fold increase in the spontaneous emission intensity was recorded by rotating a linear 

state of polarization from parallel to perpendicular to the nematic director and by 

analyzing the emitted light along the direction of the excitation polarization[8]. 
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Fig. 10: Polarized fluorescence measurements suggest an anisotropic orientational distribution 

for the dye transition dipole moments. Calculated order parameter value is SD=0.23. 

 

This suggests that the dye molecules possess an anisotropic orientational 

distribution of the transition dipole moments because of the strongly anisotropic 

environment in which has been dissolved, with a calculated dye order parameter SD = 

0.23 . 

4. Dye laser 

The first human-made (synthetic) organic dye, mauveine, was discovered by 

William Henry Perkin in 1856. Dyes, either as solutions or vapours, are the active 

medium in pulsed and continuous-wave dye lasers as well as ultrafast shutters for Q-

switching and passive modelocking. They emit in a comparatively narrow spectral region 

(typically 30 nm); thus a variety of dyes is necessary in order to cover the entire (visible) 

spectral range. 

The optical excitation of dyes corresponds to transitions of molecules in the singlet 

state, with the absorption S0 --> S1 being the strongest (Fig 11), and is specific for each 
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dye molecule. For optimum pumping (S0 --> S1) of the various dyes, one would 

therefore need a number of pump laser wavelengths. 

 

Fig. 11:  Schematic energy levels of a dye molecule. 

 

Fortunately, nearly all dyes have additional absorption bands in the UV. These 

absorptions correspond to transitions to higher singlet states, from which fast internal 

relaxation processes lead to the upper laser level (S1) with high quantum efficiency  the 

reason most dyes can be pumped by a single UV laser. However, this attractive 

excitation scheme, one pump laser for all dyes, brings other problems. 

(i) The inner efficiency of dye lasers is lower as a result of excitation in higher S-states 

because a considerable part of the excitation energy is converted into heat (large Stokes 

shift). This disadvantage is more than compensated for, however, by the high efficiency 

of pulsed lasers. 

(ii) A multiphoton excitation can lead to destruction of the cell and the solvent 

molecules. In this process, a previously excited molecule absorbs further photons 

(sequential absorption), or a molecule absorbs several photons “at the same time”. In 
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these absorption processes the molecule can absorb so much energy that the binding 

energy is surpassed, and the molecule dissociates, or at least changes its structure. This 

process is more probable during excitation with UV light than with visible light. Thus, 

one must expect a reduced photostability of the dye when pumping with UV light. 

(iii) Another problem results from the small absorption cross section at short 

wavelengths. To excite as many molecules as possible, a very high pump power density 

Ip (Ip being inversely proportional to the absorption cross section), or high dye 

concentrations is required. Ip is limited to values <30 MW/cm2 due to the stability of 

most solvents.  

The most important dyes used in our experiments are:  

DCM: 4-dicyanomethylene-2-methyl-6-(p(dimethylamino)styryl)-4H-pyran 

                    

 

Pyrromethene 597:  4,4-Difluoro-2,6-di-t-butyl-1,3,5,7,8-pentamethyl-4-bora-3a,4a-

diaza-s-indacene2,6-Di-t-butyl-1,3,5,7,8-pentamethylpyrromethenedifluoroborate 

Complex 
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Pyrromethene 650: 1,2,3,5,6,7-hexamethyl-8-cyanopyrromethene-difluoroborate 
complex 
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5. Principle of mirror-less laser   

Besides the many applications that have been discovered since the first 

experimental demonstration in 1960 by Theodore Maiman [9], the laser itself has also 

been subject of intense scientific study. In a laser, light is generated by a combination of 

light amplification by stimulated emission and optical feedback [10,11]. The practical 

implementation of both functional laser parts, optical gain and optical feedback, comes 

in many varieties. For example, laser oscillation has been shown to be possible using 

solid-state gain media [12] or gaseous media [13], while implementations of laser cavities 

include, among many others, ring-type cavities [14], chaotic cavities [15] and photonic-

crystal cavities [16, 17]. 

In physics, a laser is a device that emits light through a specific mechanism for 

which the term laser is an acronym: light amplification by stimulated emission of 

radiation. As a light source, a laser can have various properties depending on the 

purpose for which it is designed. A typical laser emits light in a narrow, low-divergence 

beam and with a well-defined wavelength (corresponding to a particular color if the laser 

is operating in the visible spectrum). This is in contrast to a light source such as the 

incandescent light bulb, which emits into a large solid angle and over a wide spectrum of 

wavelength. These properties can be summarized in the term coherence. 

A laser consists of a gain medium inside an optical cavity, with a means to supply 

energy to the gain medium. The gain medium is a material (gas, liquid, solid or free 

electrons) with appropriate optical properties. In its simplest form, a cavity consists of 

two mirrors arranged such that light bounces back and forth, each time passing through 

the gain medium. Typically, one of the two mirrors, the output coupler, is partially 

transparent. The output laser beam is emitted through this mirror as show in Fig 12. 

Light of a specific wavelength that passes through the gain medium is amplified 

(increases in power); the surrounding mirrors ensure that most of the light makes many 

passes through the gain medium. Part of the light that is between the mirrors (i.e., is in 

the cavity) passes through the partially transparent mirror and appears as a beam of 

light. The process of supplying the energy required for the amplification is called 

pumping and the energy is typically supplied as an electrical current or as light at a 

http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Acronym
http://en.wikipedia.org/wiki/Beam_divergence
http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Color
http://en.wikipedia.org/wiki/Visible_spectrum
http://en.wikipedia.org/wiki/Incandescent_light_bulb
http://en.wikipedia.org/wiki/Electromagnetic_spectrum
http://en.wikipedia.org/wiki/Coherence_%28physics%29
http://en.wikipedia.org/wiki/Gain_medium
http://en.wikipedia.org/wiki/Optical_cavity
http://en.wikipedia.org/wiki/Output_coupler
http://en.wikipedia.org/wiki/Optical_amplifier
http://en.wikipedia.org/wiki/Laser_pumping
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different wavelength. In the latter case, the light source can be a flash lamp or another 

laser. Most practical lasers contain additional elements that affect properties such as the 

wavelength of the emitted light and the shape of the beam. 

 

Fig. 12: Schematical impression of a laser: two mirrors (M) with a gain medium (G) in 

between. The two mirrors form a cavity, which confines the light and provide the optical 

feedback. The right mirror is partly transmitting. One of the cavity modes is shown. The gain 

medium is pumped with an external pump source (PS). The resulting laser light is directional, 

with a small spectral bandwidth. 

 

5. 1 Mirror-less lasing 

The inclination toward miniaturization in the emerging generation of nanoscale 

optoelectronic devices leads to a growing interest in morphologically periodic photonic 

heterostructures like photonic bandgap (PBG)[18]. Photonic crystals having an ordered 

structure with a periodicity equal to optical wavelengths have attracted considerable 

attention from both fundamental and practical points of view because novel physical 

concepts such as the photonic bandgap have been theoretically predicted and various 

applications of photonic crystals have been proposed[19]. In particular, the study of 

stimulated emission in the photonic bandgap is one of the most attractive subjects, 

since, in the bandgap, spontaneous emission is inhibited and low-threshold lasers based 
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on photonic crystals are expected[20,21]. So far, intensive studies on one- and two-

dimensional bandgap materials have been performed. In a one-dimensional (1D) 

periodic structure, laser action is expected at the photonic band edge, where the photon 

group velocity approaches zero[22]. 

Helixed liquid crystals materials are self-organized mesophases which possess all the 

peculiar optical properties for achieving organic mirror-less optical resonant cavities. 

The birefringence and natural ability to form periodic structures make chiral liquid 

crystals interesting one-dimensional photonic bandgap materials. In fact, chiral liquid 

crystals (CLC) possess a helical superstructure which provides a 1D spatial modulation 

of the refractive index giving rise to Bragg selective reflection for circularly polarized 

light having the same handedness as the LC structure. In PBG microstructures light can 

be confined and manipulated by engineering quasi-ideal distributed feedback (DFB) 

micro-resonators . In a CLC doped with fluorescent guest molecules, the spontaneous 

emission is suppressed for the reflection stop band and it is enhanced at the band edges 

where a series of narrow long-lived transmission modes are expected [19,23]. Within the 

bandgap, the wave is evanescent and decays exponentially, so that the density of states 

(DOS) within the gap vanishes in large structures. At the stop band edges the density of 

states is expected to diverge. The group velocity vg is real, and at the photonic band 

edge tends to zero, while the photon dwell time is greatly increased, so that the gain is 

significantly enhanced at these spectral positions [24]. This gain enhancement together 

with distributed feedback mechanism can give rise to low threshold mirror-less lasing at 

the band edge in a variety of liquid crystal materials. In chiral liquid crystals the index 

modulation is relatively low so that sufficient feedback can be achieved by increasing the 

length of the resonant cavity (Fig.13). Thousands of periods are needed in order to 

obtain an optical cavity with a quite high quality factor, Q [25]. 
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Fig. 13: schematic mirror-less lasing emission in chiral nematic liquid crystal 

 

The laser emission study in ordered and periodic systems has known an 

extraordinary revival in the last years; even because of the remarkable development of 

experimental techniques which allow to scale the photonic crystal structures down to 

the nanoscale with the aim to mould the flow of light [26]. Surprisingly, active random 

media repeatedly proved to be suitable for obtaining mirror-less diffusive laser action, 

mainly based on the resonant feedback mechanisms in multiple scattering. Light 

localization and interference effects which survive to multiple scattering events have 

been invoked to explain the mirror-less lasing observed in many exotic and complex 

systems [27,28] ( Fig 14). 

 
Figure 14: Schematical impression of a random laser: a gain medium (gray area) with 

randomly placed scattereres. The gain medium is pumped with an external pump source (PS). 

The resulting laser light is omnidirectional.  
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A random laser is a non-conventional laser whose feedback mechanism is based on 

disorder-induced light scattering. Depending on whether the feedback supplied by 

scattering is intensity feedback or amplitude feedback, random lasers are classified into 

two categories: random lasers with incoherent feedback and random lasers with 

coherent feedback. This will be discussed with more details in the next chapter. 
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La lumière (. . .) donne la     [Light (. . .) gives color and 

couleur et l’eclat à toutes brilliance to all works of 

les productions de la nature and of art; it 

nature et de l’art; elle multiplies the universe by 

multiplie l’univers en le                painting it in the eyes of all 

peignant dans les yeux de that breathe.] 

tout ce qui respire. 

 

Abbé Nollet, 1783 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 



Propagation of light in periodic and disordered scattering media                                                        30 

 

1. Introduction 

What we humans perceive as colour is actually light waves that hit our eyes, translated 

into nerve impulses, and interpreted by our brains as all the various colours around us.  We 

see things because they emit or scatter light that is subsequently absorbed by our eyes. 

Absorption, emission, reflection and scattering of light of certain distinct wavelengths occur 

and materialize to the eye as a colour appearance of an object. If a colour appearance of an 

object is created by absorbance of specific wavelengths, the wavelengths that are not 

absorbed determine the colour of appearance. Emission of light by substances such as 

pigments that are present in the material, can also cause the colour appearance of an object.  

In nature many examples of absorption and emission are encountered: such a paint is 

red because the pigment perylene, present inside, absorbs green light and emits red light, a 

grass is green since the chlorophyll absorbs blue and red light and emits green light. 

Another evident phenomenon of light scattering is present in the nature: the 

appearance of a blue sky. Particles that are smaller than the wavelength of light and present 

in the sky cause the blue part of the emitted spectrum of the sun to be scattered more than 

the red part of the spectrum, causing a blue appearance. This phenomenon is also called 

Rayleigh scattering.  

A colour appearance can result also from reflectance of specific colours from a physical 

structure of the material. Due to constructive interference from a plane, a thin layer, or a 

collection of ordered lattice planes in the material, light with a certain wavelength is 

reflected causing appearance of a colour. If such a structure is illuminated with white light, 

the light is reflected under different angles and the incident white light is split up into its 

spectral colours. This phenomenon is also known as iridescence. A thin layer of oil on 

water is a great example of this iridescence, the light is reflected from the front side and the 

backside of the oil layer since there is a change in refractive index at both sides; from air to 

oil and from oil to water. The reflected waves interfere constructively and cause a rainbow-

like colour appearance. Other examples of iridescence in nature are butterfly wings [1] or 
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fish-scales (Fig. 1). The following figure shows how the butterfly wings reflecting blue-

greenish colours due to the wing structure consisting of discrete multilayer of cuticle (tough 

but flexible, non-mineral covering of an organism) and air. It also displays a rainbow fish 

with a hue of colours. Because of a structure of periodically varying refractive index of air 

and chitine the incident light is Bragg diffracted and the reflected light appears in a rainbow 

of colours.  

 

 

Fig.1: Examples of iridescence in nature caused by interference from multilayer structures with 

periodically varying refractive indices. 

If in addition to iridescence, some random scattering takes place due to imperfections 

for example, the phenomenon is called opalescence. In nature opalescence is known as 

having the name of the gemstone opal. The shells and the opal gems present great examples 

of natural opalescence (Fig. 2).  
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Fig. 2: Natural opalescence:  (a) Shells. (b)Opal gems. 

  The microscopic structure of these opals consist of periodically arranged glass spheres, 

organized in a three-dimensional (3D) ordering. Opal is made of tiny, microscopic spheres 

of silica. It is these tiny spheres that give opal it’s amazing colours, by breaking white light 

up into rays of different colours. When white light enters a precious opal, it hits the spheres 

of silica. The spheres split light into rays of different wavelengths, which we see as different 

colours. The colours and patterns in an opal are determined primarily by the size and 

arrangement of the silica spheres it contains.  

However, this success at explaining natural phenomena came to be tested from an 

unexpected direction, the behavior of light, whose intangible nature had puzzled 

philosophers and scientists for centuries. In 1873 the Scottish physicist James Clerk 

Maxwell showed that light is an electromagnetic wave with oscillating electrical and 

magnetic components. 

Electromagnetic radiation has a dual nature as both particles and waves. One way to 

look at it is as changing electric and magnetic fields which propagate through space, 

forming an electromagnetic wave. This wave has amplitude, which is the brightness of the 

light, wavelength, which is the color of the light, and an angle at which it is vibrating, called 

http://www.britannica.com/eb/article-9108468/James-Clerk-Maxwell
http://www.britannica.com/eb/article-9108468/James-Clerk-Maxwell
http://library.thinkquest.org/27356/p_colors.htm
http://library.thinkquest.org/27356/p_polarization.htm
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polarization. This was the classical interpretation, crystallized in Maxwell's Equations, which 

held sway until Planck, Einstein and others came along with quantum theory.  

Due to the importance of light in the humans life we will discuss and investigate in this 

chapter the propagation of light in periodic and aperiodic crystals. We probe the possibility 

of these structures to manipulate light by investigating the properties of emission. 

2. Periodic Structures 

2. 1  Photonic crystals and photonic band-gap  

The simplest form of a photonic crystal is a one-dimensional periodic structure, such as 

a multilayer film (a Bragg mirror). Electromagnetic wave propagation in such systems was 

first studied by Lord Rayleigh in 1887 [2], who showed that any such one-dimensional 

system has a band gap. Almost 100 years after 2D and 3 D photonic crystals were 

introduced by Yablonovich [3] and John [4] and have attracted a huge interest because of 

their remarkable potential confirmed in physics and emerging applications. 

Originally photonic crystals were proposed as materials that could localize light [4] and 

completely inhibit spontaneous emission if a light source is embedded in such a crystal [3], 

an extreme example of the Purcell effect [5]. Analogous to the electronic bandgap in 

semiconductors such photonic crystals exhibit a certain frequency range where light cannot 

propagate in any direction in the structure (Fig. 3). This frequency range is known as 

photonic bandgap. While semiconductors exist by virtue of the periodicity of the underlying 

crystalline lattice of atoms, photonic crystals are formed by a periodic variation in dielectric 

constant on a length scale comparable to the wavelength of interest. If an atom is placed 

inside such a structure, the atom cannot radiate away energy if its transition frequency falls 

within the photonic bandgap, and thus spontaneous emission can be completely inhibited. 

 

http://library.thinkquest.org/27356/p_polarization.htm
http://library.thinkquest.org/27356/p_maxwell.htm
http://library.thinkquest.org/27356/p_quantum.htm
http://en.wikipedia.org/wiki/Multilayer_film
http://en.wikipedia.org/wiki/Lord_Rayleigh
http://en.wikipedia.org/wiki/1887
http://en.wikipedia.org/wiki/Photonic_crystal#_note-1
http://en.wikipedia.org/wiki/Band_gap
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Fig. 3: Energy-wave vector diagram for semiconductor. 

 

Photonic band gap materials are expected to play an important role in the development 

of new optical devices. They consist of a periodically arranged composite of dielectric 

materials, which influences the propagation of light in a manner analogous to the way 

crystalline solids influence the flow of electrons.   

As described above, photonic crystals are materials that have a periodic arrangement of 

the dielectric constant on a length scale comparable to the wavelength of interest. Due to 

this periodicity one can find a frequency band for which the propagation of light in a certain 

direction is forbidden, this band is called the stop gap in that particular direction. This 

frequency band is centered around the frequency that fulfills the Bragg condition in that 

direction. The inhibition of emission is expected to lead to novel phenomenon in optics 

and quantum optics and may serve as the basis for lasers without threshold and highly 

efficient emitting diodes. 

Photonic crystals are common in nature mentioned before. At the University of 

Sydney, Parker et al. have discovered that photonic crystals exist also in the animal world [6], 

specifically for the “sea mouse”, a small worm. The sea mouse, shown in fig. 4 (a), is 

covered with long threads and spines that produce a brilliant iridescence. 
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b) 

(c) 

Fig. 4: (a) Picture of a sea mouse with its iridescent spine (c). In (b) the SEM picture of a spine 

reveals the photonic crystal nature of iridescence [6]. 

 

A scanning electron microscope (SEM) image for a spine is depicted in figure. 4(b). It 

reveals a periodic microstructured pattern with hexagonal symmetry. This is an example of 

a two-dimensional photonic crystal that possesses a pseudo-gap. Other examples of 

photonic crystals can be found in some butterflies possessing blue iridescence. Blue 

pigments are, indeed, very rare in nature. 

Photonic crystals can be classified into three main groups, that is, one-dimensional (1D), 

two-dimensional (2D) and three-dimensional (3D) systems, according to the dimensionality 

of the structure that forms the crystal (Fig. 5). We can have structures that go from the 

microwave regime to visible wavelengths. Decreasing the wavelength means increasing the 

difficulties to produce them because precise miniaturization processes have to been 

involved. 
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Fig . 5: Examples (a-c) of 1D, 2D and 3D photonic crystals and (d-f) corresponding band 

structures. 

2. 1. 1  1D photonic crystal 

 The simplest possible photonic crystal (Fig. 6) consists of alternating layers of material 

with different dielectric constants ε1 and ε2. This photonic crystal can act as a perfect mirror 

for light with frequency within a sharply- defined gap, and can localize light modes if there 

are any defect in its structure.  

The traditional approach to an understanding of this system is to allow a plane wave to 

propagate through the material and to consider the multiple reflections that take place at 

each interface. A schematic of photonic crystals is presented in the fig. 7. 1 D crystal is 

obviously the simplest that exists, and relatively easy to fabricate, in its simplest form it is a 



37                                                                                                                            Chapter 2                             

 

dielectric mirror. This structure can be formed by distributed Bragg mirror and by some 

defects that trap the electromagnetic field inside the sample[7]. Nowadays such multilayer 

structures are obtained by chemical vapor deposition or by using porous silicon[8], grown 

by hydrofluoric acid etching. 

 

 

 

Fig. 6: a one dimensional photonic crystal, it consists of alternating layers of materials with 

different dielectric constants, spaced by a distance a 

 

 
 

Fig. 7: (a) Photonic band structure of a layered dielectric system with period a: (b) Dark and light 

layers correspond to high and low refractive indices, respectively.  
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2. 1. 2  2-D and 3-D photonic crystal 

                    

A photonic crystals are multi- dimensional periodic structures with a period of the 

order of optical wavelength. They have many analogies to solid state crystals. The most 

important one is the band of photons, which is a powerful theory for the understanding of 

light behavior in a complex photonic crystal structure. It enables us to create the photonic 

bandgap and the localization of light. They have great potentials for novel applications in optics, 

optoelectronics, µ-wave technologies, quantum engineering, bio-photonics, acoustics, and 

so on. In this section, I will outline these fundamental features of photonic crystals with 

their progress of research.  

Since the beginning of research in photonic band gap materials, the main purpose was 

to design structures exhibiting a complete photonic band gap in three dimensions to 

achieve a full control over spontaneous emission and light localization. This meant that 

researchers concentrated on the fabrication and theoretical study of 3D photonic crystals. 

Calculating the band structure of such devices was not an easy task, also because of the 

vector nature of Maxwell's equation. The very first problem to solve in order to design the 

right structure was the development of a suitable numerical method. In fact, except for very 

special cases, it is not possible to obtain analytical solutions of the eigen value problem. 

This  was proposed in 1989 an 1990 by Yablonovitch [9] and Leung [10], under the name of 

plane-wave method. It was of course based on plane wave expansion of the electromagnetic 

field and the diagonalization of the resultant eige nvalue problem. The first geometries with 

complete band gap proposed were the diamond structure made of dielectric spheres in air 

[11] and, more important, the yablonovitc structure, shown in figure 8, specially designed to 

be suitable for micro-fabrication.  

  In three dimensions the fabrication of photonic crystals for optical frequencies relies 

mainly on self-assembly techniques. In two dimensions, lithography and anisotropic etching 

techniques can be used. Two-dimensional (2-D) photonic crystals can be integrated with 

existing planar optical waveguide technology in which lithography and etching are used 

http://www.elettra.trieste.it/experiments/beamlines/lilit/htdocs/people/luca/tesihtml/node63.html#px:yablonov89
http://www.elettra.trieste.it/experiments/beamlines/lilit/htdocs/people/luca/tesihtml/node63.html#px:leung1
http://www.elettra.trieste.it/experiments/beamlines/lilit/htdocs/people/luca/tesihtml/node63.html#px:ho1
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routinely for the fabrication of waveguides and other devices. In two dimensions the only 

simple structure that offers a full photonic bandgap. 

                

 

 

Figure 8: Yablonovite structure, from the original Yablonovitch work [12] 

 

2.  2  Photonic band structure 

The theoretical description of the propagation of light in photonic crystals is provided 

by calculating the photonic band structure from Maxwell’s equations. Such calculations are 

done numerically and make use of the periodicity of the lattice by imposing periodic 

boundary conditions. Based on concepts well known from solid state physics, the solutions 

to Maxwell’s equations are represented in terms of a photonic band structure or dispersion 

relation ω(k) (analogous to the electronic band structure E(k) in semiconductor crystals). 

The optical modes in this structure are Block waves, i. e. functions that have the periodicity 

of the lattice with an additional phase factor  exp (іk . r)(Fig. 9).  

 

http://www.elettra.trieste.it/experiments/beamlines/lilit/htdocs/people/luca/tesihtml/node63.html#px:yablonov91
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Fig. 9: The band structure is obtained from a two-band model 

 

The periodic structure can diffract a wave, thereby shifting the dispersion relation by a 

reciprocal lattice vector. This implies that for any k-vector in reciprocal space the dispersion 

relation can always be shifted back to the first Brillouin zone by adding or subtracting an 

integer number of reciprocal lattice vectors. By making use of all symmetries of the lattice it 

suffices to specify the band structure in the irreducible part of the Brillouin zone [13] only. 

In general the band structure is only plotted along the characteristic path of the irreducible 

part of the Brillouin zone, i. e. a line following all edges of the irreducible part. In practice 

[13], all maxima and minima of the band structure lie on this characteristic path. Hence the 

existence and frequency range of a photonic bandgap can be deduced from a plot of the 

band structure along the characteristic path. 

 

2. 3  Bragg reflection in periodic structures 

Bragg reflection plays a prominent role in optical experiments on photonic crystals. It 

occurs whenever there is constructive interference of waves reflected from a set of lattice 

planes, as illustrated in Fig. 10.  
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Fig. 10: Bragg reflection occurs when light reflected from a set of lattice planes interferes 

constructively, the extra path length indicated by the thick line equals an integral number of 

wavelengths. 

 

The reflection appears only for specific wavelengths λ and angles θ, given by Bragg’s 

law: 

2d sinθ = nλ 

 Here d denotes the distance between the set of lattice planes responsible for Bragg 

reflection, θ is the angle of incidence, n is the order of the Bragg reflection and λ denotes 

the wavelength. The Bragg peak of an infinite photonic crystal designed for optical 

wavelengths displays a certain spectral width, in contrast to the Bragg peaks observed in 

ordinary x-ray diffraction. This is due to the fact that only a limited number of lattice planes 

are involved in the Bragg reflection taking place in a photonic crystal, which is caused by 

the high index contrast between the materials used. 

If a crystal is sufficiently well ordered that the reflections from many lattice planes 

interfere constructively, then the Bragg reflection will be very strong. The associated 

extinction will be very large, increasing exponentially with sample thickness. Light cannot 
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propagate in the direction of Bragg reflection: the Bragg reflections correspond to the stop 

gaps in the photonic band structure. 

If light is strongly diffracted by the scatterers, then a small number of lattice planes suffice 

to reflect an incident wave. The wavelength λ and angle θ then do not need to conform to 

Bragg’s law exactly: the interference still will be constructive for the limited number of 

lattice planes involved. As consequence, the Bragg reflections extend over a range of 

frequencies, corresponding to the width of the stop gaps. 

 

2. 4  Distributed feedback (DFB)  

In general, a material can provide such feedback by having either a modulated gain 

constant or a modulated index of refraction. Figure 11 shows a simplified diagram 

explaining the functioning of a distributed feedback system. In this figure two arrows are 

drawn representing light waves, one is travelling to the left and the other to the right. At 

each point along the structure each wave is receiving energy from the wave travelling in the 

opposite direction through backwards Bragg scattering. This is distributed feedback. If the 

material in which the waves are travelling also has gain then the proper conditions for an 

oscillation, or standing wave, will be present [14]. The reason why this system can output a 

spectrally narrow beam is that Bragg refection is wavelength sensitive so that only a narrow 

range of wavelengths will provide feedback to the system.  

