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Introduction
This work is concerned with the solution of an important problem of influence of
a magnetic field on rotational diffusion in anisotropic colloidal solutions. It describes the results of experimental investigations of the author carried out using the
method of diffusing-wave spectroscopy and the method of static anisotropy in the
Soft condensed matter group in the University of Konstanz within the framework
of International Graduate College.
The topicality of the work is defined by the barest necessity of understanding of the
rotational diffusion of colloidal particles in external fields and application of this
particles in new technological instruments of processing (modulation, representation) of the optical information. One of the most promising objects for this purpose
are the anisotropic colloidal particles which combine the properties of anisotropic
bodies and colloidal particles. Anisotropic colloidal particles consist of a nematic
liquid crystalline material in crystalline phase. The combination of optical and magnetic anisotropy with the simple control of rotational diffusion provides the unique
physical properties of anisotropic colloidal suspensions and defines the prospect of
their use for the control of optical switching. On the other hand the magnetic field
is the convenient instrument for high speed influence on the electrically neutral objects with the purpose of the modulation of their properties. The magnetic field
affects the rotational Brownian motion of the anisotropic colloidal particles and
changes the properties of the suspension. The diamagnetic properties of anisotropic
colloidal particles cause the requirement of relatively strong magnetic fields for the
noticeable change of their optical properties. That is why until the present time
the properties of suspensions of anisotropic colloidal particles in magnetic fields are
studied not sufficiently.
Thus the investigation of insufficiently explored sides of the rotational diffusion of
anisotropic colloidal particles in magnetic fields is currently a problem of vital importance.
The aim of this work is establishment of the relationship between the parameters
of scattering and transmission of light by the anisotropic colloidal suspension and
its physical properties (concentration of the suspension, the degree of anisotropy of
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colloidal particles, the magnitude and direction of magnetic field, the polarization
of the laser beam).
In conformity with the goal of this work the following problems have been posed
and solved:
1. To develop the method of production of monodisperse highly anisotropic colloidal
particles with high parameters of optical and magnetic anisotropy, to determine the
optimal size of the particles for providing the maximal optical anisotropy.
2. To develop and build up the experimental set-ups for investigation of the influence of magnetic field on rotational diffusion in anisotropic colloidal suspensions
by the method of diffusing-wave spectroscopy and the method of static anisotropy
which provide the repeatability of the results of the experiments.
3. To study the effect of magnitude and direction of the magnetic field on the
temporal autocorrelation function in DWS experiment and diffuse transmission of
light in the static anisotropy experiment from the colloidal suspensions of different
concentration of particles. To verify agreement of the obtained results with the theoretical models of the effect.
The reliability of the results. Theoretical conceptions developed in this work are
confirmed by experiments on the setups which provide the repeatability of the results. The monodisperse character and the size of the colloidal particles are determined from the scanning electron microscopy pictures and from the quasi-elastic
light scattering experiments with the help of the cummulant analysis of the measured autocorrelation functions g2 (t).
The scientific novelty of the work consist of the following:
1. The method of production of monodisperse highly anisotropic colloidal particles
whose parameters exceed that of any commercialy available particles has been developed. The method consist in the phase separation in a two component (water
and ethanol) solution. The optimal size of the particles with maximal diamagnetic
and optical anisotropy has been determined. It has been shown that unpolymerized
particles should be used to measure the rotational diffusion in colloidal suspensions.
2. The method of diffusing-wave spectroscopy has been applied for the first time to
measure the parameters of rotational diffusion in anisotropic colloidal suspensions.
The temporal intensity autocorrelation functions g2 (t) have been measured in transmission and backscattering geometries at magnetic fields from 0 to 7 Tesla acting
on the suspension parallel and orthogonal to the direction of propagation of light.
With the help of the Siegert relation the transition to the field autocorrelation function g1 (t) has been realized, for which the theoretical expressions for transmission
and backscattering geometries are known. The dynamic (decay time τ ) and static
(transport mean free path l∗ ) parameters of the anisotropic suspension have been

CONTENTS

7

determined. It has been established that the change of the static parameter l∗ in
magnetic field exceeds the influence of the magnetic field on dynamics of rotational
Brownian diffusion.