 

 
 

Fig. 11: Scheme of the DFB mechanism in a 1D periodic structure. 
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In order to utilize such a system one must know what the resonant frequencies are and 

what their corresponding threshold gains are. To answer these questions is not simple task, 

it involves a lengthy derivation which was completed by Kogelnik and Shank [14] . In this 

thesis I will discuss a system in which the feedback comes from a modulated index of 

refraction and not from a modulated gain constant the resonance with the lowest associated 

gain threshold is expected to be located just outside of the stop band of the material [14]. 

Also, this theory predicts that the spectral width Δλ of the laser beam emitted from the 

system at resonance will be inversely proportional to the length of the device. 

Kogelnik and Shank [15] were the first to report laser action in mirrorless periodic Bragg 

DFB structures. Laser action in chiral liquid crystals was predicted by Goldberg and Schnur 

in 1973 [16] and firstly observed by Il’chishin et al. in 1981 [17] being explained using the 

distributed feedback theory [15]. In a distributed feedback (DFB) laser the laser modes 

receive feedback at one specific wavelength (and to a smaller extent, its harmonics), 

determined by the grating period of the structure. While the mode is propagating along the 

structure a small part of its energy is reflected (i.e. coupled into the counter-propagating 

mode) 

2. 5  Cholesteric as 1D photonic crystal 

Among many photonic bandgap (PBG) structures, liquid crystals with periodic 

structures are very attractive as self-assembled photonic crystal[20], leading to optical 

devices such as dye laser[21,22]. 

The birefringence and natural ability to form periodic structures make chiral liquid 

crystals interesting one-dimensional photonic bandgap materials. In fact, chiral liquid 

crystals (CLC) possess a helical superstructure which provides a 1D spatial modulation of 

the refractive index giving rise to Bragg selective reflection for circularly polarized light 

having the same handedness as the LC structure. In PBG microstructures light can be 

confined and manipulated by engineering quasi-ideal distributed feedback (DFB) micro-

resonators [23,24]. In a CLC doped with fluorescent guest molecules, the spontaneous 

emission is suppressed for the reflection stop band and it is enhanced at the band edges 
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where a series of narrow long-lived transmission modes are expected [25]. Within the 

bandgap, the wave is evanescent and decays exponentially, so that the density of states 

(DOS) within the gap vanishes in large structures. At the stop band edges the density of 

states is expected to diverge. The group velocity vg is real, and at the photonic band edge 

tends to zero, while the photon dwell time is greatly increased, so that the gain is 

significantly enhanced at these spectral positions [26]. 

 

 

Fig. 12:  Molecular structure and the photonic bandgap structure of cholesteric liquid crystal 

 

In the next chapter I will present a detailed physical characterization of organic 

distributed feedback microcavity lasers. This optical microcavity was obtained by confining 

self-organized cholesteric liquid crystal doped with fluorescent guest molecules into 

different confinement geometries. The chiral liquid crystal act as mirrorless cavity lasers, 

where the emitted laser light propagates along the liquid crystal helical axis behaving as 

Bragg resonator. 
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3. Disordered scattering media 

3.  1  Single scattering 

Propagation of light inside a homogeneous material is simple: light propagates in 

straight trajectories. Eventually, optical absorption may occur and the light intensity decays 

exponentially as the wave travels in the medium. If the wave encounters an inhomogeneity 

it is scattered, and changes its direction of propagation. A  scatterer can be an atom with 

polarizability ϕ, or a particle of refractive index n, or a density fluctuation in a liquid or gas. 

The scattering cross section of the scatterer σs is defined as the amount of light removed 

from the incident beam by scattering. 

Depending on the size of the scatterer r relative to the wavelength λo, the scattering can 

be classified in three different types: Rayleigh scattering, Mie scattering, and geometrical-

optics scattering. 

Rayleigh scattering is the scattering by particles much smaller than the optical 

wavelength, like for instance atoms and molecules. In this regime the scattering is very 

inefficient and the cross section is given by [27]:  

4
0

2

3
8 kS πϕσ =  

where ϕ is the polarizability and the wave vector in vacuum is given by ko =2π/λo. 

If the size of the scatterer is of the order of the wavelength then σs is maximal. This 

regime is known as Mie scattering. The determination of the Mie cross section is far from 

trivial and it was calculated numerically for objects with a high degree of symmetry, as 

spheres or cylinders [27]. In general, σs is larger when the refractive index contrast m 

between the scatterer and the surrounding medium is higher.  



Propagation of light in periodic and disordered scattering media                                                        46 

 

If the size of the scatterer is much larger than the wavelength then its scattering cross 

section is equal to two times its geometrical cross section. This is the geometrical-optics 

regime, and the scattering is described by Snell’s law [28]. 

3.  2  Multiple scattering and light localization 

The scattering mean free path, ls , in a medium,  is defined as the average distance 

between two consecutive scattering events. If the medium is larger than ls  the single 

scattering approximation is not valid. Multiple scattering takes place. Depending on the 

arrangement of the scatterers, two limiting cases of multiple scattering media can be 

distinguished: crystals on one side and random or disordered media on the other. A 

disordered medium has a random distribution of scatterers. The photonic or scattering 

strength in a disordered scattering medium is described by the inverse of the localization 

parameter kls (also known as the Ioffe-Regel parameter [29]): 

SeS lnkl
0

2
λ
π

=  

where k is the wave vector in the medium, and ne is the effective refractive index of the 

medium. 

The scattering mean free path is, to a first approximation (independent scattering 

approximation), given by: 

S
Sl ρσ

1
=  

where ρ is the density of scatterers and σs is the average scattering cross section. 

In a weakly scattering medium we have kls >> 1. The photonic strength can be 

increased by reducing ls, which is achieved by maximizing the scattering cross section. 

In the weak scattering limit, that is when the scatterers density is low, and/or when the 

scattering cross section is small, the transport of light is well described by the diffusion 
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equation. The wave diffuses in the medium as electrons do in a disordered metal. The main 

approximation of the diffusion approach is to neglect any interference of the wave 

propagating along different paths. When the scattering becomes strong, interference plays 

an important role.  

By using the diffusion equation a great simplification is achieved in the macroscopic 

description of the wave propagation [30] (i.e. on length scales larger than ls). The main 

approximation that the diffusion approach does is to neglect any interference effect. 

The main aspect of the diffusion approximation can be considered by looking at the 

average intensity IAB in a point Q produced by a source located in a point P, as shown in 

Figure 13. 

                                                     

Fig. 13: (a) The intensity at point Q due to a source in P is given by the sum of intensities of all 

possible paths leading from P to Q. (b) If Q is overlapped with P an interference contribution 

appears.     

By average intensity is meant the ensemble average or the intensity averaged over all 

possible positions of the scatterers. 

The wave can propagate along many different optical paths, but for simplicity, only two 

of these paths are represented. The lines representing the optical paths in Fig.13 correspond 

to the wave vector of the scattered waves. 
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Inside any multiple scattering medium, the intensity at the point Q is given by the square of 

the sum over a suitably normalized amplitudes of waves following all possible scattering 

paths connecting P to Q 

2

)(∑ →=
i

i QPAI  

Since each path gives a different phase shift to the wave, on average, the cross terms in the 

square will cancel out and the intensity at Q will be given by the sum of the squared 

amplitudes (meaning that the interference contribution is absent) 

2
)(∑ →=

i
i QPAI  

In the case for which Q coincides with P, the scattering path can be crossed in opposite 

direction. A wave traversing the path in one direction will interfere constructively with a 

wave crossing the path in the other direction, which doubles the total intensity at P. Thus, 

the probability to return to the initial position is twice as large as one would expect (without 

taken into account interference).    

In a real system there are many possible optical paths, and the interference term leads 

to the characteristic speckle pattern that can be observed on the transmitted or reflected 

light. Speckles are the bright and dark spots formed by the scattered light and they give to 

the transmission and reflection its granular aspect [31]. If the intensity is averaged over all 

possible realizations of the disorder, the interference term, or speckle, vanishes. This 

vanishing of the speckle occurs because on average the interference term cancels out since 

the contribution of constructive and destructive interference are equal. When neglecting the 

interference term is the sum of the intensities of the waves diffusing along different paths. 

Therefore, the diffusion approximation does not make any distinction between diffusing 

particles or wave intensities. The wave diffuses in a 3D medium with a diffusion constant 

DB given by: 



49                                                                                                                            Chapter 2                             

 

BB vlD
3
1

=  

where v is the energy velocity or the rate at which the energy is transported, and lB is the 

Boltzman mean free path or the length over which the direction of propagation of the wave 

is randomized by scattering in the absence of interference. 

However, in a random medium there is always an interference contribution that survives 

(even for weakly scattering media) the averaging over different configurations of the 

disorder. This interference originates from closed paths (Fig. 13). For each closed path a 

wave emitted at the source P can return to the same point after propagating along two 

reversed paths, I and II. These paths are called time-reversed paths. This effect is called 

weak localization, since it is believed to be the precursor of Anderson localization or strong 

localization. 

Similar to photonic crystals, direct and inverse random media can be realized. A direct 

medium or disordered opal consists of a powder of particles in air; while an inverse random 

media is a sponge like material in which air voids are surrounded by the material with high 

refractive index. 

3.  3  Weak localization of light  

Interference of light in random dielectric systems influences the transport of light in a 

way that is similar to the interference that occurs for electrons when they propagate in 

disordered conducting materials.  

One of the most robust interference phenomena that survives multiple scattering is 

coherent backscattering or weak localization of light [32,33]. In weak localization, 

interference of the direct and reverse paths leads to a net reduction of light transport in the 

forward direction, similar to the weak localization phenomenon for electrons in disordered 

(semi)conductors and often seen as the precursor to Anderson (or strong) localization of 

light [34]. Weak localization of light can be detected since it is manifest as an enhancement 
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of light intensity in the backscattering direction. This substantial enhancement is called the 

cone of coherent backscattering.  

Weak localization has been initially studied for electronic systems, in the 1970s, where 

it has been reported as quantum interference (coherent echo) between electronic waves 

multiple scattered by impurities in conductors [35]. Weak localization manifests itself as an 

anomaly of the resistance of a conducting thin film [36]. In electronic systems it has arisen 

much interest, as it is one of those unique cases where the superposition principle of 

quantum mechanics leads to observable consequences in the properties of macroscopic 

systems [37].  

At the beginning of the 1980s, this concept based on interference has been successfully 

exported also to light waves, which instead of electrons show very weak photon to photon 

interaction, have a much longer coherence time and are extremely sensitive to interference 

effects. On the other hand in optical experiment, it is hard to measure quantities like the 

total conductance, but it is possible, due to the long coherence length, to observe its 

counterpart, i.e. directly the interference-induced increase diffusion in backscattering: the 

coherent backscattering cone.  

Since the first experimental observation of coherent backscattering from colloidal 

suspensions, the phenomenon has been successfully studied for electromagnetic waves in 

strongly scattering powders [38], cold atom gases [39], two-dimensional random systems of 

rods [40], randomized laser materials [41], disordered liquid crystals [42], chaotic cavities 

[43] photonic crystals [44] and even sea bottom. The phenomenon is typical of any wave 

which is multiply scattered, and it has indeed been observed also for mechanical waves: 

acoustic waves in macroscopic disordered systems and even seismic waves propagating in 

the earth crust.  

Weak localization has its origin in the interference between direct and reverse paths in 

the backscattering direction. When a multiply scattering medium is illuminated by a laser 

beam, the scattered intensity results from the interference between the amplitudes 

associated with the various scattering paths; for a disordered medium, the interference 

terms are washed out when averaged over many sample configurations, except in a narrow 
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angular range around exact backscattering where the average intensity is enhanced. This 

phenomenon, is the result of many two-waves interference patterns 

I(θ,φ) = I0 (1 + ζ cos(d .Δk)) 

where I0 is the total intensity forgetting interferences, ζ the contrast of the interference, θ 

and φ the angles with respect to the backscattering direction, and we assume no additional 

phase difference along the reverse paths exists. The incident and scattered k-vector ki and kf 

are written as 

                                                      ki = (0, 0, k) 

kf = (- k sin θ cos φ, - k sin θ sin φ, - k cos θ) 

This interference is generated by counter-propagating light paths with entering-exiting 

distance d = r1 _ rN and initial and final k-vectors ki, kf such that Δk = kf + ki (see Fig. 14). 

Maximum interference is obtained when the counter-propagating paths have the same 

amplitude (and thus ζ = 1), and only at θ = 0. 

 

 
 

Fig. 14: counter propagating light paths that give rise to weak localization (coherent back 

scattering) 

 

3.  4  Anderson (strong) localization 

Anderson predicted in 1958 a transition in the diffusive transport of electrons in 

metals, in particular, in lattices where disorder was introduced as impurities [45]. The 

transition changes the electrons transport from classic diffusion (what happens in a copper 
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wire for example) to the absence of diffusion. Experimental evidence of this prediction was 

found in the following years when studying this transition in conducting materials. The 

electric conductivity σ decayed exponentially with the length of the system when the 

Anderson localization regime was reached [46]. The Anderson transition means that a 

conductor becomes an insulator, because the wave function of electrons is localized inside 

the sample, stopping the classic diffusion. The origin of this effect is the multiple scattering 

of the electrons by defects in solids.  

The same effect is present for photons in strongly disordered dielectrics, with the great 

advantage that no interaction is present for photons with respect to electron-electron 

interaction in the electronic case. This fact can make photonic systems more suitable for 

studying Anderson localization than electronic ones. On the contrary obtaining the same 

scattering efficiency with respect to electronic solids is not so easy in dielectrics. The 

proposal of John for photonic crystals  derived from the necessity to design a strongly 

scattering dielectric system to study Anderson localization of photons.  

Experimental proofs for the existence of localization of light in the near infrared was given 

in 1997 by Wiersma et al. [47], where GaAs powder, with particles dimension of  300 nm 

was used. To obtain localization in a 3D sample, the transport mean free path lt (the length 

over which the light has lost its original direction completely) is subject to the Ioffe-Regel 

condition [48]  

klt ≤ 1 

Localization means that the diffusion mechanism of photons is stopped, and the light is 

trapped inside the sample. The transmission of the sample (without absorption) will be 

T = T0 exp(−L/ξ)  

where L is the length of sample and ξ is the localization length, that represents the critical 

dimension for a sample to have localized states. Fig. 15 shows schematically what happens 

to photons in the localized regime. If A is a point source inside a strongly scattering 

medium, subject to the Ioffe-Regel condition, two waves that propagates in opposite 

directions along this loop will acquire the same phase shift and so they interfere 
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constructively. Far from the localization, loops of this type have very low probability to 

exist and classical diffusion dominates 

 

 
 

Figure. 15: Anderson localization is caused by constructive interference of time reversed waves if 

the Ioffe-Regel criterion is fulfilled in a 3D system. The diffusion is stopped and the light is 

localized in loops. 

. 

 

3.  5  Anisotropic Coherent Backscattering  in Nematic Liquid Crystal 

In the last decay, a lot of study has been done in the propagation of light in disordered 

multiply scattering systems. The physical condition to have light diffusion is simply λ << lt 

<< L, meaning that we have to stay away from Anderson transport and also that the sample 

dimensions L have to be longer with respect to transport mean free path to be in the 

multiple scattering regime. From a diffusive sample we can perform measurements from 

which we extract the transport mean free path, using the coherent backscattering technique 

[33], or we can measure the diffusion constant D with a time-resolved experiment [49]. 

These two are related if one supposes to have isotropic diffusion in three dimensions by 

 

D(ω) = 1/3ve(ω) lt (ω) 
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ve is called energy velocity (it describes the transport of the electromagnetic energy). It can 

be of the order of the phase velocity c/n for many dielectric systems, but can be also 10−5c, 

as happens for a cold cloud of rubidium atoms. 

It was demonstrated that for applications one can add some optical gain to these systems to 

obtain an optical device. What we have in this way is a random amplifying medium or what is 

called today a random laser that will be the mean subject of the forth chapter of this thesis.  

In this chapter I will present the first observation of random lasing in nematic liquid 

crystals. 

Liquid crystals in the nematic phase are strongly scattering materials. The nematic 

phase of a liquid crystal is characterized by a global alignment of the molecules in a 

direction called the nematic director n(r), and an otherwise translational disorder. The 

strong opacity of the nematic phase comes about from local fluctuations in the nematic 

director n(r; t) = n0 + δn(r; t), that elastically scatter light [20]. Transmission experiments 

have shown that light transport in ordered nematic liquid crystals indeed shows anisotropic 

features, both in static and dynamic experiments, and that diffusive models and radiative 

transfer theory can describe light transport in such a complex medium [50].  

Pioneering experiments on coherent backscattering from nematics have been performed, 

and the existence of the interference phenomenon could be confirmed. Anisotropy in 

coherent backscattering due to an anisotropic transport mean free path has been predicted 

numerically in Monte-Carlo simulations [51]. Recently, Wiersma and his group observed an  

anisotropic behavior in weak localization from ordered nematic liquid crystals. They 

demonstrated that the backscattering cone profile exhibits an angular anisotropy 

dependence on the direction of the nematic director (Fig.16). 

This study opens the way for further investigation on light transport in such a complex 

medium. Multiple light scattering in these media is a recent subject of fundamental 

investigation as they are suitable candidates to observe anisotropic light transport and to 

study anisotropic interference phenomena.  
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Figure. 16: Coherent backscattering cones in polar colour plots from nematic liquid crystal for 
three cases of the nematic director. Top: nematic director in x, bottom: director in y, middle: 
polydomain phase. The anisotropy in the backscattering cone is clearly visible. The polarization is 
in the x-direction in all cases. 
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Figure 16: Coherent backscattering from a monodomain nematic for both orthogonal scanning 
directions, in a linear plot. Nematic director and polarization in the x-direction[].  

 

 

The diffusion and transport of light waves in complex dielectric structures have 

spurred a vast range of experimental and theoretical work, revealing one of the most 

challenging and exciting scientific area of the past decade. The propagation of 

electromagnetic waves in periodically structured dielectric systems, i.e. photonic bandgap 

materials, and the linear and non-linear optical phenomena in completely disordered 

systems doped with gain media represent two opposite sides of this promising scientific 

branch. The literature demonstrates that much has been done in these extreme areas, but 

the huge intermediate world constituted by the partially ordered systems still remains almost 

unexplored. In the next chapters I will  report about the laser emission in periodic, partially 

ordered systems and totally disordered media.  
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1. Conventional Distributed Feedback Systems  

The propagations of electromagnetic waves in dielectric periodic structures, 

represents a topic of great interest in various field of scientific research. Periodic 

structures, namely “photonic crystals” that strongly localize light, have recently attracted 

considerable attention because of their potential applications in display, 

telecommunications, and fiber optics technology[1,2]. One of the more attractive topic 

of photonic bandgap media has been the study of stimulated emission, with the purpose 

of realizing low threshold laser devices. In 1D structures, laser emission has been 

predicted at the photonic band edge,[3] and optically active chiral liquid crystals have 

recently been used to provide feedback for mirrorless organic lasers. The consideration 

of chiral liquid crystals as photonic gap medium has stimulated observation and 

investigation of lasing in cholesteric liquid crystals[4-6], lyotropic cholesteric LCs[7], 

ferroelectric chiral smectic C LCs[8,9],network polymers[10], elastomers[11] and blue 

phases[12].The idea of building organic mirrorless  laser is not new, in fact several years 

ago Kogelnik and Shank [13] were the first to report laser action in periodic distributed 

feedback structures which do not utilize the conventional cavity mirrors but provide 

optical feedback via backward Bragg scattering, while laser action in chiral liquid crystals 

was proposed by Goldberg and Schnur in 1973[14]. 

Liquid crystals are promising photonic band gap materials. It is known that some of 

chiral liquid crystals such as cholesteric LCs naturally form helical structures with the 

helical pitch in the optical wavelength range[15]. Consequently, this periodicity gives rise 

to photonic band structures. The periodicity of the LC helix is very sensitive to its 

environment, such as the nature of the chiral dopant, temperature, mechanical stress 

and field conditions. This tunability of the photonic band is one of the remarkable 

features, that provide the possibility of controlling  photonic phenomena. 

Because of the birefringence and periodic structure, cholesteric liquid crystals are one 

dimensional photonic band gap materials. They possess a helical superstructure which 

provides a 1D spatial modulation of the refractive index giving rise to Bragg selective 

reflection for circularly polarized light having the same handedness as the LC structure. 

In PBG microstructures light can be confined and manipulated by engineering quasi-
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ideal distributed feedback (DFB) micro-resonators [10]. In a CLC doped with 

fluorescent guest molecules, the spontaneous emission is suppressed for the reflection 

stop band and it is enhanced at the band edges where a series of narrow long-lived 

transmission modes are expected [16]. Within the bandgap, the wave is evanescent and 

decays exponentially, so that the density of states (DOS) within the gap vanishes in large 

structures. At the stop band edges the density of states is expected to diverge. The 

group velocity vg is real, and at the photonic band edge tends to zero, while the photon 

dwell time is greatly increased, so that the gain is significantly enhanced at these spectral 

positions [17]. This gain enhancement together with distributed feedback mechanism 

can give rise to low threshold mirror-less lasing at the band edge in a variety of liquid 

crystal materials. In chiral liquid crystals the index modulation is relatively low so that 

sufficient feedback can be achieved by increasing the length of the resonant cavity. 

Thousands of periods are needed in order to obtain an optical cavity with a quite high 

quality factor, Q [18]. 

This chapter contain two big sections: in the first part  we report the study of the 

light emission properties from novel fiber-like cylindrical microcavities hosting helixed 

liquid crystals doped with fluorescent guest molecules. In the second part we present a 

preliminary physical characterization of a novel array of organic distributed feedback 

microcavity lasers possessing a high ratio between the quality factor Q of the resonant 

cavity and its volume V. This optical microcavity was obtained by confining self-

organized mesophases doped with fluorescent guest molecules into polarization 

holography patterned polymeric microchannels. The liquid crystal microchannels act as 

mirrorless cavity lasers, where the emitted laser light propagates along the liquid crystal 

helical axis behaving as Bragg resonator. 

 

2. Cylindrical Microcavity Lasers 

Confinement of light in a small volumes has important implications for optical 

emission properties: it changes the probability of spontaneous emission from atoms, 

allowing both enhancement and inhibition[19]. In this section we present a study of the 

light emission properties from novel fiber like cylindrical microcavities hosting helixed 

liquid crystals doped with fluorescence guest molecules. The aim of this study is to gain 
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understandings about the role played by the number of helical periods, the influence of 

the CLC bulk volume and various surface treatments on the quality factor of the 

periodic mirrorless resonant system. 

The cylindrical confinement of CLC ensures an increase of the axial resonant cavity 

length, while maintaining a small modal volume. Cylindrical geometry favors the 

existence of a very complex structure of the chiral liquid crystal as evidenced by optical 

and structural investigations which will be reported elsewhere[20]. The long-range 

periodicity guarantees the enhancement of distributed feedback mechanism in these 

systems which is behind the observed low-threshold tunable lasing action. The 

cylindrical microcavities are represented by capillary glass tubes with various diameter 

values ranging from 20 up to 200 μm(Fig. 1).  

 

Fig.1: Lasing action from optically pumped (532nm) cylindrical microcavity. 

2. 1  Experimental set-up 

The geometry confinement used in these experiments is a cylindrical microcavities 

which are presented by capillary tubes. The diameter of these cylinder glass tubes 

ranging from 20 to 200μm.  Several chemical treatments were applied to the inner 

surface of the cylindrical microcavities in order to induce a privileged molecular 

alignment for the liquid crystal. In this case the helical structure is oriented parallel to 

the cylindrical main axis. 
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Different chemical treatments used are mixtures of DMOAP (0.1% wt N,N-dimethyl-

N-octadecyl-3- aminopropyltrimethoxysilyl chloride in isopropanol), orthochromic 

mixture (20% wt K2Cr2O7 in H2SO4), ACM72 (0.1% wt in water), lecityne and polyimide 

which were used in different concentrations to induce axial alignment of the chiral liquid 

crystal helix in the proximity of the boundary surface. Experimental investigations show 

that polyimide treated cylindrical capillary tubes provide the strongest surface-liquid 

crystal interaction and alignment for the liquid crystal. The cylindrical tubes were filled 

by capillarity with a mixture M1 of 99.7% BL094 right handed cholesteric liquid crystal 

(provided by merck) and 0.3% of Pyrromethene 597 (provided by exciton). The 

cholesteric liquid crystal used had a birefringence Δn = 0.21 and showed an optical band 

gap which spans from 525 to 585nm. The high efficiency region of the pyrromethene 

dye spectrum and the red-edge stop band of the cholesteric liquid crystal BL094 present 

very close spectral positions which maximizes the gain. The spectrum show an 

overlapping which could present the inconvenient of confusing the eventual amplified 

spontaneous emission effect with laser action, a second mixture M2 was prepared by 

adding to M1 a small percentage of BL001 nematic liquid crystal (Merck). As a result, the 

low-energy band edge red-shifted to 607 nm. 

The cylindrical microcavity was optically pumped with 3 ns pulses produced by a 

frequency-doubled (532 nm) Nd YAG: yttrium-aluminum-garnet laser (NewWave, 

Tempest 20). The pump beam was focused by means of a cylindrical lens (f =100 mm) 

perpendicular to the axial sample direction. other optical instruments are used to select 

all the polarization states. The experimental setup is presented in figure 2. The light 

emission was collected within a restricted cone angle of 0.2 rad by using a multichannel 

charge-coupled device (CCD) (Jobin-Yvon, Micro-HR). By pumping the cylindrical 

tubes at low pump energy a dip in the spontaneous emission spectra occurred at the 

position of the stop band (Fig. 3). This indicate that PBG structure of the self-organized 

liquid crystal material severely modified the fluorescence spectrum of the laser dye 

molecules. By increasing the pump energy above a certain threshold value, a highly 

directional laser action was observed at the red edge of the stop band. The laser 

emissions were found to be circularly polarized, which indicates that distributed 
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feedback mechanisms take place through circular Bragg reflection. This level of 

confinement allows obtaining interesting emission properties: laser action is exhibited 

both in the axial and radial directions at different spectral positions indicating that 

waveguide effects are not responsible of the multidirectional emission. A striking point 

is represented by the spontaneous reconstruction of the helixed liquid crystal 

superstructural configuration inside the cylindrical microcavity, giving rise to a novel 

three-dimensional (3D) multidirectional lasing system. This complex system keeps the 

advantage of a 3D blue phase-like matrix while providing a wider thermal operating 

range and laser action wavelength tenability. 