3. The anisotropic diffusion equation for light in anisotropic colloidal suspensions
in magnetic field has been solved. The solution of this equation has been used to
fit the measured intensity profiles in two different geometries: when the direction of
light propagation coincides with the magnetic field (in this case the diffuse intensity
decreases with the field B, the profile remains symmetrical) and when the direction
of light propagation is perpendicular to the magnetic field (in this case the diffuse
intensity increases with the field B, the profile becomes elliptical with the long axis
perpendicular to the field B, the ellipticity of the profile is a function of a magnetic
field). Obtained solutions of the anisotropic diffusion equation allow to estimate this
effects quantitatively.
4. The main dependencies of magnitude and direction of a magnetic field B on
anisotropic diffusion of light has been established. It has been shown that in the
case of light propagation perpendicular to the magnetic field the intensity of diffuse
light increases with the field B and saturates at the fields 5-7 Tesla. The degree
of saturation is more pronounced for higher concentrations of colloidal suspensions.
At the same time the ellipticity increases. It was found that in this geometry the
diffuse light becomes polarized in direction parallel to field B, independent of the
initial polarization of the laser beam. In the case of light propagation parallel to
the magnetic field the intensity of diffuse light decreases with the field B and saturates at the field 5-7 Tesla. Again, the degree of saturation is more pronounced for
higher concentrations of colloidal suspensions. In this geometry the diffuse light is
completely depolarized at all values of the magnetic field.
The practical value of this work is that obtained results can in principle be used for
systems of modulation or representation of the optical information.
The structure and the volume of the PhD thesis. The thesis consist of an introduction, four chapters and a summary. The work is stated on the 153 pages, it has 37
graphs, 25 pictures, bibliography with 199 denominations.
The topicality of the work, the goal and practical meaning of the work, the reliability of the main results and the main characterization of the work are grounded in
the introduction.
The first chapter includes the review of the problem of rotational diffusion and theoretical models of this problem.
In the second chapter magnetic and optical properties of colloidal liquid crystalline
particles are analyzed. The method of production of monodispers colloidal particles
from nematic liquid crystal is developed. With the help of static and quasi-elastic
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light scattering and magnetic birefringence method the properties of colloidal particles obtained with the developed method are investigated. The optimal parameters
of the colloidal particles for multiple light scattering experiments are determined.
In the third chapter an experimental setup for investigation of rotational diffusion
by the method of diffusing-wave spectroscopy is described. Experimental results
obtained with samples of colloidal liquid crystalline particles with different concentrations are presented and discussed.
In the fourth chapter the theoretical conceptions of anisotropic light diffusion in
colloidal suspensions are considered. The equation of anisotropic light diffusion is
solved for anisotropic colloidal suspension subject to a magnetic field. The two cases
are considered: light diffusion perpendicular to magnetic field and parallel to magnetic field. An engineered experimental setup for investigation of anisotropic light
diffusion is described. The results of experiments with the samples of anisotropic
colloidal particles of different concentration are presented and discussed.
In the summary the main results and conclusions are formulated.

Chapter 1
Rotational diffusion
The problem of orientational relaxation in fluids has received much attention in the
recent literature, not only because it is intrinsically interesting but also because there
are applications of fluctuation spectroscopy where it is important to know how the
orientational dynamics are reflected in the observed spectrum. The simplest model
of orientational relaxation is that of rotational diffusion first proposed in [1]. In this
model each rigid molecule diffuses independently. The question arises as to whether
the presence of long range forces such as Coulomb, or dipolar forces would effect the
results of the Debye theory. In this case each molecule not only experiences the usual
frictional forces which give rise to a ”diffusion equation”, but also must respond to
the local electric field which arises from the permanent multipole moments on the
neighboring molecules.
The first theory of rotational Brownian motion was developed by Debye [1] and
is essentially the rotational analog of the simple Langevin theory for translational
Brownian motion. This theory assumes that the frictional force acting on the Brownian particle is proportional to the velocity (Stokes’s Law) and the noise is white.
There have been many attempts to improve the Debye theory. Most focus was
laid on the behavior of angle correlation functions since these are closely related to
the dielectric function for the medium. Improvements on the Debye theory have
included attempts to take into account large angle reorientations of a Brownian particle [2], possible nonspherical shape of the Brownian particle, and inertial effects
[3, 4, 5, 6, 7]. In these papers the results of Hauge and Martin-Lof are generalized
and obtained an expression for the angular velocity autocorrelation of a rotating
Brownian particle embedded in a fluid medium composed of finite sized particles
with internal rotational degrees of freedom.
The theory of translational Brownian motion is concerned with the calculation of
the joint probability density for the position and velocity of a particle in a fluid.
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The theory is usually based on Langevin’s equation, which is Newton’s second law
with the assumption that the force acting on the particle is the sum of a viscous
retarding force proportional to the velocity of the particle and a rapidly fluctuating force whose statistical properties are such that the probability for the velocity
of a particle approaches a Maxwell-Boltzmann distribution. By use of Langevin’s
equation, a Fokker-Planck equation for the distribution function of position and
velocity can be derived, and the equation can be solved [8, 9, 10, 11]. The analogous problem of rotational Brownian motion is concerned with the calculation of
the joint probability density for the orientation and angular velocity of a body in a
fluid. The rotational problem is more complicated than the translational problem,
primarily because it is not possible to specify the orientation of a rigid body by a
vector whose time derivative is the angular velocity of the body. The specification
of the orientation of a body requires three coordinates, such as Euler angles, whose
relations to the components of angular velocity are not particularly simple. Nevertheless, if the rotational analog of Langevin’s equation, based on Euler’s equation,
is introduced, and the orientation is specified by some appropriate coordinates, it is
possible to derive a Fokker-Planck equation for the distribution function of orientation and angular velocity [12]. However, an analytic solution of such an equation for
the general case has not been given. Theories of rotational diffusion, concerned with
the probability density just for orientation and not also for angular velocity, have
been developed by several authors [13, 14, 15, 16]. Furry [14] has considered the
possibility of rotations around axes arbitrarily oriented in three-dimensional space,
and found the more complicated formula that replaces the simple Gaussian unit
solution found in the cases of translational motion and of rotation around a given
axis. He represents the orientation of a rigid body by a quaternion. Then, using
three components of the quaternion as independent variables, he derives a diffusion
equation for the random rotational motion of spheres and finds a Green’s function
for the equation. Furry’s calculations has been generalized to a body of arbitrary
shape by Favro [15]. He derived a diffusion equation which applies to the random
rotational motion of an asymmetrical rigid body. The method of derivation is essentially the same as Furry’s and the resulting equation reduces to his when the
body is a sphere. However, instead of being expressed explicitly as a differential
equation in the variables as Furry’s equation is, this equation is written in terms of
certain rotation operators. This differential equation can be solved by use of Green’s
function. It has been shown how one can exploit the similarity of the form of the
diffusion equation to the Schrödinger equation to expand the Green’s function in
quantum-mechanical rigid-rotator eigenfunctions. Ivanov has obtained a theory of
rotational diffusion as a limiting case of his solution of the rotational random-walk
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problem [17, 18]. A theory of rotational Brownian motion for particles (molecules)
of arbitrary shape was presented by Ivanov on basis of a solution of the problem of
random rotational movement. In the limiting case when the mean angles of rotation
are small the theory is identical with the theory of rotational diffusion. Possibilities
of an experimental determination of the nature of rotational motion of molecules in
a liquid were discussed. However, all of these theories of rotational diffusion have
the fault that they do not reduce in the appropriate limit to the correct result for a
freely rotating body.