 

Fig. 2: The experimental set-up. The samples were optically pumped with a Nd-Yag laser 

(532nm). The emission light was collected by a multichannel CCD spectrometer. Intense highly 

directional axial stimulated emission (at 587 nm) is observed on the background screen. 

 

Fig. 3: Modified fluorescence within the stop band. 
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2. 2  Band edge and defect modes lasing  

The LC micro-cylinder acts like a mirror-less cavity laser, where the emitted laser 

light propagates along the liquid crystal helical axis which behaves as a Bragg resonator. 

The experimental investigations show that radial and axial lasing spectra present slightly 

different wavelength positions and line widths (Fig. 4). The displayed lasing lines have a 

spectral position which correspond to the low-energy edge of the PBG and exhibit a 

very narrow stimulated emission peak of only 0.5 nm (limited by the resolution of the 

CCD spectrometer). The lowest measured lasing threshold was 250 nJ/ pulse for the 

radial direction and 500 nJ/ pulse for the axial one.  
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Fig. 4: Axial (a) and radial (b) lasing spectra for a micro-cylinder, with r/p ≈250,show 

slightly different wavelength positions and line widths confirming the existence of two distinct 

micro-resonant superstructure configurations. 
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To understand further this mechanism we experimentally defined that the ratio r / 

p, where r presents the internal radius of the cylinder and p being the pitch of the chiral 

liquid crystal, is the parameter which controls the arrangement of the helical 

superstructure. The simultaneous radial and axial lasing occurs when r / p < 50, 

indicating that the interplay of the strong boundary conditions and the symmetry of the 

micro cavity is responsible for the observed effect. In fact, the length ξ over which 

extends the influence of the surface depends on the inner alignment layer, and generally 

is about 1 μm which corresponds to a few pitch lengths. Therefore, the competition 

between the double-twist arrangement of the bulk region and the axial organization of 

the surface region finds a balance position for low r / p ratio. 

In addition to the expected band edge lasing modes, low threshold defect lasing 

modes which usually occur within the selective reflection band gap have been observed. 

Introduction of a defect in photonic crystal can give rise to an additional resonant mode 

inside the photonic band gap[1,21]. Such defect modes are localized at the position of 

the defect and may be used for narrow band filters[22] and low threshold lasers. 

Recently Schmidtke and co-workers reported defect mode emission of a dye doped 

cholesteric polymer network by introduction of a phase jump in the cholesteric helix. 

They used two layers of a highly cross-linked CLC polymer film to create a phase jump 

of 90° in the cholesteric helix (Fig. 5). Lasing is facilitated at these wavelengths since the 

photon dwell time is enhanced, giving ample opportunity for amplification by 

stimulated emission since the excitation energy will not be drained by spontaneous 

emission into modes other than the lasing mode. 

In the case of the presented cylindrical microstructure, the spontaneous 

rearrangement of the local director fields produces particular helical axis configurations 

which spans from planar (axial) to escaped twisted radial geometry. This structural 

organization materializes in the appearance of point defect modes. The local alteration 

of the sample which disrupts the periodicity of the structure leads to long-lived and, 

hence, spectrally narrow laser defect modes within the gap, observed both axially (Fig. 

6a) and radially (Fig. 6b). 
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Fig. 5: a) Sketch of the defect introduced in the cholesteric helix.b) Presence of the defect mode 

in the center of the stop band peaked at the location of the defect  

 

It is worth to notice that lasing wavelength on axial and radial defect modes are slightly 

different, since the resonant wavelength for the defect mode depends on the total phase 

slip which is given by the twist defect characteristics. Hence, the resonant wavelength 

undergoes important shift within the entire band gap by slightly changing either the 

defect layer thickness or the helical phase jump of the twist defect. 
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Fig. 6: a) Axially and b) radially emitted narrow defect lasing modes within the stop band. 

The ratio r/p is about 50.  

 

2. 3 Thermal behavior  

The most interesting aspect of the lasing in CLCs is that optical and geometrical 

parameters can be modified by applying weak external fields (temperature, electric field, 

mechanical stress, and optical field), resulting in a direct control of lasing features 

(wavelength, bandwidth, and emission intensity). These properties were found to be 

fully reversible. 

The experimental evidence definitely proves that the distributed feedback 

mechanism, provided by the dielectric tensor modulation of the helixed liquid crystal, is 

behind the lasing process in these systems. By means of a miniature oven (CaLCTec 

S.r.l.) the system’s temperature was varied from 25°C up to 50 °C allowing to obtain a 

fine-tuning of the laser emission wavelength. In fact the period of the chiral liquid 

crystal, the pitch p, changes with temperature variations [8]. The period of the helix 

increases by increasing the temperature, producing an overall displacement of the 

spectral region where the circular Bragg reflection takes place. As a result of the thermal 

elongation of the pitch, a shifting of the stop band edge where the laser action occurs is 

obtained.  
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Experimental measurements emphasize two different trends for lasing wavelength 

peak position in function of temperature for the radial and axial situations. A 

continuous temperature tuning of the lasing wavelength was obtained in the interval 

585–595 nm by varying the temperature (Fig. 7). We recorded a linear increase of 0.3 

nm/ °C for axial and 0.45 nm/ °C for radial stimulated emissions (Fig. 8). This 

dependence indicates that the axially oriented helical superstructure responds in a 

reduced way to an applied temperature gradient, with respect to the radial oriented helix. 

This different behavior is strongly related to the confinement, in other words the 

interfacial region offers a much stronger constraint at the helical superstructure than the 

free bulk region. Belyakov theoretically investigated the cholesteric pitch changing under 

the action of external perturbation. In particular he demonstrated the strong 

dependence of the anchoring energy on the structural behavior leading to a different 

response of the helical superstructure for interfacial and bulk regions of the cholesterics 

[23]. 
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Fig. 7: Stimulated emission spectra as function of temperature. A fine tuning  of the lasing 
wavelength is achieved for both axial (0.3°C/nm) and radial(0.45°C/nm) emissions.  

 

Taking into account the experimental evidences and by analogy to what is reported in 

the study of the confinement of nematic liquid crystal in cylindrical cavities, we suggest a 
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model for this spontaneous rearrangement of helix of these systems in the cylindrical 

tubes (Fig. 9). 
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Fig. 8:Temperature control of the lasing wavelength in self-organized helical mesophases 

confined in cylindrical microresonators. The different temperature dependence of the wavelength 

for the axial and radial stimulated emissions suggests the presence of two discrete DFB Bragg 

resonators. 

Due to the surface treatments we expected a preponderant orientation of the helical 

axis along the cylinder axis while in the bulk region the radial configuration is preferred 

due the big diameter of the cylinder. This spontaneous shift from planar to radial 

orientation gives rise to narrow defect layer which ensures this alignment passage. The 

formation of this layer is the responsible of the observed lasing defect modes. In the 

bulk region, because of the double-twist effect, a core interlinking zone has to be 

considered. Here, the local director is oriented along the cylindrical main axis, having a 

nematic-like structural configuration. This model is in good agreement with the 

experimental observations, explaining the existence of the two main DFB resonant 

configurations (axial and radial) and the presence of the defect modes lasing spectra 

within the stop band. 
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Fig. 9:  Schematic model of the chiral LC configuration inside the microcylinder. Axial 

organization of the helical structure in proximity of the boundary substrate is suggested, while 

in the bulk region a radial orientation is preponderant. The bulk organisation implies a double 

twist configuration together with a nematic-like order for the core region.  

 

We experimentally demonstrated that the confinement of dye doped helixed liquid 

crystal in cylindrical micro-cavities gives rise to a 3D periodical superstructure where the 

two naturally preferred helical directions (axial and radial) create spontaneously. Low-

threshold highly directional laser action was observed both radially and axially. Along 

with the expected band edge mode we report the existence of long-lived spectrally 

narrow laser defect modes within the central region of the stop band. The defect modes 

are due to local dislocations of the chiral structure which yields optical phase jumps and 

weak light localization effects. Fine temperature tuning of the stimulated emission 

wavelength was achieved for both lasing situations. Experimental evidences suggest the 

existence of two main DFB resonant configurations (axial and radial) which are behind 

the demonstrated temperature tuneable multidirectional (3D) lasing system. Novel 

photonic architectures and optical devices could be engineered by using this level of 

confinement of periodic and quasi-periodic photonic crystals in order to minimized the 

scattering and increase the quality factor. In the following section we will report the 
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fabrication of periodic structure and the characterization of the laser action in these 

systems. 

3. Periodic Composite Micro-Structures 

Kogelnik and Shank [13] were the first to report laser action in periodic DFB 

structures which do not utilize conventional cavity mirrors but provide optical feedback 

via backward Bragg scattering. Lasing has been demonstrated in dye-doped cholesteric 

liquid crystals [24], liquid crystals in polymer networks [25], and also in dye-doped 

helixed liquid crystals in holographically patterned polymeric microchannels 

(POLICRYPS)[26]. In order to gain further understanding on this work reported by 

Strangi and his group in 2005, we decided to continue within this approach by using a 

new micro-structuring techniques based on the combination of a dichroic photoinitiator 

and polarization holography and we reported also a study of the lasing emission 

properties in these systems. The orientation of the LC helix axis along these micro-

structures offers several physical advantages: increase of the cavity length and thus the 

number of periods, small modal volume, directional control, improvement of the liquid 

crystal orientational order parameter, and wavelength tunability. The distributed 

feedback needed to obtain laser oscillations in the case of a small refractive index 

modulation requires thousands of periods in order to behave as an optical cavity with a 

quite high quality factor. 

3. 1  Mono disperse membrane  

Holography is a powerful technique, especially for the formation of gratings. It is 

defined as the transformation of an interference pattern of lasers in photo-sensitive 

films. In essence the process of creating holographic patterns consists of three steps: 

• creating an interference pattern of coherent polarized light, 

• capturing the interference pattern in a photo-sensitive film, 

• reconstructing the hologram by diffraction of light from this film. 

Holographic optical elements offer attractive properties for a variety of optical 

applications for their ability to control the direction and the wavelength of light with 

high efficiency, low absorption, and low levels of scattering[27,28]. They found a great 
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use in liquid crystal displays as filters, retarders and reflectors. In this chapter they have 

been thought as micro-cavities for lasing. 

To prepare these holographic membranes for microcavity lasing we used NANOTM SU-

8 (MicroChem Cop,Newton,MA) photoresist. SU-8 is a high contrast, negative, epoxy-

based line of near-ultraviolet (UV) radiation-sensitive photoresists with suitable 

chemical and mechanical properties, capable of developing thick photoresist structures 

in a single photolithographic step [29]. 

The fabrication of these systems involves the exposure of a photosensitive material 

(photo-resist) to an interferometric pattern produced by a laser [30]. In general, two 

specific cases of interference patterns are distinguished : purely intensity-modulated 

interference patterns with constant polarization state known as intensity holography, 

which was used here to produce the holographic grating, and purely polarization-

modulated interference patterns with constant intensity called also polarization 

holography. We will discuss further the later techniques in the next section. The 

interference pattern is constructed by two overlapping plane waves(coherent beams) 

with identical polarization sate. This pattern consists of a periodic sinusoidal intensity 

pattern as indicated in Fig. 11. If the beams (K1 and K2) are placed in the x,z-plane with 

an angle of θ and -θ from the z-axis respectively, the intensity will be independent of y 

and modulated in the x-direction with a periodicity determined by Bragg’s Law: 

Λ = λ / (2 sinθ) 

Where Λ is the period and λ the wavelength of the light. 

 

Fig. 10: Interference pattern of 2 plane waves 
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The SU-8 photo-resist was spin coated onto glass substrates of 2 by 2 cm in size, which 

were prepared in a clean room to ensure their purity. The cleaning process can be 

resumed in the following steps: 

• Rinse the glass plates with demiwater 

• Vibrate (ultra sonic bath) the glass plates for +/- 5 minutes in the “Teepol” (soap) 

solution 

• Scrub the glass plates on both sides with a sponge and the Teepol-solution. 

• Vibrate the glass plates again in the Teepol -solution 

• Rinse the glass plates careful with demiwater 

After that, a very thin layer of omnicoatTM is coated on a clean glass plate. Next a 

uniform photo-resist layer is deposited by use of a spin coater. The rotation regime of 

this device and/or the mutual chemical concentration of the photo-resist and a solvent 

(thinner) can be varied allowing the precise “tuning” of the polymer layer thickness   

(Fig. 11). After evaporation of the solvent the sample is exposed with a holographic 

laser- writing set-up presented in Fig. 12. 

 

 

 
 

Fig. 11 : Layer thickness as function of spinning speed. 
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Fig. 12: Optical setup for UV curing gratings; M, mirrors; L1, L2, lens; I, aperture; PBS, 

polariser beam splitter; HWP, half-wave plate; θc, curing angle; S, sample 

 

A single mode beam from an Ar-Ion laser operating at wavelength at 361 nm is 

broadened by a spatial filter (composed by two lens L1, L2, and a small aperture I ) up 

to a diameter of about 30 mm. It is divided into two beams of nearly the same intensity 

by the polarizing beam splitter PBS. In order to have the same polarization of these two 

beams, a half-wave plate HWP has been adopted in one of the two arms of the 

interferometer system. These two beams intersect at the entrance plane of the sample S, 

giving rise to an interference pattern (Fig. 13) 
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Fig. 13:  Interfering Laser beams’ above the sample position and the interference intensity 

pattern below it 

After exposure, the sample is heated to crosslink the SU_8. The remaining non-cross 

linked and non exposed SU-8 is removed by SU-8 developer. 

The whole process, for preparing grating structures, is represented in the following 

sketch(Fig. 14): 

 

Fig. 14: Sketch of the whole process for the realization of grating structures 
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An important parameter in order to realize a periodic structure on a photosensitive 

material is the light absorbed by the photoresist during exposure, called photoresist 

dose. It is related to the curing time and curing power, namely: 

[D]=[P]*[t]=watt*sec=joule 

P is the curing power and t the curing time. By changing these two parameters it is 

possible to control the depth of the obtained grating. Depending on the dose, it is 

possible to obtain different morphology for the gratings. 

By using the holography techniques and varying the angles between the exposures we 

can create different geometries of grating. If one time exposure is performed to the 

sample we obtain to regular line as shown in Fig. 15. 

 

 

 

Fig. 15: SEM picture of grating morphology obtained by using one time exposure 
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If the angle between the first and the second exposure is 90° meaning circular pores are 

obtained in cubic packing (Fig.16). 

 

Fig. 16: SEM picture of holographic membrane morphology obtained by using double- 

exposure time and the angle between the two exposures is 90° 
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The double exposure at an angle about 60° we observed the following morphology 

presented in the Fig. 17 

 

Fig. 17: : SEM picture of hexagonal membrane morphology obtained by using double- 

exposure time and the angle between the two exposures is 60° 

And by changing the angle to180°  we have planar channels as shown in Fig. 18 

 

Fig.18: : SEM picture of holographic membrane morphology obtained by using double- 

exposure time and the angle between the two exposures is 180° 

 

The microscope morphology of these microchannels filled by capillarity with a nematic 

liquid crystals is presented in Fig. 19. 
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Fig. 19: The microscope morphology of channels filled with NLC 

 

3. 2  High aspect ratio grating  

Here we present a new micro-structuring technique based on the combination of a 

dichroic photoinitiator and polarization holography. Polarization holography has many 

similarities with classical intensity holography. Both are pattern transfer techniques that 

make use of the interference of coherent light. The period of the holographic structure 

is determined by the angle between the overlapping plane waves. To record the 

interference pattern, a light sensitive material is placed into the interference pattern and 

a corresponding pattern is somehow imprinted in the material. Depending on the 

material, several processing steps are required, including development, post-curing and 

desensitizing steps. As mentioned before intensity holography is the modulation of 

intensity generated by two plane waves with the same polarization. For polarization 

holography two plane waves interfere with orthogonal polarization states resulting in a 

modulation of the polarization state, while the intensity of light remains constant (Fig. 

20). 
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Fig. 20: Polarization holography interference patterns created by two circularly polarized 

beams. 

In this work we combine the use of polarization holography with dichroic 

photoinitiator. The common photoinitiators are substances capable of initiating a 

polymerization reaction. Upon exposure to the proper wavelength, these materials 

dissociate, creating free radicals that initiate the polymerization reaction. The difference 

between the common photoinitiators and the dichroic one that the last have an 

additional property that the dissociation rate is orientation-dependent. Using polarized 

light, the dissociation of the dichroic photoinitiator occurs faster when the transition 

moment of the molecule is aligned in the direction of polarization, in fact an alignment 

of the photoinitiator is required. A macroscopic alignment of the dichroic photoinitiator 

is generated by blending a small amount into an anisotropic host such as a liquid crystal 

(LC) mixture. The alignment can then be manipulated by external stimuli such as electric 

or magnetic fields, alignment layers and surfactants. 

The mixture used for the experiments contains approximately 30 % reactive LC (12% of 

C6M and 18% C3M) , 69 % non-reactive liquid crystal E7 and a small amount (1 %) of 

dichroic photoinitiator. All materials are kindly provided by Merck (Southampton, UK).  

This mixture is confined by capillarity in a sandwich cells which are manufactured by 

adhering two 2x2 cm glass plates separated  by 5-10 μm spacers. The inner surfaces of 

the glasses are treated with a surfactant in order to introduce a privileged alignment. The 

cell was then exposed to linear polarized source and the curing process is performed by 

an Argon laser at the wavelength of 361nm. As the dissociation rate of dichroic 
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photoinitiators is orientation-dependent, the polymerization is preferentially initiated at 

the locations, where the photoinitiator is aligned parallel to the electrical field vector of 

the UV light. During this localized polymerization LC monomer is consumed and a 

concentration gradient is build up. This induces a diffusion of the LC monomer to the 

bright areas, where a relative fast polymerization occurs. Due to this polymerization, 

monomer is depleted and the non-reactive LC counter-diffuses to the more slow 

polymerizing regions. In this way we obtain a pattern of polymer LC lines separated by 

non-reactive LC rich regions. After exposure the etching process is performed by 

submerging the samples in THF solvent over night. The non reactive LC is removed 

and a polymer lines are observed in all the sample (Fig. 21). 

 

Fig. 21: SEM images of a polymerized sample after  etching process. 

For the reason that the dichroic photoinitiator is orientation dependent and during the 

exposure the LC director is orthogonal to the electric field of the light source, the 
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orientation of the molecules in the valleys is orthogonal to the orientation at the walls as 

shown in the sketch (Fig. 22). 

A f t e r e t c h i n g

 

Fig. 22: A Sketch of the polymerized sample before and after etching. 

The microscope analysis between crossed polarizer show the following sharp 

morphology (Fig. 23). 

 

Fig. 23: Microscope morphology of the TPH after etching 
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3. 3  Laser action 

Lasing in micro-channels containing chiral liquid crystal has been demonstrated by 

Strangi and co-workers[26]. Some experimental study shown the persistence of some 

monomer  inside the LC channels. The monomer can distort the helical LC 

superstructure increasing the optical losses(Fig. 24). The aim of this work is to minimize 

the optical losses by constructing the micro channels as first step and then fill them with 

the active medium(dye doped cholesteric liquid crystal).  

 

Fig. 24: Sketch shown the difference between the POLICRYPS and the Polarization 

Holography structure. 

We adopted this systems to study the lasing in cholesteric liquid crystal infiltrated in 

predesigned microcavities. A series of significant physical advantages yield from 

adopting this type of configuration: increase of the optical cavity length, very small 

modal volume per each resonant micro-cavity (providing also minimization of the 

optical losses), directional control of the lasing emission, wavelength tunability and 

control over the emission intensity. 

As reported also for POLICRYPS, the presented geometry allows to obtain a number of 

periods which is about 2 orders of magnitude larger than conventional systems because 

it exploits the entire length of the micro-channel in a waveguide regime instead of the 

sample thickness. In this way, each micro-channel becomes an optical mirror-less 

microcavity with a very small volume V of only a few cubic micrometers. This is highly 
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desirable since it enhances the factor of spontaneous emission and severely reduces the 

threshold of laser emission. 

The microstructure was filled with cholesteric liquid crystal by capillarity at the 

isotropic phase and then cooling very slowly in order to get a homogeneous alignment 

of the helix. By cooling slowly the sample to room temperature (1°C /min ) a self-

organization process of the CLC helical occurs. The system tends to minimize its free 

energy by orienting the liquid crystal helices, on average, along the micro-channels. At 

the end of the whole process the helixed liquid crystal is oriented within the channels 

created by periodically separated polymer walls. The Mixture used is : 99.7% of BL094 

(Merck) doped with 0.3% of PM dye (Merck). The sample was optically pumped with 3 

ns pulses produced by a frequency-doubled (532 nm) Nd:YAG laser (NewWave, 

Tempest 20). The pump beam was focused onto the sample with a cylindrical lens (f = 

100 mm) producing an elliptical pro- file. The long axis of this beam profile was 

oriented perpendicularly to the micro-channels orientation so that several channels were 

simultaneously optically pumped. The PBG structure of the self-organized liquid crystal 

severely modified the fluorescence spectrum of the dye molecules: at low pump energies 

a dip in the emission occurred at the position of stop band (Fig. 25). This dip is the 

result of the localization of the emitted photons within the stop band, therefore it 

proves that a DFB mechanism is going on within our samples.  
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Fig. 25: Modified  fluorescence, a dip in the emission within the stop band.   
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By increasing the pump energy above a given threshold value, laser action was observed 

along the micro-channels at the low-energy edge of the stop band, where the photonic 

density of the states diverges and the lasing is expected. The laser emissions emerging 

along the micro-channels direction were captured by using a multichannel CCD 

spectrometer (Jobin-Yvon). The line width of the laser emission is about 0.6 nm (Fig. 

26). The laser emissions were found to be circularly polarized, indicating that distributed 

feedback mechanisms take place through circular Bragg reflection. The LC micro-

channel behaves as a miniaturized mirror-less cavity laser, where the emitted laser light 

propagates in the waveguide defined by the chiral liquid crystal medium. 
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Fig. 26: Above the threshold value a sharp lasing  peak appears at the edge of the stop band.  

 

The sketch in figure 27 shows this lasing scenario of the microcavity laser. The emitted 

laser light propagates along the liquid crystal helical axis behaving as Bragg resonator. 
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Fig. 27:  3D sketch describing the micro-laser array scenario. Highly directional and intense 
stimulated emission is achieved emerging from the microcavities in a direction parallel to the 
glass plates and along the microchannel structure. 

 

  This systems are still the subject of extensive studies because of the tunability, 

resulting in a control of lasing wavelength, bandwidth and emission intensity, by 

applying a weak external fields (temperature, electric field, mechanical stress, and optical 

field). In fact, by varying the temperature of the system the wavelength of laser emission 

was observed to redshift (Fig. 27). 
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Fig. 27: Temperature Dependence of Lasing Wavelength. A red-shift is observed by 

increasing the temperature. 
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It is well known that the period of the helical superstructure, the pitch p, changes with 

varying temperature and so a shift of the spectral region where the circular Bragg 

reflection occurs. Thus, the thermal elongation of the pitch results in a shifting of the 

stop band edge where the laser actions is expected. This experimental evidence 

definitely proves that the distributed feedback mechanism, provided by the dielectric 

tensor modulation of the helixed liquid crystal, is behind the observed effect. 
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1. History of random lasers 

These days the laser is an essential tool in our society. It has found widespread use 

in industry, medicine and other areas of contemporary life. Besides the many 

applications that have been discovered since the first experimental demonstration, more 

than 50 years ago, in 1960 by Theodore Mainman, the laser itself has also been subject 

of intense scientific study. 

The essential ingredients of a laser as mentioned in the previous chapter are a 

material that amplifies light through stimulated emission ( the gain medium) and a cavity 

that traps light in the gain medium to enable more efficient amplification. The gain 

medium is pumped electrically or optically by another laser source. Fabry-Pérot is the 

most common laser cavity , made of two mirrors, one of which is partially transmitting, 

that face each other on either side of the gain medium. Light that is traveled back and 

forth between the mirrors is amplified each time it passes through the gain medium. 

Light can leave the cavity through the partially transmitting mirror. Light that remains in 

the cavity interferes constructively after traveling a round trip between the mirrors and 

returning to its original position. This means that the phase delay of a round trip must 

be equal to an integer multiple of 2π, a requirement that can be satisfied only at certain 

frequencies. The laser light transmitted through the partially reflecting mirror has well 

defined frequency, good directionality and a high degree of coherence. If however, there 

are scatterers inside the cavity, the light can be scattered in other directions, introducing 

additional loss and increasing the lasing threshold. This is why optical scattering is 

considered detrimental and why laser engineers work hard to minimize the amount of 

scattering in laser cavities. 

What happens when the scattering is very strong? Surprisingly enough strong scattering can 

facilitate lasing action, and a disordered medium with gain light scattering turns out to 

have a positive effect on the laser process. Multiple scattering increases the time that 

light spends inside the sample and thus increases the dwell time of light enhancing light 

amplification. The combination of multiple scattering of light and gain are the essential 

ingredients of a random laser. In this scenario, we no longer need mirrors to trap the 

light in the gain medium since scattering can do the job on its own. Since strong light 
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scattering usually occurs in highly disordered media, the word “random” has been used 

to describe lasers that operate on the basis of these properties. 

In 1966 a group led by laser pioneer and Nobel laureate N. G. Basov realized a new 

type of laser cavity that provided nonresonant feedback, by replacing one mirror of 

Fabry-Pérot with a scattering surface[1]. Light in the cavity undergoes multiple 

scattering. Since every time it is scattered its direction changed, it does not return to its 

original position after one round trip. In such a cavity, the spatial resonances of the 

electromagnetic field are absent and the dwell time of the light is not sensitive to 

frequency. 

In 1968, Letokhov took the research further when he proposed self-generation of 

light in an active medium filled with scatterers. The photons spontaneously emitted by 

the excited atoms or molecules in the gain medium experience multiple scattering and 

undergo random walk before leaving the medium. As photons travel in the gain 

medium, they can induce the stimulated emission of additional photons. 

Since the pioneering work of Letokhov and co-workers lasing in disordered media 

has been the subject of intense theoretical and experimental studies. It represents the 

process of light amplification by stimulated emission with feedback mediated by random 

fluctuation of the dielectric constant in space. Intense stimulated radiation was observed 

in a wide variety of laser crystal powders, semiconductor nanoparticles, ceramic powder 

to polymers, organic materials and biological tissues [2].  More recently in 1997 Wiersma 

and Lagendijk asked the question:”can we build a coherent random laser in which 

feedback is caused by interference in multiple scattering [3]. In the same line of 

reasoning Cao and coworkers state that there are two kinds of feedback: one is intensity 

or energy feedback, the other is field or amplitude feedback [4]. The field feedback is 

phase sensitive (i.e. coherent), and therefore frequency dependent (i.e. resonant). The 

intensity feedback is phase insensitive (i.e. incoherent) and frequency independent (i.e. 

non-resonant). Based on the feedback mechanisms, random lasers are classified into two 

categories: (i) random laser with incoherent and non-resonant feedback; (ii) random 

laser with coherent and resonant feedback [5,6].  The transition between coherent and 

incoherent random lasers is the transition between coherent feedback and amplified 
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spontaneous emission; according to Cao and coauthors ,the scattering strength of the 

sample, expressed by the transport mean free path of the sample, is the key parameter to 

distinguish between the different random lasers[5]. We will speak further about these 

different kinds of feedback later.  

2. Random lasers 

In the description of a conventional laser, scattering of light is regarded as loss and 

detrimental to the laser process. In contrast, in a disordered medium with gain light 

scattering turns out to have a positive effect on the laser process. Multiple scattering of 

light increases the time that light spends inside the sample and thus increases the time 

that the light will be amplified. The combination of multiple scattering of light and gain 

are the essential ingredients of a random laser. Due to their low threshold and their ease 

of manufacturing random lasers are expected to be applicable in many utilizations of  

our quotidian life.  

Light diffusion and laser physics meet in the random laser: a multiply scattering 

medium that amplifies light. Optical scattering in a random medium may induce a phase 

transition in the photon transport behavior. When the scattering is weak, the 

propagation of light can be described by a normal diffusion process. By increasing the 

amount of scattering, recurrent light scattering events arise. Interference between the 

counter propagating waves gives rise to the enhanced backscattering, known as weak 

localization. Beyond a critical value of the amount of scattering, the system makes a 

transition into a localized state. Light propagation is inhibited due to interference in 

multiple scattering. Since Anderson localization is completely based on the interference 

effect, and interference is a common property of all wave phenomena, it is natural to 

extend electron localization to photon localization in disordered dielectric media.  

In the case of strong scattering and gain, recurrent scattering events could provide 

coherent feedback and results in lasing [7,8]. When the scattering mean free path 

becomes equal to or less than the wavelength, light may return to a scatterer from which 

it was scattered before, and thereby forming closed loop paths. If the amplification 

along such a loop path exceeds the loss, laser oscillation could occur in the loop which 

serves as a laser resonator. The requirement of the phase shift along the loop being 

equal to a multiple of 2π determines the oscillation frequencies. Such a laser is called a 

“random laser”.  
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There are two kinds of feedback for random lasing: Lasing with nonresonant 

feedback occurs in the diffusive regime. In a disordered medium, light is scattered and 

undergoes a random walk before leaving the medium. In the presence of gain, a photon 

may induce the stimulated emission of a second photon. When the gain length is equal 

to the average length of light path in the medium, the probability that a photon 

generates a second photon before leaving the gain medium approaches one. Thus the 

photon density increases. From the theoretical point of view, the solution to the 

diffusion equation, including optical gain, diverges. This phenomenon is similar to 

neutron scattering in combinations of nuclear fission. When optical scattering is strong, 

light may return to a scatterer from which it is scattered before forming a closed loop 

path. This is a random laser with coherent feedback. Of course, the picture of a closed 

loop is intuitive but naive. The light may come back to its original position through 

many different paths. All of the backscattered light waves interfere and determine the 

lasing frequencies. Thus, a random laser with coherent feedback is a randomly 

distributed feedback laser. The feedback in this case is provided by disorder induced 

scattering. This effect was evidenced by Lagendijk[9-14], Wiersma[15-17]and Cao [4,18-

19]. Random laser was observed in a variety of materials: nanoparticle suspension of 

TiO2 ,  laser crystals, Ti:Sa, ZnO powders for high scattering and gain and many 

others[12,20-24]. From the point of view of the random laser the crucial parameter is 

the transport mean free path, that is a measure of the scattering strength of the system. 

Most of the systems studied are in the diffusive regime, where λ << lt << L. 

Looking to the Figure 1 which shows  the comparison between a “classic” laser and 

a random laser, one might question how laser action occurs in a disordered material, 

given that it lacks a real cavity? The answer is simple. The condition for lasing comes 

from a careful balance between gain and loss. The light is trapped inside the medium by 

multiple scattering and during the scattering it is amplified by the gain medium. The 

output radiation can be roughly monochromatic, but without coherence and it is 

emitted over the whole solid angle. The emission properties of random lasers are not so 

different from the traditional ones. In particular random laser exhibit a threshold 

behavior. When the gain overcomes the losses the system goes above threshold. The 

losses are proportional to the total sample surface and the gain to its volume, so the 
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threshold criterion can be expressed in terms of a critical volume Vcr above which the 

system lases [12]. The threshold of a laser depends on the balance between gain and loss 

of light in the system. A laser will lase when the loss inside the cavity equals the gain. 

The point at which the gain exactly compensates the loss is referred to as the threshold 

of the laser. In experiments this threshold can be observed for instance in the power out 

versus input graphs as we will demonstrate below as beta factor.  

 

 

Fig. 1 : (a) Traditional laser cavity. (b) Random laser; the light is retained in the sample by 

multiple scattering and it is amplified at the same time. 

 

2.   1 β factor 

A quantitative description of a laser system is given in terms of rate equations. 

These equations describe the transport of laser light in a random laser: 
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Wl ,p(z,t) are the laser and pump light densities, n0,1(z,t) is the density of dye molecules in 

the ground and excited states, with n=n0+n1 the total molecular density, c the speed of 
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light in the medium, σa,e the molecular absorption and stimulated emission cross 

sections, and D=1/ 3cl is the diffusion coefficient for light. Further, l is the transport 

mean free path and τ is the excited state lifetime. Equations (1) and (2) are the random 

laser analog of the well-known kinematic rate equations describing the dynamics of 

conventional lasers [25]. In these equations one more parameter has been introduced: 

the b factor of a laser. By doing some mathematical calculations we can explain what b 

means in the equations (1) and how to obtain it.   

To incorporate the spectral dependence we rewrite Eq(1) in terms of the specific energy 

density Wl (λ)= Wl (l;r,t). 
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Integration over the entire spectrum yields Eq(1) from Eq. (3), where L(λ)dl is the 

spontaneous emission spectral density function and M(λ) excludes spontaneous 

emission outside the lasing band from Wl , we get. 
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so to equate Eqs. (1) and (4) we define: 
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Spontaneous emission is usually the seed for lasing, both in cavity and in random lasers. 

However, not all spontaneous emission participates in the laser process. The fraction of 

spontaneous radiation that does contribute to lasing is called β. In the science of 
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conventional lasers this parameter is of great interest because of the promise of a 

‘‘thresholdless laser’’ with β=1, in which all spontaneous emission is radiated into the 

lasing mode [26,27]. The ‘‘sharpness’’ of the laser threshold is governed by the value of 

β. Solving the laser rate equations with β=0 yields a sharp bend in the field energy 

density W as a function of pump rate r, a discontinuity in the derivative at the threshold 

rth . Below threshold W=0 and above W ∝ r-rth . In the other limit, β=1, W ∝ r. For 0< 

β<1 there is a threshold, which becomes less sharp as β gets larger [25]. The behavior of 

a laser for the different limits of β is given in Fig 2.[28] 

 

 

Fig . 2 : B determines the sharpness of the laser threshold. The threshold is indicated by rth. 

The abrupt bend for β=0 turns into a smoother transition for lager β, limited by the 

“thresholdless” for β=1. 

 

G. van Soest and Ad Lagendijk presented another method to determinate β. They 

construct β from the spectra as outlined in the Fig. 3. 



Random lasers and weak localization of light in NLC                                                          101 

 

 

Fig. 3 : Illustration of the construction of , where L(λ)dl is the 

specific spontaneous emission spectral density (left axis) and M(λ) is the coupling to the 

random laser process (right axis) 
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In the science of cavity laser this parameter is of great interest because of the 

information that provides. 

3. Random lasing in confined dye doped nematics   

The diffusion and transport of light waves in complex dielectric structures have 

spurred a vast range of experimental and theoretical work, revealing one of the most 

challenging and exciting scientific area of the past decade. The propagation of 

electromagnetic waves in periodically structured dielectric systems, i.e. photonic 

bandgap materials, and the linear and non linear optical phenomena in completely 

disordered systems doped with gain media represent two opposite sides of this 

promising scientific branch. The laser emission study in ordered and periodic systems 

has known an extraordinary revival in the last years; even because of the remarkable 

development of experimental techniques which allow scaling the photonic crystal 

structures down to the nanoscale with the aim to mould the flow of light [29]. 

Surprisingly, active random media repeatedly proved to be suitable for obtaining 

diffusive laser action, mainly based on the resonant feedback mechanisms in multiple 

scattering. Light localization and interference effects which survive to multiple scattering 
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events have been invoked to explain the random lasing observed in many exotic and 

complex systems [18,20,24,30-34]. In fact, when the diffusive photon transport in 

completely disordered systems encounters the condition klt ∼ 1, being k is the 

magnitude of the local wave vector and lt is the transport mean free path, an almost 

complete localization of light waves should occur. This effect is known as Anderson 

localization in analogy with the diffusion behaviour of electrons in some conductor 

lattices [35].   

Weak localization of light waves is considered as a particular case of interference 

effects which were predicted and observed in random media and in partially ordered 

systems  for  klt > 1  [36-39]. 

The motivation of our study to random lasing in partially ordered systems is that a 

lot of work has been done in ordered systems as photonic crystals 1D, 2D and 3D 

exploiting photonic band gap and distributed feedback. A several investigations has 

been done also for totally disordered systems such as semiconductor powders and s.o 

exploiting the coherent back scattering and the interference effects that survive in this 

media but the area between this two extreme is still unexplored. Further, recently, 

Wiersma and his group demonstrate that coherent backscattering experiments 

performed with high accuracy apparatus manifested weak localization of light even in 

tensorial systems characterized by high optical anisotropy, like nematic liquid crystals 

[40]. These experiments show how the recurrent multiple scattering events exactly back 

enhance the scattered intensity giving rise to an anisotropic backscattering cone [41].   

3. 1  Why nematic liquid crystals? 

 Nematic liquid crystals (NLC) are uniaxial fluids with rod-like molecules aligned on 

average along a local anisotropy axis which is represented by the unit vector n(r,t), the 

molecular director. The spontaneous fluctuations of the director represented by 

)trn( ) (ntrn ,, 0 δ+=

(αβαβ

 leads to fluctuations in the local dielectric tensor 

) βαεεδεε nn⊥⊥ −+= //  which is the main effect responsible of the recurrent 

multiple scattering events as a light wave is propagating through the NLC medium.  

Nematics are turbid in appearance, the scattering of visible light by NLC is higher, by a 
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factor of the order of 106, than the scattering by conventional isotropic fluids [42]. This 

was in fact one of the things which cast doubt on the very existence of liquid crystals in 

the early years; it was tempting to assume that they were made of suspension of small 

crystallites in a fluid phase, with crystallite dimensions comparable to an optical 

wavelength. However  it became clear that the high scattering power was in fact the 

intrinsic property of well defined nematic phases. The first experimental studies in this 

field has been reported by P. Chatelain[43], they give us a very direct probe of the 

spontaneous fluctuations of the alignment in a nematic medium.  

The fluctuations of  the local dielectric tensor εαβ  come from two different 

sources: (1) fluctuations in ε⊥ and ε// due to small, local, changes in the density, 

temperature, etc.; (2) fluctuations in the orientation of n, this is the dominant effect 

which is specific of nematic liquid crystals. When the scattering is increased beyond a 

critical value, the system makes a transition in a localized state, where light propagation 

is inhibited owing to interference in multiple scattering. The weak localization of light in 

an amplifying scattering medium supports stimulated emission through resonant and 

nonresonant optical feedback. Such laser action is usually called diffusive or random 

lasing.  

In this study, we mainly consider the multiple scattering of spontaneously emitted 

photons within the gain medium. These photons are characterized by different initial 

states of polarization which does not depend on the excitation polarization. The 

polarization of the excitation pulses and the scattering intensity is considered only in 

terms of  quantum yields and photons available to be radiated into the lasing modes.   

      In this chapter we report the first experimental observation of random laser action 

in a partially ordered and highly anisotropic NLC doped with fluorescent guest 

molecules. The study of laser emission in such system emphasizes the peculiar 

behaviour of diffusive laser action, randomness of laser emission was observed in time, 

space and frequency. In fact, the spatial distribution of the emitted light is speckle-like 

accompanied by strong intensity fluctuations and slight shifts of the resonant peaks 

occur for each pump pulse. The random laser relevant length scales, i.e. the scattering 

mean path length l, the gain length lg, and the sample size are found to be in good 
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agreement with the random laser theory. In fact, the gain length at the onset of lasing is 

lg  ∼ V2/3 / l ∼ 3.5 x 10-2 mm, is in reasonable agreement with the value found 

experimentally at the lasing threshold pump intensity (4.4 x 10-2 mm). In addition, the 

scattering mean path length was measured to be about an order of magnitude longer 

than the gain length providing ample opportunities to trigger the lasing effect.  

 

 

 

Fig. 4 : Schematic representation of a random walk in an anisotropic nematic liquid crystal 

medium. The pump light is diffusively scattered in the system and creates the gain region . 

When a photon travels inside the gain region it is amplified, while outside it is only scattered.  

 

 

 A schematic view of the random laser action is shown in Fig. 4. The absorption of the 

pump beam follows the Beer law 

I(z) = I(z = 0) exp(−kabsz) 

where kabs = 1/labs is the absorption coefficient. This means that after a distance 

equivalent to labs the light intensity that enters the sample is reduced by a factor e−1. 

Pump light is absorbed and part of the system becomes amplifying. Emitted photons 

are amplified while they travel into the gain region. Outside the gain region only 

scattering takes place, but photons have also the chance to enter again into the gain 

region and to be amplified again. Gain in a diffusive medium mainly amplifies long light 
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path, just like absorption attenuates them. In a diffusive random laser the spatial 

selectively of a cavity, which is essential in concentrating the stored energy in few 

modes, does not exist. The only selection mechanism is the wavelength dependence of 

the gain. Said otherwise, the electromagnetic modes of the system are broad (because of 

large losses) and strongly overlapped. A system that provides very strong scattering 

could decouple the modes of the system. This is called “random laser with resonant 

feedback” due to the supposed formation of random cavities in the Anderson 

localization regime [4]. 

3.  2  Experimental set-up 

The nematic liquid crystals used in this experimental studies are:  BL001 provided 

by Merck, having the following bulk phase sequence Cr. – -10°C – Nematic – 63°C – iso. 

The nematic liquid crystals  was doped with 0.3 wt% of  dye molecules( in this work we 

used more than one dye: the Pyrromethene 597, Pyrromethene 650 and the DCM. 

These dyes are provided by Exciton). The mixtures were bounded in several 

confinement geometries in order to investigate the role of the shape and the size of the 

confining system. 

The first experiments were performed by confining the mixture (nematic liquid 

crystal and 0.3% of dye) in a wedge cell constituted by two glass-ITO plates separated 

by Mylar spacers, with a thickness of 150 μm at one edge and 2 μm at the other one. 

The inner side of the plates were covered with rubbed polyimide alignment layers in 

order to induce a homogeneous alignment of the NLC molecules at the interface. 

The empty  wedge cells has been checked by measuring the transmission and 

reflection spectra collected by using a high sensitivity spectrophotometer (UV-visible-

near-infrared Cary 500 by Varian) in order to rule out any cavity effect due to multiple 

reflected light waves at the boundaries. Indeed, the experiments revealed the absence of 

constructive interference in these cells. In addition, the free spectral range was 

calculated by assuming a cavity effect and it was found to be absolutely incompatible 

with the wavelength of the lasing modes and with the spectral spacing of the modes.

  

 The wedge cell was filled by capillarity the flow was directed along the rubbing 

direction and normal with respect to the wedge. Upon observing the sample under a 



106                                                                                                                                              Chapter 4 

 

polarized microscope, it shows a planar alignment with the optical axis which lies in the 

plane of the cell parallel to the rubbing direction. The dye molecules dissolved in the 

NLC at very low concentration (0.3-0.5% by wt), proved to be completely miscible as 

evidenced by the almost complete absence of micro-droplets of dye embedded in the 

nematic phase. The wedge sample was optically pumped with 3-5 ns pulses produced by 

a frequency-doubled (532 nm) Nd:YAG laser (NewWave, Tempest 20). The pump 

beam was focused onto the thick region of the sample (about 150 μm) with a spherical 

lens (f = 100 mm) yielding a beam waist of about 30 μm at the focus position(see Fig. 

5).  

 

 

 

 

 

 

 

 

Fig. 5 : Experimental apparatus for measuring the emission features of a random laser in 

nematic liquid crystal sample. The laser was a frequency doubled (λ = 532 nm) Nd:YAG. It 

operated at 20 Hz repetition rate and had a pulse width of 5 ns. The emitted light was 

collected by a spectrometer that allowed a resolution of 0.5 nm. The pump beam  was focused 

on the sample, resulting in a spot size of 40mm of diameter. 

 

The experimental set-up presents a combination of optical elements (quarter-wave 

plates, half-wave plates and Glan-Thompson polarizers) in order to select all the states 

of polarization of the pump beam. A multichannel CCD spectrometer with a high 

spectral resolution (0.5 nm) and with a fiber termination was used to capture the 

emission spectra within a limited cone angle of 0.05 rad. The speckle-like pattern of the 
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emission spot was imaged on a screen while simultaneously the emission spectrum was 

captured by means of the CCD spectrometer.  

 The same mixture was confined also in cylindrical capillaries see Fig. 6, without any 

surface treatment, having inner sections of 0.2 mm and 0.5 mm. These capillary tubes 

were checked also experimentally to rule out the existence of Whispering Gallery Modes 

(WGM) which occur at particular resonant wavelengths related to the index refraction 

and size of the cavity. In fact, the inner surface of these cylindrical cavities have been 

covered with a thin film of dye doped nematic liquid crystal, under optical excitation, 

the emitted light presented just the typical spontaneous emission curve of the dye 

molecules.  These systems have been characterized with the some experimental setup as 

the wedge cells.   

 

 

  

 

Fig. 6 : Picture of diffusive lasing from optically pumped cylindrical capillary  

 

 As mentioned before the emitted light was collected and spectrally analyzed using a 

high resolution optical multichannel charge coupled device (CCD) spectrometer (Jobin-

Yvon). The input pump energy was varied, an example of an emission spectrum is 

shown in Fig. 7. At low pump power, the emission spectra show the typical 

spontaneous emission curve of dye molecules, indicating that NLC does not 
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considerably modify the fluorescence spectrum . Upon increasing the pump power 

above a given threshold value discrete sharp peaks emerge from the residual fluorescent 

spectrum. The line width of these sharp peaks were less than 0.5 nm, yielding a quality 

factor Q of this random cavities larger than 1000.  The narrow peaks denotes a decrease 

of the width of the spectrum of the emitted light triggered by the increase of the pump 

energy. A measure for the gain narrowing is the narrowing factor NF, defined as the full 

width half maximum (FWHM) of the emitted light below threshold (FWHMbelow) 

divided by the FWHM of the emission spectrum of the random laser above threshold 

(FWHMabove) 

above

below

FWHM
FWHMNF ≡  

In the case of the Fig . 7, the narrowing factor (NF) is: 50  
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Fig . 7 :  Fluorescence and lasing spectra are reported. Discrete sharp peaks emerge from the 

residual spontaneous emission for pump energy of about 1.2 μJ/pulse.  

Going further in the details, by increasing the pump energy below a threshold value 

600 nJ/pulse, the emission spectra show an amplified spontaneous emission of the dye 

used (Fig. 8a). Upon reach a given threshold value, about 960 nJ/pulse discrete sharp 
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peak appear (Fig. 8b). Increasing further the pump energy more sharp peaks emerge and 

the output energy was found to be about 150 nJ/pulse at room temperature (Fig. 8c). 

When the incident pump energy exceeds the threshold value, the peak intensity 

increases much more rapidly with the pump power and more sharp peaks appear, 

because now the balance gain-loss of these lossiest modes  become positive. As the 

optical gain increase, the lasing peaks become narrower.  We noted also that the number 

of lasing modes increases with the pumping intensity(Fig. 8d). Eventually the spectral 

density of lasing peaks becomes saturated, the number of lasing modes increases linearly 

with the sample volume.  

The figure 7 present a blue shift of the laser emission with respect to the 

fluorescence maximum. This is due to that the lasing frequencies are determined by 

phase relationship of the counter-propagating scattered light waves. In fact, the weak 

localization of light waves owing to the strong optical scattering gives rise to reciprocal 

paths within the gain medium. When the phase accumulation in reciprocal path is equal, 

constructive interference occurs among the backscattered amplitudes. Therefore, it was 

believed the  blue shift is determined by interference effects which introduce coherence 

and feedback, leading to lasing action. 
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Fig. 8 : (a) A typical spontaneous emission curve of the PM597 dye, (b,c,d) Lasing spectra 

increasing the pump energy. 
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A variety of characterization studies have been performed after this first 

observation of  random lasing in partially ordered nematic liquid crystals, such as the  

polarization dependence of  lasing intensity and polarized fluorescence.  

The Fig. 9 shows the dependence of lasing intensity as a function of the orientation of 

the linear state of polarization of the pump beam. The lasing intensity undergoes a five-

fold lowering when the pump light is polarized perpendicularly to the NLC director (o-

wave) compared with the light polarized parallel to the director (e-wave). The 

polarization dependence of the scattering intensity and the coupling of the optical field 

with the gain medium have to be taken into account for the observed anisotropy. The 

former effect is mainly due to polarization dependence of the diffusion constant D for 

the emitted photons, indeed a larger diffusion constant for the e-wave compared to the 

o-wave is generally measured.  
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Fig. 9 : (a)The dependence of the lasing intensity on the angle θ between the linearly polarized 

light and the local nematic director orientation.(b) Lasing spectra for parallel and perpendicular 

polarisation. 

 

The latter aspect can be analyzed by considering the Fermi’s Golden Rule which 

clearly states that the molecular transitions and the rate of emission strongly depend by 

the coupling of the pump electric field E and the transition dipole moment d of the dye 
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molecules. Thus, these processes are governed by the projection E ˚ d. In addition, the 

experimental results emphasize that the fluorescent molecules adopt to some degree the 

local nematic order of the liquid crystal solvent, which results in an anisotropic 

orientational distribution of the transition dipole moment (see Fig. 10).  

 

Fig. 10 : Schematic showing the proposed preferential orientation of the dye molecules inside a 

wedge cell. θ is the angle between the direction of the local molecular director and the input 

polarization direction of the pump beam. 

In fact, polarized fluorescence measurements emphasize a strong dependence of the 

emission intensity on the pump polarization, as it is shown in the polar plot of figure. 11 
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Fig. 11 :  Polar plot of the polarized fluorescence of the dye doped nematic sample. It is 

obtained by measuring the fluorescence intensity by analyzing the polarized emission at different 

angles about the local nematic director 
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      It is worth to point out that the maximum of the lasing intensity was obtained for 

linearly polarized pump pulses with E oriented along the local director (θ =0°), being in 

good agreement with the polarized fluorescence results as well as the polarization 

dependence of the scattering intensity. This indicates that the dye molecules possess an 

anisotropic orientational distribution of the transition dipole moments along the local 

nematic director, with a dye order parameter SD = 0.2 calculated as follows [44]:    
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Here F// and F⊥ are fluorescence intensities polarized parallel and perpendicular to the 

NLC director, respectively. Therefore, this confirms that the dipolar coupling modifies 

the quantum yield for fluorescence and plays an important role for the light 

amplification process; some states of polarization of the pump pulses provide a larger 

number of spontaneously emitted photons which are radiated in the lasing modes.  

Another interesting characterization for a random laser is the study of β factor. 

When you speak about diffusive lasing you have to introduce this factor. Hence, in 

order to gain further understanding on the diffusive laser action observed in this 

partially ordered system, a comparative study of the emission properties of systems with 

different order degree was performed.  The input-output characteristics was investigated 

and the β-factor of the following systems was evaluated (Fig. 12): 1) self-ordered dye 

doped helixed liquid crystals confined in conventional sandwich cell [45-48]; 2) laser dye 

solution containing TiO2 nanoparticles [49]; 3) dye doped nematic liquid crystal 

confined in a wedge cell. While the first two systems have been widely investigated 

showing a lasing action with a well known input-output behaviour, the unexplored 

presented system presents a peculiar intermediate behaviour. In a conventional laser, β is 

defined as the ratio of the rate of spontaneous emission into the lasing modes to the 

total rate of spontaneous emission )10( ≤≤ β , and determines the sharpness of the 

laser threshold [28]. In the science of cavity laser this parameter is of great interest 
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because of the promise of “thresholdless laser” with β=1, in which all the spontaneous 

emission is radiated into the lasing modes.  
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Fig. 12 : Light input-output curves for systems with different order degree are reported. The 

emission rate of ordered dye doped cholesterics with a periodic helical structure, disordered 

nanoparticles of TiO2 dissolved in methanol solution and partially ordered nematic liquid 

crystals are compared.   