Recent advances in laser technology have made possible the measurement of very
small frequency shifts in the light scattering from dense fluids and polymer solutions
[19, 20]. It has been shown that experiments of this type measure the spectrum of
thermal motions of the fluid in the low-frequency region and, therefore, provide
information about slow thermal motions. For dense fluids composed of optically
isotropic molecules, it has been shown that macroscopic hydrodynamic theory can
be used to explain the scattered light spectrum [21, 22, 23]. For macromolecular solutions, this theory shows that light-scattering spectra can be used to obtain
macromolecular translational diffusion coefficients [21]. In addition, for ”large,”
rigid-rod-shaped macromolecules in dilute solution, rotational diffusion coefficients
may be obtained from the scattered spectrum [21, 24]. It is well known, however, that many macromolecules are optically anisotropic. This optical anisotropy
increases the scattered-light intensity above that which would be expected from
optically isotropic molecules. Furthermore, it may be expected that rotations of
molecules or molecular ”segments” would modulate this anisotropically scattered
light no matter what the size of the molecule. In this article a theory of this
anisotropic scattering, as well as a generalized theory of the isotropic scattering,
is described [25]. In the previous publication, a general theory of light scattering
from fluids composed of optically anisotropic molecules was presented [26]. It was
shown that the ”anisotropic” part of the scattered spectrum, the part dependent
on the squares of the molecular optical anisotropies, results from a modulation of
the light frequency by molecular rotations and translations. In fact, the scattered
spectral density was related to moments of the generalized rotational-translational
space-time correlation functions. For dilute solutions of rigid macromolecules the
standard theories of rotational and translational Brownian motion are thought to
provide adequate approximations to them [15, 8]. In this case the measurement of
the light-scattering spectrum is expected to give rotational and translational diffusion coefficients and, in addition, effective molecular anisotropies.
There are many inorganic and polymeric colloidal dispersions that consist of rigid
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and compact nonspherical particles, such as rodlike macromolecules. The macroparticles interact through both interparticle colloidal forces and hydrodynamic forces
mediated via the continuum fluid. Compared with colloids composed of spherical
particles, the modelling of anisotropic colloid particles is less well developed because
of the complex interplay between the different anisotropic interactions present in
these molecular suspensions. The intermolecular potential and hydrodynamic interactions between nonspherical colloidal particles are considerably more complex than
between spherical ones. In the case of rodlike particles, for example, the potential
interaction depends on the relative orientations of the axes of the rods and on the
distance between their centers of mass. There is no well established functional form
for such an interaction. For hydrodynamic interactions, the situation is even worse.
Only recently has this difficult aspect of suspensions of nonspherical rigid particles
been treated in a systematic way by means of Stokesian dynamics [27], which still
ignores Brownian forces. An alternative route is the bead model approach [28, 29].
The idea behind this method is that each object (e.g., rodlike particle) is modelled
by a set of beads. The hydrodynamic interactions between these objects are calculated as a superposition of those of the beads (e.g., spheres) interactions. In this
report [30], a model of interacting linear rigid particles (colloidal molecules) was
considered. It is assumed that the particles interact via a site-site Yukawa potential and the solvent is treated through a one-particle diffusion matrix. Thus, the
model accounts for anisotropic interparticle interactions and anisotropic friction but
ignores many-body hydrodynamic interactions.
The rotational dynamics of nonspherical colloidal particles is a subject of longstanding interest [31, 32]. Among the many issues that await systematic study both
from the theoretical and from the experimental side is the description of the effects
of the interactions between many colloidal particles that execute translational and
rotational Brownian motion while interacting among themselves by direct and hydrodynamic forces [33]. In this paper [34] one aspect of this general problem was
considered. The general theory was developed to describe the effects of the direct
interactions between a nonspherical tracer particle and other also generally nonspherical particles diffusing around it, on the translational and rotational motion of
the former. The main result of that paper is the derivation of a generalized Langevin
equation for the linear and angular velocity of the tracer particle.