In figure 12 is reported the integrated emission intensity in function of the pump 

energy for the investigated systems characterized by different order degree. Unlike the 

sharpness of the lasing threshold observed in the self-ordered cholesteric cells (β ∼ 0.01), 

in which a super-linear increase of the emission intensity is measured above the 

threshold, the input-output curve measured in the random medium shows a stretched-

exponential behaviour characterized by β ∼ 0.2. The partially ordered nematic sample 

shows behaviour intermediate between these two extremes. In fact, the output energy 

increases almost exponentially with the pump power (β ∼ 0.08). The presented 

behaviour suggests that a large part of the spontaneous emission is radiated into the 

lasing modes by of the optical feedback provided by the anisotropic coherent 

backscattering.    

 Diffusive lasing in partially ordered liquid crystal has been observed also in other 

nematics doped with guest molecules such as the MBBA and ZHK650, the Fig. 13 
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shows the emitted light from these systems. Due to the weak temperature transition of 

the MBBA and the cumulating heating of the sample from the pump beam, lasing in 

MBBA was not stable and the signal vanish as soon as the sample resent the pump 

beam. For this raison we choice to work with BL001because the life time of the signal is 

much larger than the MBBA and ZKH650. 
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Fig. 13 : lasing spectra in the case of a wedge cell for different type of liquid crystal 

 Further varying the nematic liquid crystals, we used several dyes: DCM, 

Pyrromethene 597 and Pyrromethene 650. The some concentration of dye was added 

each time to the nematic choice. The figure 13 shows that lasing is still present for each 

dye with almost the same line width.  The experimental studies show that the 

Pyrromethene 597 is more efficient than Pyrromethene 650 (Fig. 14). 
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Fig. 14 : lasing spectra in the case of a wedge cell for different type of dye. 
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After presenting this characterizations of diffusive lasing in partially ordered nematic 

liquid crystal confined in wedge cells, one may ask are you sure that the bulk play the 

main role in the lasing process. 

To answer to this question we approached two strategies: 

1- Quenching the fluctuations of the nematic director by polymerizing the gain 

medium. We prepared a  mixture of 50 % of BL001 and 50% of active liquid crystal       

( C6M[ RM82; EMD], C3M [ RM257 ( 4-(3-Acryloyloxypropyloxy)-benzoic acid 2-

methyl-1,4-phynyleneester; Merck] and dichroic photo initiator [BDH1468, Merck]). We 

add to the mixture 0,3wt% of PM597 and infiltrated it by capillarity in wedge cell. We 

characterized spectrally the sample before polymerizing  it, we noted that the signal is 

still present. However after an exposure of 20 minutes at a UV lamp, the mixture is 

polymerized the fluctuations are quenched and the diffusive lasing is vanished. We 

observed just an amplified spontaneous emission typical of the PM597. This can be a 

good validation that the bulk play the mean role in the lasing process 

2- Going further in this direction ( to check the origin of the lasing process) we 

decide to change the confinement geometries.  

We report here a comparison study between wedge cell and capillary tube. The both 

geometries are filled with the same mixture. The cylindrical cavities were used without 

any orientation treatment. The emitted light was spectrally analyzed for both geometries, 

as shown in Fig. 15 possessing almost the same line with. The measured sharp peaks 

prove that the effect does not depend on the size and the geometry of the boundary 

conditions, but the key role is played by bulky dye doped nematics. 
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Fig. 15 : (a) Wedge cell and (b) Capillary tube lasing spectra show different wavelength 

positions and number of lasing modes. 

  A comparative study demonstrated that the emitted light by the cylindrical capillary 

was redshifted with respect to the wedge, this is due to phase relationships which 

depend on the boundary constraints. Also looking to the polarized fluorescence 

measurements presented in  Fig. 16 one can observe a pronounced anisotropy for the 

wedge cell however a quasi circular profile for the capillaries. This clearly indicates that 

the dye molecules adopt to some degree the higher order parameter and the alignment 

of the nematic phase confined in the wedge cell with respect to the degenerate 

alignment within the untreated cylindrical capillary. Upon  increasing the pump 

intensity, more sharp peaks appeared and the peak intensity increased more rapidly. 

Since the condition for lasing comes from a careful balance between gain and losses, 

where the gain becomes larger than the losses the system starts to lase. 
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Fig. 16 : Polar plot for a wedge (a) and capillary (b) dye doped nematic sample showing the 

dependence of the polarized fluorescence emission on the angle θ between the linearly polarized 

light and the local nematic director orientation. A significant lowering of the intensity is 

obtained when the pump light is polarized parallel and perpendicular with respect to the 

nematic director. 

 In order to understand the underlying mechanisms responsible for the observed 

excitation threshold behavior, we investigated the input-output characteristics of both 

systems. The figure 17 shows that the lasing threshold for the two types of confinement 

is quite different. The experimental study of the output vs input shows that the lasing 

threshold is lower for the wedge cell than in the case of the micro cylinder. 

 
 

3,0 3,2 3,4 3,6 3,8 4,0 4,2 4,4 4,6 4,8

0

10000

20000

30000

40000

50000

60000

70000

O
ut

pu
t I

nt
en

si
ty

 (a
.u

)

pump Energy 

 capillary
 wedge cell

 
 
 
 
 
 
 

 

Fig . 17 : Emission intensity vs pump energy for the wedge cell and capillary glass microtube. 

The two confining geometries present different threshold values of the input pump energy above 

which random lasing is obtained. 
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4. Freely suspended liquid crystal random laser 

Multiple scattering and amplification of the light are the mechanisms that govern 

the random laser action. In our case due to fluctuations of the nematic directors, light is 

trapped inside the gain medium long enough to be amplified before escapes through the 

sample surface. The overall gain depends on the excitation and on how strongly the 

materials scatters light. The more the material scatters light the longer the light is kept 

inside and the larger the overall gain can grow. 

In this section, by employing a novel geometry, the  idea was to create the 

condition of almost complete absence of boundaries for a dye doped nematic liquid 

crystal film in order to study how the partial order of unbounded organized fluids can 

play the role of random resonators leading to a multi-mode laser. The motivation of this 

work finds its important support in the opportunity to investigate the mechanisms of 

amplification and localization and their interplay in such complex system in absence of 

confinement.  Upon freely suspending organized fluids is possible to exploit the unique 

optical properties of these materials which can be modified by several external 

parameters, i.e. magnetic, electric, thermal, and mechanical stimuli. The visco-elastic 

properties and the surface tension mainly determine the profile of the free standing 

films, in case of high viscosity liquid crystalline materials (smectic phase) was possible to 

obtain very thin films, only few smectic layers thick (tens of  nanometers). The 

mismatching of refractive indices, the irregular shape of the air-liquid crystal interface 

and the scattering cross sections are some of the parameters accounted to study the 

reported effect. Several systems have been investigated by changing the dye laser 

(PM597, PM650, DCM ..) and the geometry to suspend the gain complex fluid, with the 

aim to study how the menisci and liquid crystal-air interfaces modify the emission 

properties. 

The mixtures, consist of a nematic liquid crystal BL001 (Merck) doped with dye 

molecules, were freely suspended by means of a fluid spreader on a PVC net creating 

squared comb (800 μm x 800 μm) having a thickness of about 300 μm ( Fig. 18). The 

suspended films observed at the optical microscope show a poly-domains structure 

where the single domain possesses a residual birefringence. Both mixtures show a high 
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degree of miscibility of the dye laser in the liquid crystalline solvent, in fact was not 

found evidence of dye micro-droplets phase separated by the liquid crystalline phase. In 

addition, the spectro-photometric measurement reveals that the absorbance curve is 

only slightly modified with respect to usual dye solutions of isopropanol or other pure 

solvents. The PVC net was cleaned with usual solvents, dried in an oven at 50 °C for 1 

hour without any treatment to align the liquid crystal molecules. Nevertheless, a partially 

ordered medium was obtained due to the flow induced by the spreading process over 

the comb. The profile of menisci driven by competitive forces (gravity, viscosity and 

surface tension) across the medium present a thinner region of about 300-350 μm. 

 

           

Fig. 18 : Network containing several freely suspended thin film of dye doped nematic liquid 

crystal 

The system has been optically pumped with 532nm produced by a frequency-doubled 

Nd:YAG laser  (NewWave, Tempest 20). The pump light consisted of a train of twenty 3-

ns pulses focused into a 50-μm spot by means of a spherical lens and circularly polarized 

by means a quarter-wave plates in order to maximize the excitation cross section(Fig . 

19).  
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Fig .19 : Image of the diffusive lasing by optically pumping the samples freely suspended. 

Intense stimulated emission is observed on the background screen for two different dyes. 

 

At low pump energy a strongly diffuse isotropic signal of fluorescence was 

observed. Upon increasing the pump energy above a given threshold, the emitted light 

appears focalized along the excitation volume. This effect is spectrally accompanied by 

the collapse of the fluorescence emission and the appearance of sharp bright tiny spots 

in a wide cone about the excitation volume. The spectral and spatial study of the 

emission patterns clearly revealed a random lasing behaviour characterized by narrow 

banded (FWHM = 0,5 nm) brilliant spikes which rapidly fluctuate in frequency and 

space (Fig. 20).  
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Fig. 20 : Fluorescence and lasing spectra in thin films freely suspended nematic liquid crystal 

doped with PM597(a) and PM650 (b). 

In order to understand the mechanisms behind this effect we performed a study by 

varying the geometry and to identify the role of each material several mixture were 

prepared. The first experiments were carried out in the suspended on the squared plastic 

network, the sample was optically pumped with an appropriate laser pulses train.  

Additionally, other experiments performed on dye doped liquid crystal drops 

controlled in diameter by means of a special syringe evidenced a richer spectrum and 

emphasized the mode dependence of geometry and size of the system.. The drop is 

standing by gravitational strength from a syringe ( Fig. 21). The diameter of the drop is 

about 2 mm. The  green pumping beam was focused in this drop by a spherical lens. 

Like in the other geometries almost the same threshold behavior has been observed. 

Above a critical value the system starts to lase. 
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Fig.  21 :  A picture illustrating the random lasing phenomenon in a dye doped nematic 

liquid crystal droplet. 

 

Indeed upon optical pumping the system lases and an intermittent speckle like pattern 

of granular aspect is obtained on the background screen. By investigating the emission 

spectra we can clearly recognize that random lasing occurs above a given pump energy 

threshold value for which the coherent backscattering is sufficient enough to promote 

the gain inside the active material. Measured spectral line widths results to be about 0.6 

nm, as shown in the Fig . 22. 
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Fig . 22 : Lasing spectrum of a free standing dye doped nematic liquid crystal. 
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By freely suspending these fluidic gain media on a squared plastic net realizes a new 

approach to study the generation of random laser light. Additionally, this approach 

assumes an important technological valence being a complex system but extremely easy 

to prepare and study. Spatially fluctuating narrow banded lasing peaks occur as the 

pump energy exceeds a few microjoule/pulse realizing a random laser with a relatively 

low lasing threshold. The threshold lowering is due to the absence of boundaries which 

reduce the optical losses (absorbance, guided modes).       

5. Fluctuations of emitted light: spectral, spatial and temporal 

In order to gain further understanding on the diffusive laser action observed in 

partially ordered system, the far field spatial distribution of the emitted light was 

analyzed. Lasing emission was captured in a limited cone angle (θ ≅ 0.1rad) by means of 

a high resolution and sensitivity CCD camera (1390 X 1024 12bit PixelFlyQe by PCO). 

After elaborate the image with a Matlab program we observed that the intensity profile 

is formed by a series of bright tiny spots spatially overlapped which create a richly 

structured pattern typical of diffusive lasing. Figure 23 depicts the interesting scenario of 

the random lasing emission pattern from dye doped nematic liquid crystals confined in a 

wedge geometry pumping shot by shot the sample. The sequence of images was 

obtained for four successive pump pulses and we can clearly observe that random lasing 

changes both spatially and in terms of intensity. This emission mechanism is based on 

the diffusive process of spontaneously emitted photons by fluorescent guest molecules 

launched at random directions from random positions. These photons are involved in a 

weak localization process within the gain medium because of recurrent multiple 

scattering. Since the condition for lasing comes from a careful balance between gain and 

loss, it is clear that in this case not for every pump pulse the random walk inside the 

anisotropic medium gathers enough gain for the system to lase.  

 



126                                                                                                                                              Chapter 4 

 

 

 

Fig. 23 :  Far field spatial distribution of the emission intensity profile in a wedge NLC 

sample in the case of four successive (a,b,c,d) pump beam pulses present an irregular 

intermittent behavior, both spatial and temporal, of the emission. 

 

 

The same spatial fluctuation mechanism has been noted for the other confinement 

geometries. Fig . 24 reports the spatial far field of emitted light  measurements for the 

freely suspended film captured with a high sensitivity and resolution CCD camera 

(Pixel-Fly-QE by PCO).  
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Fig. 24 : Far field spatial distribution of the emission intensity profile in a freely suspended 

dye doped nematic liquid crystal film. 

In addition, the figure 25 present a comparison of the far filed spatial distrubution 

between an ordered system( cholesteric sample) and partially ordered system (nematic 

sample). In the case of cholesteric sample we observed an expected pseudo-Gaussian 

lasing profile obtained for a well ordered systems unlike in the nematic liquid crystal 

sample. 

 

Fig. 25 : Intensity spatial distribution showing a Pseudo-Gaussian profile obtained for a well 

ordered helixed liquid crystal sample (top) is compared with (bottom) the laser emisssion for a 

dye doped NLC wedge cell. Bright tiny spots spatially overlapp describing a richly structured 

emission pattern typical of diffusive laser action. 
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Further experiments haves been carried out for investigating the multiple scattering 

mechanism as the study of time dependent behavior of the lasing emission intensity. For 

this purpose, we collected the emitted light by means of a fast photodiode which was 

simultaneously triggered by the pump pulse. The signal was then sent to an oscilloscope 

and analyzed. Figure 26 shows the temporal behavior of laser action in the case of 

highly ordered cholesteric and partially ordered nematic samples doped with fluorescent 

guest molecules. For a fixed pump power the cholesteric system shows very small 

variations in the lasing output intensity (the pump energy was kept fixed above the 

lasing threshold). Essentially, for each shot of the pump beam the system was in the 

“on” state. A totally different situation is revealed in the case of the nematic dye doped 

system: strong fluctuations of the emission intensity are measured for pump power 

above the lasing threshold. Irregular intermittent sequences of “on” and “off” states 

demonstrate a characteristic behavior for a diffusive laser. 
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Fig. 26 : Pump and output emission intensities from both dye doped cholesteric and dye doped 

nematic samples as function of time. 
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6. The thermal behavior  

 By using liquid crystal as a scattering medium, we can have an external control over 

the diffusion constants [50]. Liquid crystals go through partially ordered phases when 

heated, each liquid-crystal phase has a different refractive index and therefore different 

scattering properties. In fact diffusion constant has a strongly temperature dependence. 

 Interestingly, upon increasing the temperature of the dye doped nematic liquid 

crystal sample, the diminished nematic order parameter results in a smoother lasing 

threshold, approaching the threshold behavior of the fully disordered nano-powdered ( 

presented in section mmm) system. The thermally induced disorder comes from an 

enhancement of the director fluctuations and strong gradients of concentration of the 

cyanobiphenyl components of the E7 mixture.[42] The enhanced scattering shifts the 

balance gain loss because a larger number of spontaneously emitted photons are needed 

to act as seeds for the stimulated emission process. Thus, increasing the temperature 

results in having a lasing threshold behavior similar to the typical stretched exponential 

curve of nano-powdered dye solutions (fig. 27 ). 

 

5 6 7 8 9
0

10000

20000

30000

40000

50000

60000
 RT
 37°C
 40°C
 45°C
 fit

Input Energy (μJ/ pulse)

O
ut

 p
ut

 E
ne

rg
y 

(a
.u

)

 
 

Fig. 27 : β-factor thermal behaviour of the nematic liquid crystal sample: Upon increasing the 

temperature above RT, β approaches  the behaviour found for a random system indicating that 

the randomness drives the amount of spontaneous emission radiated into the lasing modes.  
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 Interestingly, upon increasing the temperature of the sample and collecting the emitted 

light with a fast photodiode( as done in the section 5 for a comparative study between 

nematic and cholesteric liquid crystal), the system tends to present the off state more 

frequently (fig 28). By increasing the temperature, the total scattering intensity slightly 

increases but the coherent backscattering cone is lowered emphasizing that the 

incoherent scattering component increases within the medium. The enhancement of 

incoherent scattering lowers the gain inside the system and decreases the probability of 

having lasing modes in this situation, since a larger number of spontaneously emitted 

photons are needed for the stimulated emission process. 
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 Fig. 28 : The intensity lasing peak’s dependence on the temperature of the system for a dye 

doped NLC sample. 
 

 



Random lasers and weak localization of light in NLC                                                          131 

 

By increasing the temperature of our sample from room temperature, the emitted light 

drops off as the temperature approaches 50 °C and reappears in the proximity of 

nematic-isotropic transition (about 56 °C). The mixture used in these experiments is the 

BL001 doped with 0.3% of PM597 dye, which has the following temperature sequence: 

Cr. – -10°C – Nematic – 63°C – Iso. This effect is accompanied by a strong scattering 

of the pump beam during the temperature range over which the lasing is absent, 

indicating that a cascade of scattering regimes occurs as the temperature varies upward 

and downward the nematic phase. 

Here we report just a simple observation of this phenomenon, which is noted for a 

wedge cell (Fig. 29)and capillary tube (Fig. 30).  

 

 

 
Fig . 29 :Temperature dependence of the random lasing emission spectra for the wedge sample. 

The graphic shows an unexpected behaviour; the emitted light intensity drops off as the 

temperature reaches 50◦C but it reappears in the proximity of nematic-isotropic transition 

(around 57◦C). 
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Fig . 30 :Temperature dependence of the random lasing emission spectra for the capillary tube. 

The graphic shows an unexpected behaviour; the emitted light intensity drops off as the 

temperature reaches 48◦C but it reappears in the proximity of nematic-isotropic transition 

(around 58◦C). 

 

 As conclusion the mode selection mechanisms in these systems imply important 

interference effects, enhanced by the presence of the gain medium, and related to the 

random walk of multiple scattered light waves. The huge number of localized modes 

dispersed along the visible spectrum is sustained by multiple scattering processes. The 

experimental study is performed by a theoretical and statistical study reported in the 

next chapter. 
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 Since the pioneering work of Ambartsumyan et al [1], lasing in disordered media 

has been the subject of intense theoretical and experimental studies [2]. The random 

laser represents a non conventional laser whose feedback is mediated by random 

fluctuations of the dielectric constant in the space. The propagation of the light waves 

inside disordered dielectric systems shows several analogies with electron transport. In 

such materials light is multiply scattered and also amplified. The diffusion process traps 

light long enough inside the sample to reach an overall gain larger than the losses. The 

formation of resonant lasing modes relies on the interference of scattered waves that 

return to the coherence volume via different closed paths. When light is trapped inside 

the gain medium long enough, the amplification along such a loop path can exceed the 

optical loss and the system starts to lase. As the pump energy is further increased, the 

balance between gain and loss becomes positive and narrow peaks appear in the 

emission spectrum. The coherence interference effect selects the lasing frequencies, 

leading to discrete narrow peaks in lasing spectrum. 

 In 1996, Wiersma’s group performed scattering experiments on fully and partially 

disordered systems, demonstrating that interference effects manage to survive the 

scattering regime and give rise to enhancement of the light intensity in the backscattered 

direction, namely the cone of coherent backscattering [3]. Recently, Strangi et.al [4] 

reported the first observations of random laser action in a partially ordered dye-doped 

nematic liquid crystals systems presenting various confining geometries. The gain 

medium consists of a nematic liquid crystal mixture (BL001 by Merck) doped with 

0.3%wt of Pyrromethene 597 dye (Exciton). The experimental set-up and other details 

were presented in the chapter 4. 

In order to gain further understanding about the multiple scattering mechanism,in 

these systems, and its time and temperature dependent behavior we statistically analyzed 

the emission intensity fluctuations. For this purpose, we collected the emitted light by 
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means of a fast photodiode which was simultaneously triggered by the pump pulse. The 

signal was then sent to an oscilloscope and analyzed. Figure 1 depicts the temporal 

behaviour of laser action in the case of highly ordered cholesteric and partially ordered 

nematic samples doped with fluorescent guest molecules. For a fixed pump power the 

cholesteric system shows very small variations in the lasing output intensity (the pump 

energy was kept fixed above the lasing threshold). Essentially, for each shot of the pump 

beam the system was in the “on” state. A totally different scenario is revealed in the case 

of the nematic dye doped system: strong fluctuations of the emission intensity are 

measured for pump power above the lasing threshold. Irregular intermittent sequences 

of “on” and “off” states demonstrate a characteristic behavior for a random laser. Since 

the condition for lasing comes from a careful balance between gain and loss, it is clear 

that in this case not for every pump pulse the random walk inside the anisotropic 

medium gathers enough gain for the system to lase. Interestingly, by increasing the 

temperature of the sample the system tends to present the off state more frequently. By 

increasing the temperature, the total scattering intensity slightly increases but the 

coherent backscattering cone is lowered emphasizing that the incoherent scattering 

component increases within the medium. The enhancement of incoherent scattering 

lowers the gain inside the system and decreases the probability of having lasing modes 

in this situation, since a larger number of spontaneously emitted photons are needed to 

act as seeds for the stimulated emission process. 
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Fig. 1: Pump and output emission intensities from both dye doped cholesteric and dye doped 

nematic samples as function of time. 

 

1. Statistical study 

To better understand the driving mechanisms within these systems, a statistical 

study has been performed. In particular, we used two different statistical tools, already 

adopted in other contexts, to characterize the possible presence of memory in the 

system. As can be clearly seen by a look at Figure 2, and as we have already mentioned, 

the diffusive laser action in dye doped NLC is rather irregular. It seems thus natural to 

investigate whether such irregularity is the result of a completely random process, or if, 

instead, some form of correlation is present, indicating the existence of an underlying 

mechanism in the system. The statistical description of the irregularity properties of the 

system could give useful information on several aspects, as for example the temperature 

dependence mentioned above.  
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Fig. 2: The intensity lasing peak’s dependence on the temperature of the system for a dye 

doped NLC sample. 

 

 

Since, in this section, we are interested in the irregularly alternating status of lasing 

(lasing or non-lasing in response to the pump), we chose to identify an “event” with the 

total intensity emitted by the system, as observed in correspondence with the pump 

pulse. Then, we set a threshold, right above the noise level of the recorded signal and 

the pump level, to separate the “non-lasing” events from the “lasing” ones. The result 

of such process is a signal, made of “on” and “off” digits, indicating the status of 

emission of the system at each pump pulse. The presence of correlations, and thus of 

memory effect, corresponds to evidence of some degree of regularities in the signal 

obtained through this procedure.  
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2. The Shannon entropy 

   Let us now introduce the first statistical tool used in this work, known in literature 

as Shannon (or information) entropy [5,6]. The regularity of a sequence of N − 1 

symbols (as, for example, a word of binary digits), produced by any source, can be 

characterized through the ability in predicting the N-th symbol. In our case, the possible 

symbols are limited to the “on” and “off” states, so that the binary digits “0” and “1” 

are only needed to describe the sequence. We will give a brief description of the 

Shannon entropy in this case, reminding that the theory can be extended to an arbitrary 

number of different symbols. Given a sequence of N binary digits s(i)(i = 1, ...,N), we 

introduce the probability P(Cn) (namely the occurrence rate within the sequence) of a 

particular “word” Cn = (s(1), s(2), . . . , s(n)) of length n. Then, the entropy associated to 

a generic n-digits word can be defined as Hn = −P{Cn} P(Cn) log P(Cn) , where the sum 

is computed over all the possible combinations of length n. The quantity  hn = Hn+1−Hn, 

indicated as differential entropy, thus represents the average information provided by 

the (n+1)-th digit, once the previous n digits are known. For a stationary source, the 

Shannon entropy can finally be defined as the limit for large values of n 

 

                                                 
n

Hhh n

n
n

n
sh limlim

∞→∞→

≈≈                                              (1) 

 

This quantity is a measure of the regularity of the sequence. For example, for a given 

regular (say periodic) sequence, the information carried by the next digit after one 

period is zero, since the full knowledge of the sequence in contained into the first 

period. The predictability of such a sequence is then trivially high, and the signal is 

completely correlated with long range memory. On the contrary, if the sequence is 

chaotic, the information provided by the knowledge of each digit can be high. For 

example, for a random realization, namely if all digits have the same chance to be “0” or 

“1”, any next digit carries with it the same amount of information as the previous ones. 

Such a sequence is completely unpredictable, and neither memory nor correlations are 

present. In this case the limit (1) can be easily shown to be hsh = log 2. Thus, the 

quantities defined so far represent a tool to describe the complexity of the source, 

through the regularities of the emitted sequences. Note that although the theoretical 



Statistical and theoretical analysis of random lasing emission in NLC                                      143 

 

Shannon entropy is defined as the limit to infinity of the word length, in the real 

experiments the convergence of the limit (1) is normally already obtained for small 

values n < 10. 

Let us now consider our dataset. In this work we focused on six data-set obtained by 

performing the same experiment at different values of the temperature, in the interval 

between 26◦C and 41◦C. The experimental data have been reduced to 6 sequences of 

2000 digits, each corresponding to the output state (lasing, that is “on”, or non-lasing, 

that is “off”) as response to the excitation pulses. 

Table 1: For each temperature, the sequences size, the fraction of “on” states (in %), 

and the Shannon entropy are reported. 

T(°C) N of events N of “1” enevts (%) Hsh 

26 2000 78% 0.54 

29 1999 71% 0.60 

32 1999 65% 0.64 

35 1854 39% 0.67 

38 1896 26% 0.58 

41 1971 14% 0.42 

 

We underline that the choice of the threshold is not relevant. In fact, different 

realizations of the analysis obtained with reasonable variations of the threshold gave the 

same results, so that we do not need to discuss it here. For each sequence, made of “0” 

and “1” digits (see Table1 ), we have then computed the quantities defined above, 

namely the entropy Hn, the differential entropy hn and the Shannon entropy hsh, using 

words of length up to n = 18. The results are collected in Figures 3 and 4. For 

comparison, on the same figures are reported, together with the 6 realizations at 

different temperatures, the results obtained using two artificial datasets. The first one is 

a regular sequence of alternating “0” and “1”, while the second one is a completely 

random realization. Both sequences include 2000 digits, as for the observed strings. 

Looking at the top panel of Figure 3, it is possible to observe that, for the regular string, 

there is no increase of information when the number n of digit of the words increases. 

This corresponds, as expected, to a vanishing differential entropy (bottom panel of 
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Figure 3) leading to hsh  0. The random case, conversely, displays a constant growth of 

entropy Hn with the number of digits, indicating that all of them bring the same amount 

of information (top panel of Figure 3). This correspond to a constant differential 

entropy hn (bottom panel of Figure 3). In order to obtain a value of the Shannon 

entropy, we observe that a saturation of Hn, and consequently a vanishing trend for hn, 

is reached for n > 5, due to the finite size of our sequence. Thus, we can assume that 

the Shannon entropy is well represented by the constant region of the differential 

entropy hn, with n < 5. We decide, thereafter, to use the first value reported in the plot, 

namely h2, as a proxy for the Shannon entropy. The values of our estimates are 

displayed in Figure 32. For the random case, the expected value hsh = log 2 is obtained.  

The experimental sequences, obtained from the different datasets, show clear 

temperature dependence, accordingly to the probability variations reported in Table 1. 

At low temperature, at which the string is mainly composed by “on” digits (see Table 1), 

the entropy curve indicate that the system is chaotic, but with some degree of regularity. 

This is evidenced by the fact that the information entropy Hn grows more slowly than 

for the random case (Figure 3). Moreover, the values of the Shannon entropy are 

somewhat smaller than the upper value hsh = log 2 (see Figure 4). Thus, the amount of 

information carried by each digit is small. As the temperature is increased, the number 

of “on” and “off” digits becomes comparable, so that for T = 35◦C the Shannon 

entropy reaches its maximum value hsh = 0.67, very close to the completely chaotic 

value. For higher temperatures, the trend is reversed, and long “0” series are interrupted 

by sporadic “1” digits. Both the high temperature and the low temperature 

configurations, which are almost undistinguishable as far as Shannon entropy is 

concerned, imply the presence of recurrent words of the same state (e.g. 000. . .0) that 

makes the system more predictable, the information carried by each digit smaller, so that 

the Shannon entropy decreases.  
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Fig. 3 : The values of the entropy Hn (top panel) and of the differential entropy hn (bottom 

panel) as a function of the words length n. Different colours refer to the different dataset (the 

corresponding temperatures are indicated in the legend). For both panels, the black dotted lines 

represent the results obtained using the completely ordered artificial dataset (the bottom curve) 

and the completely random realization (top curve). 

 

The indication of high chaoticity is anyway still valid. It should be noted that the 

number of the “on” states decreases very smoothly (indeed almost linearly) with the 

temperature, varying from a mainly-on configuration to a mainly-off one. The 

dominating state changes from “on” to “off” at some point between 32◦C and 35◦C 

(see figure 4). By comparing the slopes before and after the inversion of the Shannon 

entropy trends, we notice that it decreases more rapidly with respect to the rise phase. It 

means that by increasing the temperature the number of excitation pulses, that actually 

create the conditions to have lasing, reduce more rapidly after the inversion point. In 

order to shed light on this point, a series of experiments have been planned in which we 
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intend to use pure LC and compare with mixtures where some phase-separations could 

occur producing a rapid increase of the intensity of the incoherent scattering 

component. 

 

3. The local-Poisson test 

  As we have seen, the Shannon entropy analysis provides the useful information that 

the system under study is highly chaotic, especially at intermediate temperatures. At high 

and low temperatures, there is the indication of presence of regularity of the gain 

mechanisms behind the laser spiking, mainly due to the occurrence of long periods of 

stable state. One further information is that the system chaoticity changes smoothly 

with the temperature. 

 
 

Fig. 4 : the value of the differential entropy h2 as a proxy for the Shannon entropy, measured 

at different temperatures. the dotted line shows the completely random value H2 = 0.69 

 

However, it is desirable to gain more insight on the system and in particular on the 

specific features of chaos. This can be obtained, for example, by looking at correlations 

of the emitted pulses. Correlations are indeed related to some underlying mechanism, so 

that their presence in a signal indicates the non-stochasticity of the phenomenon. Let us 

now consider our experimental data as a succession of words made of the same digit. 

This corresponds to transform the strings in series of “0”-only or “1”-only words of 

variable length η, this last being defined as the number of consecutive identical digits. 
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Thus, the persistence of the system in a given state (lasing or non-lasing) is concerned 

here. In order to investigate the presence of correlations in the system, the probability 

distribution function (PDFs) of the persistence lengths can be studied. Indeed, for a 

completely random process, such distributions are expected to be exponential. The 

presence of correlations, conversely, produces long-range power-law PDFs. This is an 

easy test to perform on our data. Figure 33 displays the distribution functions P(η) 

obtained for three values of the temperature. PDFs are approximately power-laws, 

indicating that the system is correlated not only at the border temperatures (T = 26◦C 

and T = 41◦C), but also at intermediate ones (T = 35◦C).  

Because of the limited size of the datasets, the PDFs shown in Figure 33 might 

suffer of some uncertainties. We then performed a further analysis, which is less 

sensitive to the sample size. Such analysis has been introduced some years ago in 

cosmology [7], and used more recently in astrophysical [6,8-9], geophysical [10] and 

econophysics [11]context. 

Consider the sequence of m words, identified as the consecutive sets of identical 

symbol within the original binary sequence, as described above. The separation points 

between two successive words can be labeled with an index i, and identified as an event. 

The events are thus defined as the change of state of the system from lasing to non-

lasing and vice-versa. For each event i, we use the length of the following or preceding 

next and second next words, that we call L1(i) and L2(i) respectively. The choice between 

the pair of word following the event i, and the pair preceding the same event, is made in 

order to have the smallest L1(i). L1(i) and L2(i) are then the lengths of the two word 

following or proceeding a given state change i. We then introduce a quantity, which we 

denote by q, which is nothing but the suitably normalized local word length 
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If the words lengths are randomly distributed, it can be shown that the probability 

density function P(q) of the stochastic variable q defined above is uniformly distributed 
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in q  [0, 1]. This correspond to have a linear decrease for the surviving function of 

P(q), namely 

( ) ( ) QdqqPQqP
Q

−≈≈≥ ∫
∞

1  

To better understand the meaning of this tool, note that in a process where L2(i) are 

systematically smaller than 2L1(i), clusters of state changes are present and the average 

value of q is greater than 1/2. On the contrary, when the process is characterized by 

increasing persistence of state, the average value of q is less than 1/2. Both cases 

indicate the presence of correlations in the signal. The test described above is thus an 

useful tool to discriminate between a sequence of random words and a sequence of 

correlated ones. From the experimental strings, it is straightforward to calculate the 

surviving function P(q ≥ Q) and the test is easily performed. Figure 5 shows the 

surviving functions computed for the same three cases as P(η). The stepwise shape of 

the surviving function is due to the discrete nature of the sequence and to the relatively 

small set of possible values of the lengths η. This results confirm that at all temperatures 

there is a relevant deviation from stochasticity, so that the presence of correlations is 

strong. 
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Fig. 5 : Top panel: the PDF of the lengths η of words made of “1” only for three different 

values of the temperature. A power- law is also plotted for reference. Bottom panel: the 

surviving function of the variable q (see text) for the same temperatures. The thin straight line 

1−x represents the Poisson-like, decorrelated case. 
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Conclusions 
 
 
 
 

Lasers were invented some 40 years ago and are now used in a plethora of 

applications. Stable liquid crystals were discovered at about the same time and are now 

the basis of a large display industry. Both technologies involve photonics, the former in 

the creation and use of light and the latter in the control and manipulation of light. 

However, it is only recently that these mature technologies have been combined to form 

liquid-crystal lasers, heralding a new era for these photonic materials and the potential 

for novel applications. We have summarized in this doctoral thesis the characteristics of 

liquid crystals that lead to laser devices, the wide diversity of possible laser systems, and 

the properties of the light produced. In particular, this work focused on the study of 

three type of LC lasers, the LC band-edge laser, the defect-mode laser and the random 

laser. A relatively wide series of soft matter systems have been investigated allowing us 

to span from periodic to random, the modulation of the degree of order through 

structuring techniques and external stimuli allowed us to learn how important is the 

molecular organization in this field. The combination of optical feedback and 

amplification processes are behind the laser action observed in the various samples 

presented here. The most important section has been dedicated to random lasing in dye 

doped nematic liquid crystals, either confined in different geometries (cylindrical 

capillary tube, sandwich and wedge cells) and freely suspended. The interplay between 

weak light localization and gain underline the random lasing in such materials. The 

nematic liquid crystals proved to be partially ordered materials able to localize the light 

through recurrent multiple scattering. The occurrence of interference effects in weakly 

scattering nematics provide fascinating physics where interestingly several effects 

combine and compete to give rise to the most complicate kind of laser.  This doctoral 

thesis has not the ambitions to be conclusive, by the way  we do believe that most of the 
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results reported here are only the first steps moved within a complex scenario where 

interdisciplinary efforts will be needed to gain further understandings. 

The LC laser appears to have a great future. Their small size, with length scales of 

the order of tens to hundreds of microns, and high versatility enable them to operate as 

light sources that are tunable from ultraviolet wavelengths, through the visible range, to 

infrared wavelengths. The material properties of the LC host can be manipulated not 

only to vary the laser threshold energy and slope efficiency but also to provide 

alternative laser device designs. For example, polymerization of an LC laser gives rise to 

a flexible laser device. The performance of these lasers is continually improving. 

Recent reports have achieved optical slope efficiencies in the range of  20% and 30% by 

improving the dye/LC host combination or the LC host molecular structure. Such 

efficiencies are comparable to more conventional solid-state microlaser sources when 

operated in similar wavelength regions. 

Potential applications for this technology include labs-on-a-chip, spectroscopy, 

displays, and a wide variety of medical applications. In addition, recent work has 

demonstrated the use of an LC laser as an electro-tunable optical diode. Currently, 

however, it is necessary to optically pump these systems with pulsed lasers, which 

restricts their range of potential applications. To achieve continuous wave operation of 

LC lasers, it will be necessary to reduce the threshold through material design taking 

into account the LC properties discussed above, minimize internal cavity losses resulting 

from absorption, and optimize the LC cavity design. A significant reduction in the 

threshold would increase the number of potential pumping mechanisms that might be 

available for use, such as a light-emitting diode or white light source. This will, in turn, 

increase the potential applications for these highly versatile, soft-matter microlasers.  
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Peculiar light emission properties have been observed in cylindrical microcavity hosting dye-doped
helixed liquid crystals, which behaves as a fiber-like multidirectional distributed feedback laser.
Experimental studies performed for this level of confinement show that laser action is exhibited both
axially and radially, indicating a self-organized three-dimensional blue phase-like configuration.
Thermal wavelength tunability was observed for both orientations emphasizing two different linear
behaviors. The distributed feedback mechanism and the Q factor of the mirrorless resonant cavity
result enhanced for axial stimulated emission because of the significant increase in the number of
helical periods. In addition, long-lived spectrally narrow defect modes appear within the photonic
band gap owing to optical phase jumps which take place in local structural defects. © 2005
American Institute of Physics. �DOI: 10.1063/1.2137458�
The concept of wave transport in complex media, in par-
ticular the propagation of electromagnetic waves in dielectric
periodic structures, represents a topic of great interest in vari-
ous fields of scientific research. Periodic structured materials,
namely “photonic crystals” that strongly localize light, are
finding applications in many technological areas, providing
an intriguing stage for controlling radiation fields.

Photonic crystals introduced by Yablonovitch1 and
John,2 have attracted great interest for the great potentiality
they express in fundamental physics and emerging
applications.3–6

Helixed liquid crystals materials are self-organized me-
sophases which possess all the peculiar optical properties for
achieving organic mirrorless optical resonant cavities.

Due to their birefringence and natural ability to form
periodic structures, chiral liquid crystals are interesting one-
dimensional photonic band gap materials.7 In a matrix of
CLC doped with fluorescent guest molecules, the spontane-
ous emission is suppressed in the reflection band gap and it is
enhanced at the band edges where a series of narrow long-
lived transmission modes are expected.8,9 At the band edges
the density of states is expected to diverge.10–13

Kogelnik and Shank14 were the first to report laser action
in periodic DFB structures which do not utilize conventional
cavity mirrors but provide optical feedback via backward
Bragg scattering, while laser action in chiral liquid crystals
was proposed by Goldberg and Schnur15 in 1973.

Here, we report the study of the light emission properties
from novel fiber-like cylindrical microcavities hosting he-
lixed liquid crystals doped with fluorescent guest molecules.
The level of confinement ensures an increase of the axial
resonant cavity length, while maintaining a small modal vol-
ume. Cylindrical geometry favors the existence of a very
complex structure of the chiral liquid crystal as evidenced by
optical and structural investigations which will be reported
elsewhere. The long-range periodicity guarantees the en-
hancement of distributed feedback mechanism which is be-
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hind the observed axial and radial low-threshold tunable las-
ing action. The aim of this study was to gain understandings
about the role played by the number of helical periods, the
influence of the CLC bulk volume and various surface treat-
ments on the quality factor of the periodic mirrorless reso-
nant system. This level of confinement allows obtaining in-
teresting emission properties: laser action is exhibited both in
the axial and radial directions at different spectral positions
indicating that waveguide effects are not responsible of the
multidirectional emission. A striking point is represented by
the spontaneous reconstruction of the helixed liquid crystal
superstructural configuration inside the cylindrical microcav-
ity, giving rise to a novel three-dimensional �3D� multidirec-
tional lasing system. This complex system keeps the advan-
tage of a 3D blue phase-like matrix16 while providing a
wider thermal operating range and laser action wavelength
tunability.

The hosting cylindrical microcavities are represented by
capillary tubes with various diameter values ranging from 15
up to 200 �m. Several treatments were applied to the inner
surface of the cylindrical microcavities in order to induce a
privileged molecular alignment. The presented results have
been obtained by performing investigations on 20 �m diam-
eter polyimide treated cylindrical capillary tubes, since they
showed the strongest surface-liquid crystal interaction.

The microstructure was filled by capillarity with a mix-
ture �M1� of 99.7 wt % BL094 right handed cholesteric liq-
uid crystal �Merck� and 0.3 wt % of PM-597 Pyrromethene
dye �Exciton�. The confined cholesteric liquid crystal had a
birefringence �n=0.21 and showed an optical bandgap
which spans from 525 to 585 nm. The high efficiency region
of the dye fluorescence spectrum and the red-edge stop band
of BL094 present very close spectral positions �580 and
585 nm� which maximizes the gain. Since this spectral over-
lapping could present the inconvenient of confusing the
eventual amplified spontaneous emission effect with laser ac-
tion, a second mixture �M2� was prepared by adding a small
percentage of BL001 nematic liquid crystal �Merck�. As a
result, the low-energy band edge redshifted to 607 nm. The

cylindrical microcavity was optically pumped �Fig. 1� with

© 2005 American Institute of Physics8-1
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3 ns pulses produced by a frequency-doubled �532 nm� Nd:
yttrium-aluminum-garnet laser �NewWave, Tempest 20�. The
pump beam was focused by means of a spherical lens
�f =100 mm� perpendicular to the axial sample direction.
The radial and axial emission were collected within a re-
stricted cone angle of �0.15 rad by using a multichannel
charge-coupled device �CCD� �Jobin-Yvon, Micro-HR�. By
increasing the pump energy above a certain threshold value,
a highly directional laser action was observed at the red edge
of the stop band both axially and radially. The laser emis-
sions were found to be circularly polarized, which indicates
that distributed feedback mechanisms take place through cir-
cular Bragg reflection.

The LC microcylinder acts like a miniaturized mirrorless
cavity laser, where the emitted laser light propagates along
the liquid crystal helical axis which behaves as a Bragg reso-
nator. Recorded radial and axial lasing spectra present
slightly different wavelength positions and linewidths full
width at half maximum �Fig. 2�. The displayed lasing lines
have a spectral position which correspond to the low-energy
edge of the PBG and exhibit a very narrow stimulated emis-
sion peak of only 0.5 nm �limited by the resolution of the
CCD spectrometer�. The lowest measured lasing threshold
was 250 nJ/pulse for the radial direction and 500 nJ/pulse
for the axial one. We experimentally found that the ratio r / p,
with r as the internal radius of the cylinder and p as the pitch
of the chiral liquid crystal, is the parameter which controls
the arrangement of the helical superstructure. The simulta-
neous radial and axial lasing indeed occurs when r / p�50,
indicating that the interplay of the strong boundary condi-
tions and the symmetry of the microcavity is responsible for
the observed effect.

In addition to the expected band edge lasing modes, low-
threshold defect lasing modes which occur within the selec-
tive reflection band gap have been observed �Fig. 3�. Defect
mode laser action has been previously mentioned in layered
chiral liquid crystal polymer networks as a consequence of
the induced phase jump in the optical field or dislocations,
being responsible for opening spectrally narrow transmission
modes within the stop band.17 Lasing is facilitated at these
wavelengths since the photon dwell time is enhanced, giving

FIG. 1. �Color online� Lasing action from optically pumped cylindrical
microcavity. Intense highly directional axial stimulated emission �at
587 nm� is observed on the background screen.
ample opportunity for amplification by stimulated emission,
Downloaded 13 Jul 2006 to 160.97.1.254. Redistribution subject to A
FIG. 2. Axial �a� and radial �b� lasing spectra show slightly different wave-
length positions and linewidths confirming the existence of two distinct
microresonant superstructure configurations.
FIG. 3. Axially �a� and radially �b� spectrally narrow laser defect modes are
present within the band gap central region. M2 mixture is used, thus the
lasing action occurs at 609 and 607 nm for, respectively, axially and radially

recorded stimulated emissions.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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as predicted by Kopp18 and Yablonovitch.1 In the case of the
presented cylindrical microstructure, the spontaneous rear-
rangement of the local director fields produces particular he-
lical axis configurations which spans from planar �axial� to
escaped twisted radial geometry. This structural organization
materializes in the appearance of point defect modes.19 The
local alteration of the sample which disrupts the periodicity
of the structure leads to long-lived and, hence, spectrally
narrow laser defect modes within the gap, observed both
axially �Fig. 3�a�� and radially �Fig. 3�b��. It is worth to
notice that lasing wavelength on axial and radial defect
modes are slightly different, since the resonant wavelength
for the defect mode depends on the total phase slip which is
given by the twist defect characteristics.

An important feature of the system is represented by the
possibility of temperature tuning process of the lasing wave-
length for the band edge modes. This effect is completely
reversible. The period of the helix increases by increasing the
temperature, producing an overall displacement of the spec-
tral region where the circular Bragg reflection takes place.10

As a result of the thermal elongation of the pitch, a shifting
of the stop band edge where the laser action occurs is ob-
tained. Experimental measurements emphasize two different
trends for lasing wavelength peak position in function of
temperature for the radial and axial situations. A continuous
temperature tuning of the lasing wavelength was obtained in
the interval 585–595 nm by varying the temperature from 25
up to 50 °C �Fig. 4�a��. We recorded a linear increase of

FIG. 4. Temperature control of the lasing wavelength in self-organized he-
lical mesophases confined in cylindrical microresonators. �a� A redshift of
0.3 nm/ °C for axial and 0.45 nm/ °C for radial stimulated emissions were
recorded by increasing the temperature from 25 up to 50 °C resulting in a
fine tuning of the lasing action. �b� The different temperature dependence of
the wavelength for the axial and radial stimulated emissions suggests the
presence of two discrete DFB Bragg resonators.
Downloaded 13 Jul 2006 to 160.97.1.254. Redistribution subject to A
0.3 nm/ °C for axial and 0.45 nm/ °C for radial stimulated
emissions �Fig. 4�b��.

This dependence indicates that the axially oriented heli-
cal superstructure responds in a reduced way to an applied
temperature gradient, with respect to the radial oriented he-
lix. This different behavior is strongly related to the confine-
ment, in other words the interfacial region offers a much
stronger constraint at the helical superstructure than the free
bulk region. Belyakov theoretically investigated the choles-
teric pitch changing under the action of external perturbation,
in particular which has been shown the strong dependence of
the anchoring energy on the structural behavior leading to a
different response of the helical superstructure for interfacial
and bulk regions of the cholesterics.20

In conclusion, the confinement of dye doped helixed liq-
uid crystal in cylindrical microcavities gives rise to a 3D
periodical superstructure where the two naturally preferred
helical directions �axial and radial� create spontaneously.
Low-threshold highly directional laser action was demon-
strated both radially and axially. Along with the expected
band edge mode we report the existence of long-lived spec-
trally narrow laser defect modes within the central region of
the stop band. Fine temperature tuning of the stimulated
emission wavelength was achieved for both lasing situations.
Experimental evidences suggest the existence of two main
DFB resonant configurations �axial and radial� which are be-
hind the demonstrated temperature tunable multidirectional
�3D� lasing system. Novel photonic architectures and optical
devices could be engineered by using this level of confine-
ment of periodic and quasiperiodic photonic crystals.

The authors are grateful to Dr. G. De Filpo for the help
and suggestions given for the preparation of the samples.
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Abstract: The first observation of random laser action in a partially 
ordered, optically anisotropic nematic liquid crystal with long-range 
dielectric tensor fluctuations is reported.  Above a given pump power the 
fluorescence curve collapses and the typical narrowing and explosion effect 
leads to discrete sharp peaks. The unexpected surviving of interference 
effects in recurrent multiple scattering provide the required optical feedback 
for lasing in nematics. Coherent backscattering of light waves in 
orientationally ordered nematic liquid crystals manifests a weak localization 
of light which strongly supports diffusive laser action in presence of gain 
medium. Intensity fluctuations of the speckle–like emission pattern indicate 
the typical spatio-temporal randomness of diffusive laser emission. A 
comparison of the laser action is reported for systems with different order 
degree: fully disordered semiconductor powders, self-ordered cholesterics 
and partially ordered nematic liquid crystals. 

© 2006 Optical Society of America 

OCIS codes: (230.3720) Liquid crystal devices; (290.13500) Back scattering;              
(999.9999) Random lasing. 
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1. Introduction 

The diffusion and transport of light waves in complex dielectric structures have spurred a vast 
range of experimental and theoretical work, revealing one of the most challenging and 
exciting scientific area of the past decade. The propagation of electromagnetic waves in 
periodically structured dielectric systems, i.e. photonic bandgap materials, and the linear and 
non linear optical phenomena in completely disordered systems doped with gain media 
represent two opposite sides of this promising scientific branch. The literature demonstrates 
that much has been done in these extreme areas, but the huge intermediate world constituted 
by the partially ordered systems still remains almost unexplored. The laser emission study in 
ordered and periodic systems has known an extraordinary revival in the last years; even 
because of the remarkable development of experimental techniques which allow to scale the 
photonic crystal structures down to the nanoscale with the aim to mould the flow of light [1]. 
Surprisingly, active random media repeatedly proved to be suitable for obtaining diffusive 
laser action, mainly based on the resonant feedback mechanisms in multiple scattering. Light 
localization and interference effects which survive to multiple scattering events have been 
invoked to explain the random lasing observed in many exotic and complex systems [2-9].  In 
fact, when the diffusive photon transport in completely disordered systems encounters the 
condition klt ∼ 1, being k is the magnitude of the local wave vector and lt is the transport mean 
free path, an almost complete localization of light waves should occur. This effect is known as 
Anderson localization in analogy with the diffusion behaviour of electrons in some conductor 
lattices [10].   

Weak localization of light waves is considered as a particular case of interference effects 
which were predicted and observed in random media and in partially ordered systems for      
klt > 1 [11-17]. Recently, coherent backscattering experiments performed with high accuracy 
apparatus manifested weak localization of light even in tensorial systems characterized by 
high optical anisotropy, like nematic liquid crystals [18]. These experiments show how the 
recurrent multiple scattering events exactly back enhance the scattered intensity giving rise to 
an anisotropic backscattering cone [19].   

Nematic liquid crystals (NLC) are uniaxial fluids with rod-like molecules aligned on 
average along a local anisotropy axis which is represented by the unit vector n(r,t), the 
molecular director.   



The spontaneous fluctuations of the director represented by ( ) ( )trnntrn ,, 0 δ+=  leads 

to fluctuations in the local dielectric tensor ( ) βααβαβ εεδεε nn⊥⊥ −+= //  which is the 

main effect responsible of the recurrent multiple scattering events as a light wave is 
propagating through the NLC medium. The scattering of visible light by NLC is higher, by a 
factor of the order of 106, than the scattering by conventional isotropic fluids [20]. The 

fluctuations of αβε  come from two different sources: (1) fluctuations in ε⊥ and ε// due to 

small, local, changes in the density, temperature, etc.; (2) fluctuations in the orientation of n, 
this is the dominant effect which is specific of nematic liquid crystals. When the scattering is 
increased beyond a critical value, the system makes a transition in a localized state, where 
light propagation is inhibited owing to interference in multiple scattering. The weak 
localization of light in an amplifying scattering medium supports stimulated emission through 
resonant and nonresonant optical feedback. Such laser action is usually called diffusive or 
random lasing. In this letter, we mainly consider the multiple scattering of spontaneously 
emitted photons within the gain medium. These photons are characterized by different initial 
states of polarization which does not depend on the excitation polarization. The polarization 
of the excitation pulses and the scattering intensity is considered only in terms of  quantum 
yields and photons available to be radiated into the lasing modes.   