For dilute solutions, the overall dimensions of a polymer can be related to the translational and rotational diffusion coefficients by simple equations derived from hydrodynamics [31, 35, 36, 37, 38]. Thus, any technique, such as dynamic light scattering,
which can measure these diffusion coefficients should also yield information about
molecular dimensions. However, because the intensity of scattered light is relatively
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low, the diffusion coefficients for truly dilute solutions are difficult to measure. This
is especially true for the rotational diffusion coefficients, which usually require the
measurement of extremely weak depolarized scattered light intensity fluctuations.
In this papers [39, 40, 41, 42] a brief synopsis of the Doi-Edwards theory of the
concentration dependence of the rotational and translational diffusion coefficients of
long rigid rods in the semidilute region is presented. In the first section, a theory of
polarized and depolarized light scattering from these systems in the limit in which
the rods are long but still short enough so that destructive intramolecular interference is of no importance in determining the scattered light time correlation function
presented.
In this paper [43] a Fokker-Planck equation for the joint probability density of the
orientation and angular velocity of a body of general shape was derived by use of
rotational Langevin equations. Equations governing the separate distributions of
orientation and angular velocity were deduced from the equation for the joint probability density. For the special case of a spherical body, two expressions for the
orientation distribution were calculated, one valid for small values of the frictional
constant occurring in the rotational Langevin equation, and the other valid for large
values of the frictional constant. Expressions were calculated for time-correlation
functions of spherical tensors, such as spherical harmonics, which involve functions
of the orientation of a body.
Three-dimensional Brownian rotation in the presence of external fields was studied
starting from the kinetic stage (the relaxation of the angular velocities) on the basis
of the Fokker-Planck equation in [44, 45]. The information which is contained in the
FokkerPlanck equation makes it possible after reducing the description up to the
angular distributions to take into account the memory effects connected with the
inertia of particles at the hydrodynamical stage in the process of the orientational
relaxation. These effects become important in the presence of strong external fields
when the relaxation becomes much more rapid. The generalized rotational diffusion equation taking into account the memory effects was solved analytically by the
method of standard equation in the case of the dipole interaction of particles with
stationary strong external field. The spectrum of relaxation times and relaxation
distribution functions was obtained. The inertialess contributions were calculated in
the second order with respect to the reciprocal value of the dimensionless strength
of the interaction; the memory effects corrections are obtained in the principal order
with respect to the dimensionless strength of the interaction and the basic parameter of the nonequilibrium theory.
In this paper [46] the inertial corrections to the classical theory of Perrin [13] of
the rotational diffusion of an asymmetric top were computed. Perrin’s theory is the
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extension to the asymmetric top of the well-known Debye theory of the rotational
diffusion of a sphere. Inertial corrections to the Debye theory have been obtained
by many authors for special cases [3, 15, 47, 43, 48, 49, 50]. They are usually expressed in the form of an expansion in powers of the quantity kT /IB 2 , where I the
moment of inertia of the sphere and B is the frictional decay rate. Since (3kT /I)1/2
is the mean thermal angular velocity, inertial corrections to the Debye theory will be
small when the mean thermal angular velocity is small compared with the frictional
decay rate. The results for the asymmetric top are expressed in terms of a similar
expansion; there are three distinct principal moments of inertia and three frictional
decay rates. The starting point is the Euler-Langevin equations of motion for the
angular velocity of a body fixed coordinate frame, including the effects of frictional
relaxation and random (white-noise) torques. They solve these equations for the
stationary random angular velocity in the form of a perturbation series. Then they
use this solution to form various angular-velocity correlations. Such correlations
have been derived by Hubbard [43] using a FokkerPlanck equation.