Here we report the first experimental observation of random laser action in a partially 
ordered and highly anisotropic NLC doped with fluorescent guest molecules. The study of 
laser emission in such system emphasizes the peculiar behaviour of diffusive laser action, 
randomness of laser emission was observed in time, space and frequency. In fact, the spatial 
distribution of the emitted light is speckle-like accompanied by strong intensity fluctuations 
and slight shifts of the resonant peaks occur for each pump pulse. The random laser relevant 
length scales, i.e. the scattering mean path length l, the gain length lg, and the sample size are 
found to be in good agreement with the random laser theory. In fact, the gain length at the 
onset of lasing is lg  ∼ V2/3 / l ∼ 3.5 x 10-2 mm, is in reasonable agreement with the value found 
experimentally at the lasing threshold pump intensity (4.4 x 10-2 mm). In addition, the 
scattering mean path length was measured to be about an order of magnitude longer than the 
gain length providing ample opportunities to trigger the lasing effect. 

2. Experimental  

The nematic liquid crystal, BL001 provided by Merck, having the following bulk phase 
sequence Cr. – -10°C – Nematic – 63°C – Iso   was doped with 0.3 wt% of Pyrromethene 597 
dye (Exciton). The mixture was confined in a wedge cell constituted by two glass-ITO plates 
separated by Mylar spacers, with a thickness of 100 μm at one edge and 1.5 μm at the other 
one. The inner side of the plates were covered with rubbed polyimide alignment layers in 
order to induce a homogeneous alignment of the NLC molecules at the interface. Then, the 
wedge cell was filled by capillarity with the flow direction  along the rubbing direction and 
normal with respect to the wedge. Upon observing the sample under a polarized microscope, 
it shows a planar alignment with the optical axis which lies in the plane of the cell parallel to 
the rubbing direction. The pyrromethene dye molecules dissolved in the NLC at very low 
concentration (0.3-0.5% by wt), proved to be completely miscible as evidenced by the almost 
complete absence of micro-droplets of dye embedded in the nematic phase. The wedge 
sample was optically pumped with 3-5 ns pulses produced by a frequency-doubled (532 nm) 
Nd:YAG laser (NewWave, Tempest 20). The pump beam was focused onto the thick region 
of the sample (about 100 μm) with a spherical lens (f = 100 mm) yielding a beam waist of 
about 30 μm at the focus position. The experimental set-up (see Fig. 1) presents a combination 
of optical elements (quarter-wave plates, half-wave plates and Glan-Thompson polarizers) in 
order to select all the states of polarization of the pump beam. A multichannel CCD 
spectrometer with a high spectral resolution (0.5 nm) and with a fiber termination was used to 
capture the emission spectra within a limited cone angle of 0.05 rad. The speckle-like pattern 



of the emission spot was imaged on a screen while simultaneously the emission spectrum was 
captured by means of the CCD spectrometer (see Fig. 1).  

At low pump power, the emission spectra show the typical spontaneous emission curve of 
pyrromethene dye, indicating that NLC does not considerably modify the fluorescence 
spectrum (Fig. 2). Upon increasing the pump power above a given threshold value           
(about 900 nJ/pulse), discrete sharp peaks emerge from the residual fluorescent spectrum and 
the output energy was found to be about 150 nJ/pulse at room temperature. The line width of 
these sharp peaks were less than 0.5 nm, yielding a quality factor Q of this random cavities 
larger than 1000.  When the incident pump energy exceeds the threshold value, the peak 
intensity increases much more rapidly with the pump power and more sharp peaks appear, 
because now the balance gain-loss of these lossiest modes  become positive (see Fig. 2). 
Hence, diffusive lasing occurs in dye doped nematics by recurrent light scattering and the 
lasing frequencies are determined by phase relationship of the counter-propagating scattered 
light waves. In fact, the weak localization of light waves owing to the strong optical scattering 
gives rise to reciprocal paths within the gain medium.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Schematic diagram of the experimental set-up: the picture shows the pump beam and 
the diffusive laser emission projected on the screen. Recurrent multiple light scattering in dye 
doped nematics provides the feedback for laser oscillations. 

 
When the phase accumulation in reciprocal path is equal, constructive interference occurs 
among the backscattered amplitudes. Therefore, we do believe that blue shift of the laser 
emission with respect to the fluorescence maximum is determined by interference effects 
which introduce coherence and feedback, leading to lasing action. 

The inset of Fig. 2 shows the dependence of lasing intensity as a function of the 
orientation of the linear state of polarization of the pump beam. The lasing intensity undergoes 
a five-fold lowering when the pump light is polarized perpendicularly to the NLC director (o-
wave) compared with the light polarized parallel to the director (e-wave). The polarization 
dependence of the scattering intensity and the coupling of the optical field with the gain 
medium have to be taken into account for the observed anisotropy. The former effect is 
mainly due to polarization dependence of the diffusion constant D for the emitted photons, 
indeed a larger diffusion constant for the e-wave compared to the o-wave is generally 
measured. The latter aspect can be analyzed by considering the Fermi’s Golden Rule which 
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clearly states that the molecular transitions and the rate of emission strongly depend by the 
coupling of the pump electric field E and the transition dipole moment d of the dye molecules. 
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Fig. 2. Fluorescence and lasing spectra are reported. Discrete sharp peaks emerge from the 
residual spontaneous emission for pump energy of about 1.2 μJ/pulse. The inset shows the 
dependence of the lasing intensity on the angle θ between the linearly polarized light and the 
local nematic director orientation. 

 
Thus, these processes are governed by the projection E ˚ d. In addition, the experimental 

results emphasize that the fluorescent molecules adopt to some degree the local nematic order 
of the liquid crystal solvent, which results in an anisotropic orientational distribution of the 
transition dipole moment. In fact, polarized fluorescence measurements emphasize a strong 
dependence of the emission intensity on the pump polarization, as it is shown in the polar plot 
of Fig. 3. 

It is worth to point out that the maximum of the lasing intensity was obtained for linearly 
polarized pump pulses with E oriented along the local director (θ =0°), being in good 
agreement with the polarized fluorescence results as well as the polarization dependence of 
the scattering intensity. This indicates that the dye molecules possess an anisotropic 
orientational distribution of the transition dipole moments along the local nematic director, 
with a dye order parameter SD = 0.2 calculated as follows [21]:    
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Here F// and F⊥ are fluorescence intensities polarized parallel and perpendicular to the 
NLC director, respectively. Therefore, this confirms that the dipolar coupling modifies the 
quantum yield for fluorescence and plays an important role for the light amplification process; 
some states of polarization of the pump pulses provide a larger number of spontaneously 
emitted photons which are radiated in the lasing modes.  
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Fig. 3. Polar plot of the polarized fluorescence of the dye doped nematic sample. It is obtained 
by measuring the fluorescence intensity by analyzing the polarized emission at different angles 
about the local nematic director.   

 
Finally, in order to gain further understanding on the diffusive laser action observed in this 

partially ordered system, a comparative study of the emission properties of systems with 
different order degree was performed.  We investigated the input-output characteristics and 
evaluated the β-factor of the following systems: 1) self-ordered dye doped helixed liquid 
crystals confined in conventional sandwich cell [22-26]; 2) laser dye solution containing ZnO 
nanoparticles [27]; 3) dye doped nematic liquid crystal confined in a wedge cell. While the 
first two systems have been widely investigated showing a lasing action with a well known 
input-output behaviour, the unexplored presented system presents a peculiar intermediate 
behaviour. In a conventional laser, β is defined as the ratio of the rate of spontaneous emission 
into the lasing modes to the total rate of spontaneous emission )10( ≤≤ β , and determines 
the sharpness of the laser threshold [28]. In the science of cavity laser this parameter is of 
great interest because of the promise of “thresholdless laser” with β=1, in which all the 
spontaneous emission is radiated into the lasing modes. In figure 4 is reported the integrated 
emission intensity in function of the pump energy for the investigated systems characterized 
by different order degree. Unlike the sharpness of the lasing threshold observed in the self-
ordered cholesteric cells (β ∼ 0.01), in which a super-linear increase of the emission intensity 
is measured above the threshold, the input-output curve measured in the random medium 
shows a stretched-exponential behaviour characterized by β ∼ 0.2. The partially ordered 
nematic sample shows a behaviour intermediate between these two extremes. In fact, the 
output energy increases almost exponentially with the pump power (β ∼ 0.08). The presented 
behaviour suggests that a large part of the spontaneous emission is radiated into the lasing 
modes by of the optical feedback provided by the anisotropic coherent backscattering. 
Interestingly, upon increasing the temperature of the sample, the diminished nematic order 
parameter results in a smoother lasing threshold, approaching indeed the random system 
behaviour. Anyway, a detailed study of the aforementioned effect will be reported elsewhere.  
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Fig. 4. Light input-output curves for systems with different order degree are reported. The 
emission rate of ordered dye doped cholesterics with a periodic helical structure, disordered 
nanoparticles of ZnO dissolved in methanol solution and partially ordered nematic liquid 
crystals are compared.      

3. Conclusion 

In conclusion, random laser action in highly anisotropic and partially ordered NLC has been 
observed. The underlying mechanism is mainly based on interference effects which survive to 
recurrent multiple scattering driven by nematic director fluctuations.  Coherent backscattering 
experiments performed on similar systems have already proven that interference effects leads 
to weak localization of light waves [14]. Weakly localized light waves into dye doped nematic 
sample are responsible for amplification while the resonance frequencies are selected through 
interference phenomena of the counter-propagating light waves within the localized loops. For 
the sake of simplify, photons spontaneously emitted by the fluorescent guest molecules are 
launched at random directions from random positions within the excited volume. Because of 
the recurrent multiple scattering the probability to trace reciprocal paths by these photons is 
not null, as demonstrated by coherent backscattering experiments, thus resulting in equal 
phase accumulation during these open loops. Being the gain length comparable with the 
transport mean free path the emission of other photons is stimulated before the recurrently 
scattered photons leave the sample, triggering a coherent chain reaction. When the balance 
gain-loss becomes positive the optically excited dye doped nematic start to lase. Unlike 
distributed feedback mirror-less laser, this system can be considered as a cavity-less 
microlaser where the disorder unexpectedly plays the most important role, behaving as 
randomly distributed feedback laser. We found that the dye transition dipole moments adopt 
in some degree the orientational order parameter of the nematic director, resulting in a control 
of the emission intensity by varying the polarization of the pump beam. In addition, the 
evaluated β-factor for the presented system yields an intermediate value with respect to the 
random and fully ordered systems, suggesting that the order parameter drives the amount of 
spontaneous emission radiated into the lasing modes. Many further studies will be needed in 
order to gain full understandings of the diffusive laser action in nematic samples, indeed a 
wide series of experiments, simulations and extensive investigations have been planned. The 
aim of this letter is to report the experimental evidence of random lasing in nematics in order 
to enlighten the intriguing world of the partially ordered systems, and its peculiar emission 
properties when doped with gain media. Clearly, this could represent an exceptionally 
promising route for fundamental prospective studies with strong technological implications 
for integrated optical systems, nanophotonic and optoelectronic fields.  
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The role of the thermally modulated order parameter in the diffusive laser action observed in dye
doped nematic liquid crystals was investigated. Above a given pump energy a randomly distributed
series of bright tiny spots appear, giving rise to a strongly fluctuating emission pattern. The spectral
analysis reveals discrete sharp peaks �about 0.5 nm� slightly blueshifted with respect to the highest
efficiency region of the gain medium. A comparative study was performed in systems having
different sizes and confining geometries, corroborating the idea that the random lasing observed in
dye doped nematic phase is fluctuation driven through a recurrent multiple scattering process.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2356087�
Since the first appearance of experimental evidences of
random laser action in fully disordered gain media a huge
number of exotic systems have been investigated in order
to understand the mechanisms behind this interesting
phenomenon.1–8 The study of laser action ranges from peri-
odically highly ordered materials, i.e., photonic crystals, to
completely disordered systems such as powders, suspensions
of microspheres, or strongly scattering materials. In fact,
light propagation in complex dielectric materials is a rich and
fascinating area of research and one of the fastest growing
subjects in modern physics. Since first proposed by Letokhov
in 1967, random lasers have been intensively studied, both
experimentally and theoretically.1 In random lasers, strong
optical scattering in the gain medium provides for stimulated
emission feedback, thus eliminating the need for an external
cavity, like in regular lasers. This phenomenon has been ob-
served in experiments on strongly scattering powders. The
emission from such systems was shown to become narrow
banded above a threshold and to exhibit laser spiking. This
observable fact, also known as diffusive random lasing, has
been demonstrated in a variety of materials such as pow-
dered laser crystals,9 microparticles in laser dye solution,10

and liquid crystal-dye infiltrated porous glass.8 Recurrent
multiple scattering was repeatedly invoked as the source of
the optical feedback for stimulated emission. The random
walk of light waves results in the retention of light within the
material long enough for the amplification to become effi-
cient. Letokhov predicted that the combination of multiple
scattering and light amplification would lead to a form of
laser. Indeed, coherent backscattering experiments performed
on fully and partially disordered systems demonstrated that
interference effects survive this scattering regime, mani-
fested as an enhancement of light intensity in the back-
scattering direction. This substantial enhancement is called
the cone of coherent backscattering and represents a marker
for the fascinating effect of weak localization of light.11,12

In this letter we report the thermal behavior of random
lasing in a partially ordered dye doped nematic liquid crystal
in various confining geometries and volumes. Liquid crystals
in the nematic phase �NLC� are optically anisotropic strongly
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scattering materials, exhibiting turbidity and coherent back-
scattering. They differ fundamentally from common isotropic
media being uniaxial fluids with rodlike molecules aligned
on average along a local anisotropy axis which is represented
by the unit vector n�r , t�, the molecular director. The sponta-
neous fluctuations of the director represented by n�r , t�=n0

+�n�r , t� leads to fluctuations in the local dielectric tensor
���=�����+ ��� −���n�n�, which is the main effect respon-
sible of the recurrent multiple scattering events as a light
wave is propagating through the NLC medium. The scatter-
ing of visible light by NLC is higher, by a factor of the order
of 106, than the scattering by conventional isotropic fluids.13

In our experiments the gain medium consisted of a nematic
liquid crystal mixture �BL001 by Merck� doped with 0.3%
by weight of pyrromethene 597 dye �Exciton�. The liquid
crystal bulk phase sequence is as followes: crystal
−10 °C—nematic 63 °C—isotropic. Dye doped nematics
were confined in two different geometries: wedge cells and
cylindrical capillaries. The wedge cells were constituted by
two glass indium tin oxide plates separated by Mylar spacers
having a thickness of 2 �m at one side and 200 �m at the
other one. The plates were covered with rubbed polyimide
alignment layers in order to induce a homogeneous align-
ment of the NLC molecules at the interface. The pyr-
romethene dye molecules dissolved in the NLC at very low
concentration �0.3%–0.5% by weight� proved to be com-
pletely miscible as evidenced by the almost complete ab-
sence of microdroplets of dye embedded in the nematic
phase. The same mixture was confined also in cylindrical
capillaries, without any surface treatment, having inner di-
ameters of 0.2 and 0.5 mm. These systems were investigated
with 532 nm light from a frequency-doubled neodymium
doped yttrium aluminum garnet laser �NewWave, Tempest
20�. The pump light consisted of a train of twenty 3 ns pulses
focused into a 50 �m spot. The input pump energy was var-
ied, and we spectrally analyzed the resulting emission, using
a high resolution optical multi channel charge coupled device
�CCD� spectrometer �Jobin-Yvon�.

Experiments have been performed on empty cells �both
geometries� by checking the transmission and reflection
spectra collected by using a high sensitivity spectrophotom-
eter �UV-visible-near-infrared Cary 500 by Varian� in order

to rule out any cavity effect due to multiple reflected light

© 2006 American Institute of Physics9-1
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waves at the boundaries. In addition, we calculated the free
spectral range by assuming a cavity effect and it was found
to be absolutely incompatible with the wavelength region of
the lasing modes and with the spectral spacing of the modes.

At the low power pump the emission spectra show the
typical spontaneous emission curve of pyrromethene dye.
Upon increasing the pump energy above a given threshold
value �about 1 �J /pulse� discrete sharp peaks appear �full
width at half maximum �0.5 nm�. The spatial distribution of
the emission shows brilliant tiny spots randomly distributed
as a speckle, thus fluctuating in time and space �see Fig. 1�.
The emitted light was spectrally analyzed for both geom-
etries, as shown in Fig. 2, the measured sharp peaks prove
that the effect does not depend on the size and the geometry
of the boundary conditions, but the key role is played by
bulky dye doped nematics. In addition Fig. 2�b� shows that
the emitted light by the cylindrical capillary was redshifted
with respect to the wedge, this is due to phase relationships
which depend on the boundary constraints. Polarized fluores-
cence measurements �insets of Fig. 2� show a pronounced
anisotropy for the wedge cell. This clearly indicates that the
dye molecules adopt to some degree the higher order param-
eter and the alignment of the nematic phase confined in the
wedge cell with respect to the degenerate alignment within
the untreated cylindrical capillary. Upon increasing the pump
intensity, more sharp peaks appeared and the peak intensity
increased more rapidly. Since the condition for lasing comes
from a careful balance between gain and loss, where the gain
becomes larger than the loss the system starts to lase.14 In
order to understand the underlying mechanisms responsible
for the observed excitation threshold behavior, we investi-
gated the input-output characteristics of systems with diverse
order degree. The emission intensity was measured as func-
tion of the pump energy for fully disordered nanopowder dye
solution,15 self-ordered dye doped helixed liquid crystal
sample �cholesteric phase�,16 and a partially ordered dye

FIG. 1. �Color online� Image of diffusive lasing from optically pumped
cylindrical capillary. Intense stimulated emission is observed on the back-
ground screen.
doped nematic sample �see Fig. 3�a��. While the first two
Downloaded 22 Nov 2007 to 160.97.1.254. Redistribution subject to A
systems have been widely investigated showing a lasing ac-
tion with a well known input-output behavior, the unexplored
presented system presents a peculiar intermediate behavior.
The sharpness of the lasing threshold is determined by the �
factor, defined as the ratio of the rate of spontaneous emis-
sion into the lasing modes to the total rate of spontaneous

FIG. 2. �a� Wedge cell and �b� capillary tube emission spectra show differ-
ent lasing wavelengths and numbers of lasing modes. The insets show the
dependence of the polarized fluorescence on the angle � between the linearly
polarized light and the local nematic director orientation for the two confin-
ing geometries.

FIG. 3. �Color online� �a� Input-output energy curves for systems with dif-
ferent order degrees are reported �chiral LC, nematic LC, and nanopowdered
dye solution�. �b� Thermal behavior of � factor for the nematic liquid crystal
sample. Upon increasing the temperature � factor approaches the values

yielded for a fully disordered system �TiO nanopowders�.

IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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emission.17 The exponential increase of the output as func-
tion of the input energy for the nematic sample is character-
ized by ��0.08, representing the fraction of spontaneous
emission which is radiated into the lasing modes. This radia-
tive transfer is regulated by the order of the system, as
clearly evidenced by the curves reported in Fig. 3�b� for the
nematic sample. Interestingly, upon increasing the tempera-
ture of the sample, the diminished nematic order parameter
results in a smoother lasing threshold, approaching the
threshold behavior of the fully disordered nanopowdered
system. The thermally induced disorder comes from an en-
hancement of the director fluctuations and strong gradients
of concentration of the cyanobiphenyl components of the E7
mixture.13 The enhanced scattering shifts the balance gain-
loss because a larger number of spontaneously emitted pho-
tons are needed to act as seeds for the stimulated emission
process. Thus, increasing the temperature results in having a
lasing threshold behavior similar to the typical stretched ex-
ponential curve of nanopowdered dye solutions. In addition,
the thermal analysis of the emission spectra reveals an unex-
pected behavior; the emitted light drops off as the tempera-

FIG. 4. �Color online� �a� Intensity spatial distribution obtained for a dye
doped NLC cell is compared with the �b� expected pseudo-Gaussian profile
obtained by a well ordered helixed liquid crystal sample. Bright tiny spots
spatially overlapped show a richly structured emission pattern typical of
diffusive laser action.
Downloaded 22 Nov 2007 to 160.97.1.254. Redistribution subject to A
ture approaches 50 °C and reappears in the proximity of
nematic-isotropic transition �about 63 °C�. This effect is ac-
companied by a strong scattering of the pump beam during
the temperature range over which the lasing is absent, indi-
cating that a cascade of scattering regimes occurs as the tem-
perature varies upward and downward the nematic phase.

Finally, the far field spatial distribution of the emitted
light was captured by a high resolution CCD camera in a
limited cone angle ��0.1 rad�. It reveals a series of bright
tiny spots spatially overlapped creating a richly structured
pattern. In Fig. 4 this spatial distribution is compared with
the expected pseudo-Gaussian profile obtained for a well or-
dered helixed liquid crystal creating a one-dimensional pho-
tonic band gap structure. This emission mechanism is based
on the diffusive process of spontaneously emitted photons by
fluorescent guest molecules launched at random directions
from random positions. These photons are involved in a
weak localization process within the gain medium because of
recurrent multiple scattering. The entrapment of the emitted
photons for enough time gives rise to reciprocal paths pro-
viding the optical feedback. In fact, the reciprocal paths are
responsible of interference effects which survive in multiple
scattering, because generally the phase accumulates equally
in such paths. In conclusion, we demonstrated random laser
action in dye doped nematics confined with diverse boundary
conditions �i.e., geometry, size, and surface treatment�. The
thermal behavior of laser action points out the importance of
the order of the system by evidencing that the mechanisms
which are behind this optical feedback have nothing to do
with distributed feedback or any other resonant regime due
to a passive cavity.
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A statistical analysis of random lasing events observed in dye doped nematic liquid crystal (NLC)
films is reported. The occurrence of random laser action in such complex fluids is due to residual
resonances in the multiple scattering of spontaneously emitted photons. The Shannon entropy and
a local-Poisson test are used here in order to quantitatively characterize the chaotic behavior of laser
spikes and gain further understandings of the mechanisms underlying the lasing effect in strongly
scattering organized fluids arising by an unexpected interplay of localization and amplification.
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I. INTRODUCTION

Since firstly proposed by Letokhov in 1968, which pre-
dicted that the combination of multiple scattering and
light amplification would lead to a form of laser, lasing
in disordered media has been a subject of intense the-
oretical and experimental studies [1, 2]. Multiple scat-
tering phenomena have been observed in various systems
such as powdered laser crystals, micro and nano particles
in laser dye solutions and liquid crystal-dye infiltrated
porous glasses. In these cases, the emission was shown
to become narrow banded above a given pump energy
threshold [3]. The physical mechanism behind random
lasing can be explained by making an analogy to the elec-
tronic model proposed by Philip W. Anderson in 1958 in
the famous article “Absence of diffusion in certain ran-
dom lattices” [4]. He described the vanishing of electron
propagation in the regime of very strong multiple scat-
tering due to interference in lattices where disorder was
introduced as impurities. This concept served as a model
for metal-insulator transitions. In an active random me-
dia, when the scattering is weak, the emission is sponta-
neous. When light scattering is enhanced above a criti-
cal value, recurrent light scattering events arise and the
Ioffe-Regel criterion for localization, klt < 1 (k = 2p/λ is
the wave vector and lt is the scattering mean free path),
is met. The dwell time of light photons in such media
can be increased, so that light is amplified by walking
a longer random path inside the system. In the strong
multiple scattering regime, the system makes a transition
into a localized state where light propagation is inhib-
ited owing to survival of interference effects. In random
lasers, it is exactly this strong multiple scattering inside
the gain medium that provides the means for stimulated
emission feedback. In 1996, Wiersma’s group performed
scattering experiments on fully and partially disordered
systems, demonstrating that interference effects manage
to survive the scattering regime and give rise to enhance-
ment of the light intensity in the backscattered direction,

namely the cone of coherent backscattering [5]. When op-
tical scattering is strong, light may return to a scatterer
from which it was scattered before, and thereby forms a
closed loop path that serves as a “random cavity”. When
light is trapped inside the gain medium long enough, the
amplification along such a loop path can exceed the op-
tical loss and the system starts to lase. As the pump
energy is further increased, the balance between gain
and loss becomes positive and additional narrow peaks
appear in the emission spectrum. Such laser action is
called diffusive or random lasing. Because random lasing
modes come from the eigenstates of disordered systems,
random lasers open a special door to study the interplay
between localization and amplification. Recently, Strangi
et.al [6] reported the first observations of random laser
action in a partially ordered dye-doped nematic liquid
crystals systems presenting various confining geometries.
In this letter, we investigate the random lasing emission
properties in dye doped nematic liquid crystals for differ-
ent temperatures, below the nematic-isotropic transition.
In particular, a statistical study of the emitted photons is
reported and a model is intended to explain the temper-
ature (vs. time) dependent behaviour of the speckle-like
emission.

II. EXPERIMENTAL

The gain medium consists of a nematic liquid crys-
tal mixture (BL001 by Merck) doped with 0.3%wt of
Pyrromethene 597 dye (Exciton). The liquid crystal
bulk phase sequence is Cr. −10◦C Nematic 63◦C Iso.
The mixture was confined in a wedge cell constituted by
two glass-ITO plates separated by Mylar spacers, with a
thickness of 2µm at one side and 0.2mm at the other one.
The glasses were treated with polyimide in order to in-
duce a homogeneous alignment of the NLC molecules.
The system was then optically pumped with 532nm
light from a frequency-doubled Nd:YAG laser (NewWave,



2

Tempest 20). The pump light consisted of a train of
twenty 3ns pulses focused into a 50µm spot by means of
a spherical lens. The emission properties were spectrally
analyzed by means of a high-resolution optical multi-
channel CCD spectrometer (Jobin Yvon, Micro-HR). For
low pump energy, the emission spectrum shows the typi-
cal spontaneous emission curve of the pyrromethene dye.
When the pump intensity exceeds a certain threshold,
several sharp lasing peaks emerge (Fig. 1a). The far
field spatial distribution of the emitted light was cap-
tured with a high sensitivity and resolution CCD camera
(PixelFlyQE by PCO) and it shows a series of spatially
overlapped bright tiny spots which create a richly struc-
tured pattern typical of random lasers (Fig. 1b).
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FIG. 1: a) Fluorescence and lasing spectra in partially ordered
dye doped nematic liquid crystal confined in a wedge cell.
Above a given threshold pump energy, discrete sharp peaks
emerge from the residual spontaneous emission. b) Far-field
spatial distribution of the emission intensity shows a multi-
tude of spatially overlapped lasing peaks.

In order to gain further understanding about the mul-
tiple scattering mechanism and its time and temperature
dependent behaviour we statistically analyzed the emis-
sion intensity fluctuations. For this purpose, we collected
the emitted light by means of a fast photodiode which
was simultaneously triggered by the pump pulse. The sig-
nal was then sent to an oscilloscope and analyzed. Figure

2a depicts the temporal behaviour of laser action in the
case of highly ordered cholesteric and partially ordered
nematic samples doped with fluorescent guest molecules.
For a fixed pump power the cholesteric system shows very
small variations in the lasing output intensity (the pump
energy was kept fixed above the lasing threshold). Es-
sentially, for each shot of the pump beam the system was
in the “on” state. A totally different scenario is revealed
in the case of the nematic dye doped system: strong fluc-
tuations of the emission intensity are measured for pump
power above the lasing threshold. Irregular intermittent
sequences of “on” and “off” states demonstrate a charac-
teristic behaviour for a random laser. Since the condition
for lasing comes from a careful balance between gain and
loss, it is clear that in this case not for every pump pulse
the random walk inside the anisotropic medium gathers
enough gain for the system to lase. Interestingly, upon in-
creasing the temperature of the sample the system tends
to present the off state more frequently. By increasing
the temperature, the total scattering intensity slightly
increases but the coherent backscattering cone is lowered
emphasizing that the incoherent scattering component
increases within the medium. The enhancement of inco-
herent scattering lowers the gain inside the system and
decreases the probability of having lasing modes in this
situation, since a larger number of spontaneously emit-
ted photons are needed to act as seeds for the stimulated
emission process.

III. CHARACTERIZATION: LOOKING FOR

CORRELATIONS

To better understand the driving mechanisms within
these systems, a statistical study has been performed. In
particular, we used two different statistical tools, already
adopted in other contexts, to characterize the possible
presence of memory in the system. As can be clearly seen
by a look at Figure 2b, and as we have already mentioned,
the diffusive laser action in dye doped NLC is rather ir-
regular. It seems thus natural to investigate whether
such irregularity is the result of a completely random pro-
cess, or if, instead, some form of correlation is present,
indicating the existence of an underlying mechanism in
the system. The statistical description of the irregularity
properties of the system could give useful information
on several aspects, as for example the temperature de-
pendence mentioned above. Since, in this paper, we are
interested in the irregularly alternating status of lasing
(lasing or non-lasing in response to the pump), we chose
to identify an “event” with the total intensity emitted
by the system, as observed in correspondence with the
pump pulse. Then, we set a threshold, right above the
noise level of the recorded signal and the pump level, to
separate the “non-lasing” events from the “lasing” ones.
The result of such process is a signal, made of “on” and
“off” digits, indicating the status of emission of the sys-
tem at each pump pulse. The presence of correlations,
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FIG. 2: a) Pump and output emission intensities from both
dye doped cholesteric and dye doped nematic samples as func-
tion of time. b) The temporal emission intensity dependence
on system temperature for a dye doped NLC sample.

and thus of memory effect, corresponds to evidence of
some degree of regularities in the signal obtained through
this procedure.

A. The Shannon entropy

Let us now introduce the first statistical tool used in
this work, known in literature as Shannon (or informa-
tion) entropy [7, 9]. The regularity of a sequence of N−1
symbols (as, for example, a word of binary digits), pro-
duced by any source, can be characterized through the
ability in predicting the N -th symbol. In our case, the
possible symbols are limited to the “on” and “off” states,
so that the binary digits “0” and “1” are only needed
to describe the sequence. We will give a brief descrip-
tion of the Shannon entropy in this case, reminding that
the theory can be extended to an arbitrary number of
different symbols. Given a sequence of N binary digits
s(i)(i = 1, ..., N), we introduce the probability P (Cn)
(namely the occurrence rate within the sequence) of a
particular “word” Cn = (s(1), s(2), . . . , s(n)) of length
n. Then, the entropy associated to a generic n-digits
word can be defined as Hn = −

∑
{Cn} P (Cn) log P (Cn)

, where the sum is computed over all the possible com-
binations of length n. The quantity hn = Hn+1 − Hn,
indicated as differential entropy, thus represents the av-
erage information provided by the (n + 1)-th digit, once
the previous n digits are known. For a stationary source,
the Shannon entropy can finally be defined as the limit
for large values of n

hsh = lim
n→∞

hn = lim
n→∞

Hn

n
. (1)

This quantity is a measure of the regularity of the se-
quence. For example, for a given regular (say periodic)
sequence, the information carried by the next digit af-
ter one period is zero, since the full knowledge of the
sequence in contained into the first period. The pre-
dictability of such a sequence is then trivially high, and
the signal is completely correlated with long range mem-
ory. On the contrary, if the sequence is chaotic, the in-
formation provided by the knowledge of each digit can
be high. For example, for a random realization, namely
if all digits have the same chance to be “0” or “1”, any
next digit carries with it the same amount of informa-
tion as the previous ones. Such a sequence is completely
unpredictable, and neither memory nor correlations are
present. In this case the limit (1) can be easily shown
to be hsh = log 2. Thus, the quantities defined so far
represent a tool to describe the complexity of the source,
through the regularities of the emitted sequences. Note
that although the theoretical Shannon entropy is defined
as the limit to infinity of the word length, in the real ex-
periments the convergence of the limit (1) is normally
already obtained for small values n < 10.

Let us now consider our dataset. In this work we fo-
cused on six data-set obtained by performing the same
experiment at different values of the temperature, in the
interval between 26◦C and 41◦C. The experimental data
have been reduced to 6 sequences of 2000 digits, each
corresponding to the output state (lasing, that is “on”,
or non-lasing, that is “off”) as response to the excitation
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FIG. 3: The values of the entropy Hn (top panel) and of the
differential entropy hn (bottom panel) as a function of the
words length n. Different colours refer to the different dataset
(the corresponding temperatures are indicated in the legend).
For both panels, the black dotted lines represent the results
obtained using the completely ordered artificial dataset (the
bottom curve) and the completely random realization (top
curve).

pulses. We underline that the choice of the threshold is
not relevant. In fact, different realizations of the analysis
obtained with reasonable variations of the threshold gave
the same results, so that we do not need to discuss it here.
For each sequence, made of “0” and “1” digits (see Ta-
ble IIIA), we have then computed the quantities defined
above, namely the entropy Hn, the differential entropy
hn and the Shannon entropy hsh, using words of length
up to n = 18. The results are collected in Figures 3 and
4. For comparison, on the same figures are reported, to-
gether with the 6 realizations at different temperatures,
the results obtained using two artificial datasets. The
first one is a regular sequence of alternating “0” and “1”,
while the second one is a completely random realization.
Both sequences include 2000 digits, as for the observed
strings. Looking at the top panel of Figure 3, it is possible
to observe that, for the regular string, there is no increase
of information when the number n of digit of the words
increases. This corresponds, as expected, to a vanishing

TABLE I: For each temperature, the sequences size, the frac-
tion of “on” states (in %), and the Shannon entropy are re-
ported.

T (◦ C) n of events n of “1” events (%) hsh

26 2000 78% 0.54
29 1999 71% 0.60
32 1999 65% 0.64
35 1854 39% 0.67
38 1896 26% 0.58
41 1971 14% 0.42

differential entropy (bottom panel of Figure 3) leading to
hsh ∼ 0. The random case, conversely, displays a con-
stant growth of entropy Hn with the number of digits,
indicating that all of them bring the same amount of in-
formation (top panel of Figure 3). This correspond to a
constant differential entropy hn (bottom panel of Figure
3). In order to obtain a value of the Shannon entropy,
we observe that a saturation of Hn, and consequently a
vanishing trend for hn, is reached for n > 5, due to the
finite size of our sequence. Thus, we can assume that
the Shannon entropy is well represented by the constant
region of the differential entropy hn, with n < 5. We
decide, thereafter, to use the first value reported in the
plot, namely h2, as a proxy for the Shannon entropy. The
values of our estimates are displayed in Figure 4. For the
random case, the expected value hsh = log 2 is obtained.

The experimental sequences, obtained from the dif-
ferent datasets, show clear temperature dependence, ac-
cordingly to the probability variations reported in Ta-
ble IIIA. At low temperature, at which the string is
mainly composed by “on” digits (see Table IIIA), the en-
tropy curve indicate that the system is chaotic, but with
some degree of regularity. This is evidenced by the fact
that the information entropy Hn grows more slowly than
for the random case (Figure 3). Moreover, the values of
the Shannon entropy are somewhat smaller than the up-
per value hsh = log 2 (see Figure 4). Thus, the amount of
information carried by each digit is small. As the temper-
ature is increased, the number of “on” and “off” digits
becomes comparable, so that for T = 35◦C the Shan-
non entropy reaches its maximum value hsh = 0.67, very
close to the completely chaotic value. For higher tem-
peratures, the trend is reversed, and long “0” series are
interrupted by sporadic “1” digits. Both the high tem-
perature and the low temperature configurations, which
are almost undistinguishable as far as Shannon entropy
is concerned, imply the presence of recurrent words of
the same state (e.g. 000. . .0) that makes the system
more predictable, the information carried by each digit
smaller, so that the Shannon entropy decreases. The in-
dication of high chaoticity is anyway still valid. It should
be noted that the number of the “on” states decreases
very smoothly (indeed almost linearly) with the tem-
perature, varying from a mainly-on configuration to a
mainly-off one. The dominating state changes from “on”
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to “off” at some point between 32◦C and 35◦C (see fig-
ure 4). By comparing the slopes before and after the
inversion of the Shannon entropy trends, we notice that
it decreases more rapidly with respect to the rise phase.
It means that by increasing the temperature the number
of excitation pulses, that actually create the conditions
to have lasing, reduce more rapidly after the inversion
point. In order to shine light on this point, a series of
experiments have been planned in which we intend to use
pure LC and compare with mixtures where some phase-
separations could occur producing a rapid increase of the
intensity of the incoherent scattering component.
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FIG. 4: The values of the differential entropy h2 as a proxy
for the Shannon entropy, measured at different temperatures.
The dotted line shows the completely random value H2 =
0.69.

B. The local-Poisson test

As we have seen, the Shannon entropy analysis pro-
vides the useful information that the system under study
is highly chaotic, especially at intermediate tempera-
tures. At high and low temperatures, there is the in-
dication of presence of regularity of the gain mechanisms
behind the laser spiking, mainly due to the occurrence
of long periods of stable state. One further informa-
tion is that the system chaoticity changes smoothly with
the temperature. However, it is desirable to gain more
insigth on the system and in particular on the specific
features of chaos. This can be obtained, for example,
by looking at correlations of the emitted pulses. Cor-
relations are indeed related to some underlying mecha-
nism, so that their presence in a signal indicates the non-
stochasticity of the phenomenon. Let us now consider
our experimental data as a succession of words made of
the same digit. This corresponds to transform the strings
in series of “0”-only or “1”-only words of variable length
η, this last being defined as the number of consecutive
identical digits. Thus, the persistence of the system in a
given state (lasing or non-lasing) is concerned here. In

order to investigate the presence of correlations in the
system, the probability distribution function (PDFs) of
the persistence lengths can be studied. Indeed, for a com-
pletely random process, such distributions are expected
to be exponential. The presence of correlations, con-
versely, produces long-range power-law PDFs. This is
an easy test to perform on our data. Figure 5 displays
the distribution functions P (η) obtained for three values
of the temperature. PDFs are approximately power-laws,
indicating that the system is correlated not only at the
border temperatures (T = 26◦C and T = 41◦C), but also
at intermediate ones (T = 35◦C).
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power-law is also plotted for reference. Bottom panel: the
surviving function of the variable q (see text) for the same
temperatures. The thin streigth line 1 − x represents the
Poissonian, decorrelated case.

Because of the limited size of the datasets, the PDFs
shown in Figure 5 might suffer of some uncertainities.
We then performed a further analysis, which is less sen-
sitive to the sample size. Such analysis has been intro-
duced some years ago in cosmology [8], and used more re-
cently in astrophysical [9–11], geophysical [12] and econo-



6

physics [13] context.
Consider the sequence of m words, identified as the

consecutive sets of identical symbol within the original bi-
nary sequence, as described above. The separation points
between two successive words can be labeled with an in-
dex i, and identified as an event. The events are thus
defined as the change of state of the system from lasing
to non-lasing and vice-versa. For each event i, we use
the length of the following or preceding next and second
next words, that we call L1(i) and L2(i) respectively.
The choice between the pair of word following the event
i, and the pair preceding the same event, is made in order
to have the smallest L1(i). L1(i) and L2(i) are then the
lengths of the two word following or preceeding a given
state change i. We then introduce a quantity, which we
denote by q, which is nothing but the suitably normalized
local word length

h(L1(i), L2(i)) =
2L1(i)

2L1(i) + L2(i)
(2)

If the words lengths are randomly distributed, it can
be shown that the probability density function P (q) of
the stochastic variable q defined above is uniformly dis-
tributed in q ∈ [0, 1]. This correspond to have a lin-
ear decrease for the surviving function of P (q), namely
P (q ≥ Q) =

∫ ∞

Q
P (q)dq = 1 − Q. To better understand

the meaning of this tool, note that in a process where
L2(i) are systematically smaller than 2L1(i), clusters of
state changes are present and the average value of q is
greater than 1/2. On the contrary, when the process is
characterized by increasing persistence of state, the av-
erage value of q is less than 1/2. Both cases indicate the
presence of correlations in the signal. The test described
above is thus an useful tool to discriminate between a
sequence of random words and a sequence of correlated
ones.

From the experimental strings, it is straightforward to
calculate the surviving function P (q ≥ Q) and the test

is easily performed. Figure 5 shows the surviving func-
tions computed for the same three cases as P (η). The
stepwise shape of the surviving function is due to the dis-
crete nature of the sequence and to the relatively small
set of possible values of the lengths η. This results con-
firm that at all temperatures there is a relevant deviation
from stochasticity, so that the presence of correlations is
strong.

IV. CONCLUSIONS

The chaos of the amplification mechanism in dye doped
complex fluids has been quantitatively described through
the Shannon entropy. The results have shown that it is
highly chaotic, and that a peculiar dependence on the
temperature is present. In particular, we have shown that
chaoticity level increases when temperature is increased,
then reaches a peak at intermediate temperature, and fi-
nally decreases faster than in the growing regime. This
could be due to the smooth changes in relative number
of lasing and non-lasing states in the signal. We have
then performed a test to verify the presence of correla-
tions between the successive states of the random lasing.
The results show clearly that correlations are observed in
the emission properties of the dye doped liquid crystal.
On the other hand in the presented system has already
been observed through backscattering experiments unex-
pected coherence effects responsible of the optical feed-
back [5]. The correlations found in the lasing spikes could
be related to the amplification mechanisms through the
coherent scattering component that can present impor-
tant fluctuations with long range correlations. Our re-
sults suggest that for a better understanding of the basic
physical mechanisms of our systems, other tailored dye
doped complex fluids need to be explored. The compar-
ison of statistical characteristics could reveal the entity
of coherence effects in light localization processes.
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Random lasing in fully disordered systems having organic and inorganic nature has been the subject of 

extensive studies since the beginning of last decade. The interest mainly emerges from the unexpected 

role played by disorder in the laser action. The disorder was considered detrimental for the optical 

feedback in cavity laser, until was demonstrated that multiple scattering materials including a gain 

medium act as random laser. Here, a completely new approach is reported, where freely suspended 

complex fluid films doped with fluorescent molecules under optical excitation generate narrow banded 

lasing peaks. The constellation of localized modes is selected by properly choosing the gain profile. The 

idea to have laser action in absence of mirrors and boundaries realizes an unparalleled tunable and 

mouldable laser source.          
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Since the first appearance of random lasing in nano-powdered inorganic systems enormous interest has 

been focused in trying to understand the mechanisms driving this interesting and unexpected 

phenomenon1. Random laser action in fully disordered organic and inorganic systems (nanopowdered 

dye solutions, colloidal suspensions, etc.) has been widely investigated paving the way to an entirely new 

research field with important scientific and technological implications2-4. In particular, random laser 

have relevant impact and applications in the physics of soft-matter and biological tissues5-6. Light 

localization through strong multiple scattering and residual effect of coherence have been invoked as 

the main responsible of the feedback mechanism driving the coherent light generation in a fully or 

quasi-disordered system doped with guest fluorescent molecules. The surviving of interference effects 

in multiple scattering evidenced by coherent backscattering experiments7-8 , motivated the studies about 

the interplay between localization and amplification, predicted by Lethokov1 almost four decades ago. 

The coupling of strongly scattering and gain media can generate random lasing, through an unexpected 

modes selection mechanism. In cavity-less disordered media the entrapment of spontaneously emitted 

photons within reciprocal paths, because of recurrent multiple scattering, give rise to phase 

relationships, providing the coherent optical feedback which triggers the lasing effect. The emission 

properties of this kind of laser present peculiar characteristics emphasized by strong intensity 

fluctuations varying spatially and spectrally producing a continuously changing emission pattern. In fact, 

by capturing the emission pattern by a high speed CCD camera usually shows a sequence of different 

spots characterized by several intense little spots spatially overlapped. The lifetime of these random 

modes generally spans from tens of picoseconds up to few nanoseconds leading to random emission 

patterns. There are several experimental evidences of absolutely non-trivial dynamics and statistics of 

random laser systems9.  The random lasing can be assimilated to amplification processes triggered by 

stochastic resonators which randomly create the conditions to lase, since a disordered medium sustains 

a large number of modes with overlapping resonances. The constellation of modes which appears 

during the lasing process are mainly due to the rapid variation of the phases and slow changes of the 
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amplitudes of the optically localized field. Furthermore, it can be considered as a multimode-laser with 

some renormalized coefficient in standard Lamb theory, but still lack a fully solvable analytical model.  

In this work, by employing a novel geometry, we make a critical step of demonstrating random laser 

action in freely suspended liquid crystal films. The idea was to create the condition of almost complete 

absence of boundaries for a dye doped nematic liquid crystal film in order to study how the partial 

order of unbounded organized fluids can play the role of random resonators leading to a multi-mode 

laser. The motivation of this work finds its important support in the opportunity to investigate the 

mechanisms of amplification and localization and their interplay in such complex system in absence of 

confinement. Upon freely suspending organized fluids is possible to exploit the unique optical 

properties of these materials which can be modified by several external parameters, i.e. magnetic, 

electric, thermal, and mechanical stimuli.   The visco-elastic properties and the surface tension mainly 

determine the profile of the free standing films, in case of high viscosity liquid crystalline materials 

(smectics) was possible to obtain very thin films (tens of  nanometers) only few smectic layers thick10. 

The mismatching of refractive indices, the irregular shape of the air-liquid crystal interface and the 

scattering cross sections are some of the parameters accounted to study the reported effect.  Several 

systems have been investigated by changing the dye laser and the geometry to suspend the gain 

complex fluid, with the aim to study how the menisci and liquid crystal-air interfaces modify the 

emission properties. The gain media consist of a nematic liquid crystal mixtures (BL001 by Merck) 

doped with 0.3 wt% of Pyrromethene PM 597 and 650 dyes (Exciton). These dyes are based on the 

fluoroboration (BF2 complex) of two pyrrole rings linked by a conjugated π-system chain, giving the 

dipyrromethene-BF2 (PM) complexes, which can also be described as cyclic cyanine dyes. These green-

yellow and red dyes have interesting photo-physical properties with a fluorescence quantum yield which 

can be close to 1. Dipyrromethene BF2 complexes can lase more efficiently than rhodamines (the most 

commonly used laser dyes in the visible part of the electromagnetic spectrum), with a lasing efficiency 

as high as 85% of the pumping power. The high laser efficiency of PM dyes is based not only on the 

high fluorescent capacity but also on the low T-T absorption capacity over the lasing spectral region11. 
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In addition, these dyes present a high photostability, increasing the lifetime of laser action. The liquid 

crystal bulk phase sequence is (-10°C)   Crystal - Nematic  (63°C) Nematic -Isotropic. The mixtures 

were freely suspended by means of a fluid spreader on a PVC net creating squared comb (800 μm x 800 

μm) having a thickness of about 300 μm (see Figure 1). The suspended films observed at the optical 

microscope show a poly-domains structure where the single domain possesses a residual birefringence. 

Both mixtures show a high degree of miscibility of the dye laser in the liquid crystalline solvent, in fact 

was not found evidence of dye micro-droplets phase separated by the liquid crystalline phase. In 

addition, the spectro-photometric measurement reveals that the absorbance curve is only slightly 

modified with respect to usual dye solutions of isopropanol or other pure solvents. The PVC net was 

cleaned with usual solvents, dried in an oven at 50 °C for 1 hour without any treatment to align the 

liquid crystal molecules. Nevertheless, a partially ordered medium was obtained due to the flow induced 

by the spreading process over the comb. The profile of menisci driven by competitive forces (gravity, 

viscosity and surface tension) across the medium present a thinner central region of about 300-350 μm. 

The system was then optically pumped with 532-nm light from a frequency-doubled Nd:YAG laser 

(NewWave, Tempest 20). The pump light consisted of a train of twenty 3-ns pulses per second, 

focused into a 50-μm spot by a spherical lens and circularly polarized using a quarter-wave plate in 

order to maximize the excitation cross section. The emitted light was spectrally analyzed by means of a 

high-resolution optical multi-channel CCD spectrometer (Jobin Yvon, Micro-HR). At low pump energy 

a strongly diffuse isotropic signal of fluorescence was observed. Upon increasing the pump energy 

above a given threshold, the emitted light appeared focalized along the excitation volume. This effect is 

spectrally accompanied by the collapse of the fluorescence emission and the appearance of sharp bright 

tiny spots in a wide cone about the excitation volume12. The spectral and spatial study of the emission 

patterns clearly revealed a random lasing behaviour characterized by narrow banded (FWHM = 0,5 nm) 

brilliant spikes which rapidly fluctuate in frequency and space (Fig. 2).  In figure 3 the emission spectra 

for both samples are reported, where it is possible to emphasize the presence of sharp lateral peaks 
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which anomalously occurs at different spectral position about the main lasing peak. The most intense 

peaks arise at 578 nm and 652 nm in the case of the PM597 and PM650 mixture respectively. 

A dye doped complex fluid spatially suspended which generates spectrally sharp peaks represents an 

innovative system to study the random emission properties. In order to understand the mechanisms 

behind this effect we performed a study by varying the geometry (diameter controlled drops and free 

standing thin films), and to identify the role of each material several mixture were prepared. The 

experiments have been performed in the mixture of BL001 doped with pyrromethene 597 0.3 wt% and 

suspended on the squared plastic network, the sample was optically pumped with an appropriate laser 

pulses train (λexc= 532nm; rep.rate = 20Hz). The far field spatial distribution of the emitted light was 

captured with a high sensitivity and resolution CCD camera (Pixel-Fly-QE by PCO) and it shows a 

series of spatially overlapped bright tiny spots which create a richly structured pattern typical of random 

lasers (Fig. 2b). The spectral study performed in both mixtures shows that lasing modes have been 

generated at spectral location which mainly depends on the gain profile of the dye. The narrow lines 

(FWHM ~ 0.6 nm) are always accompanied by lateral wider modes which fluctuate shot by shot 

corroborating the idea of an intrinsically stochastic process. The statistics of the emission properties of 

our system have been studied and will be reported elsewhere. The mode selection mechanisms imply 

important interference effects, enhanced by the presence of the gain medium, and related to the 

random walk of multiple scattered light waves. The huge number of localized modes dispersed along 

the visible spectrum is sustained by multiple scattering processes. Soukoulis modeled a simplistic 

mono-dimensional dye doped random media by FDTD method, predicting that localized and extended 

modes are expected13. The former might be invoked as the only responsible of random lasing with so 

high quality factor of the “cavity”.  

Additionally, other experiments performed on dye doped liquid crystal drops controlled in diameter by 

means of a special syringe evidenced a richer spectrum and emphasized the mode dependence of 

geometry and size of the system. In conclusions, multimode random lasing in free standing liquid 

crystal films doped with fluorescent molecules is reported, the almost complete absence of rigid 
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boundaries give rise to a laser source having unique characteristics. By freely suspending these fluidic 

gain media on a squared plastic net realizes a new approach to study the generation of random laser 

light. Additionally, this approach assumes an important technological valence being a complex system 

but extremely easy to prepare and study. Spatially fluctuating narrow banded lasing peaks occur as the 

pump energy exceeds a few microJoule/pulse realizing a random laser with a relatively low lasing 

threshold. The threshold lowering is due to the absence of boundaries which reduce the optical losses 

(absorbance, guided modes).       
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FIGURE CAPTIONS 

 

 

Figure 1: (Color on-line only) Experimental set-up schematic. Inset digital photo shows the dye doped 

sample freely suspended by means of a squared-comb PVC net. 

 

Figure 2: (Color on-line only) a) The picture shows the lasing emission spots of the two freely 

suspended mixture films; b) Spatial distribution of the lasing peaks which stochastically changes for 

each pump pulse. 

 

Figure 3: Lasing emission spectra for the liquid crystalline compound (BL001) doped with PM597 and 

PM650. For each mixture the fluorescence curves are reported together with the narrow-banded laser 

lines (FWHM ~ 0.6 nm). 
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