A theory of coupled translational and rotational relaxation in solution including
effects of hydrodynamic interaction is presented in [51]. The calculation of hydrodyinamic interactions between particles of finite size is much more difficult, than
for point particles. Stimson and Jeffrey [52] have given an exact solution for two
particles approaching each other along their line of centers, with stick boundary
conditions. Translations along other directions as well as rotations have been considered by other authors [53, 54, 55]. Another approach is to construct approximate
solutions in series, by a method of reflections. The translational self- and cross diffusion tensors have been found in this manner by Aguirre and Murphy [56], Batchelor
Mou and Chang, and Felderhof [57]. An approximate result for the translational
cross-diffusion tensor has been found from a variational principle by Rotne and
Prager [58]. In this paper the translational, translational-rotational, and rotational
diffusion tensors for two spherical particles of unequal size are found by extension of
the treatments of Aguirre and Murphy [56] and Felderhof [57], and compared with
previous results. The translational and rotational problems cannot be decoupled
due to the existence of hydrodynamic translation-rotation coupling (which exists
even between spheres when stick boundary conditions are applied), i. e., a sphere
translating and rotating in a viscous fluid exerts both a force and a torque on a
second sphere placed in its velocity field. Similarly, a rotating sphere exerts both
a force and a torque on another particle. This point is discussed by Happel and
Brenner [55].
It is well known that the diffusion coefficients of interacting particles suspended in
a liquid depend on the concentration of the suspension [59]. Concentrated colloidal
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suspensions provide a challenging problem to which modern statistical-mechanical
and hydrodynamical theories can be applied. Considerable efforts have been devoted to the theoretical calculation [60] and to the measurement, usually performed
by dynamic light scattering [61, 62, 63, 64], of the concentration dependence of
the translational diffusion coefficients of spherical particles. Jones [65] has treated
the rotational diffusion of interacting spherical colloid particles, and has predicted a
weak but measurable concentration dependence of the rotational diffusion coefficient
Drot for hard sticky spheres at a volume fraction of 0.1, the calculated change of
Drot is about 6 percent. The experimental verification of such a calculation requires,
first of all, colloidal spherical particles possessing an intrinsic optical anisotropy. By
using DDLS from spherical colloids that present an intrinsic optical anisotropy due
to a partially crystalline internal structure [66, 67], the first measurement of the
concentration dependence of the rotational diffusion coefficient of spherical Brownian particles was performed [68]. The φ dependence of the diffusion coefficients can
be conveniently expressed by a series expansion in powers of φ. In the case of the
translational self-diffusion coefficient the available theoretical and experimental results go beyond the linear approximation, whereas in the case of rotational diffusion
only the linear term is known.
In this work [69] the combined effects of electrostatic interactions and hydrodynamic interactions (HI) on the short-time rotational self-diffusion coefficient Dsr in
charge-stabilized suspensions have been investigated. The authors calculated Dsr
as a function of volume fraction φ for various effective particle charges and various amounts of added electrolyte. The influence of HI is taken into account by a
series expansion of the two-body mobility tensors. At sufficiently small φ this is
an excellent approximation due to the strong electrostatic repulsion. For larger φ,
the leading hydrodynamic three-body contribution has also been considered. Their
calculations show that the influence of the HI on Dsr is less pronounced for charged
particles than for uncharged ones. Salt-free suspensions are particularly weakly influenced by HI.
Orientational relaxation is an important feature of the dynamics of liquids. A liquid
suspension of spheres constitutes a useful model for the study of orientational relaxation. In such a system inertial effects may be neglected. On a slow time scale the
dynamics of the macroparticles is governed by translational and rotational diffusion.
The time dependence of the configurational probability distribution is described by
a generalized Smoluchowski equation [70, 71, 72, 33]. In [73] the general features of
orientational relaxation of a single particle, as well as collective reorientation, on the
basis of the generalized Smoluchowski equation were considered. The time dependence of the polarization correlation function is characterized by a wavevector and
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frequency-dependent diffusion tensor. It was shown that in the absence of hydrodynamic interactions the initial decay of the correlation function is governed by free
translational and rotational diffusion. This observation leads to a simple expression
for the high-frequency limit of the rotational-diffusion tensor.
The theory of rotational diffusion in liquids essentialy hinges on the calculation of
ensemble averages describing the time-dependence of the reorientation of molecules
in a liquid medium acted on by an external, electric or magnetic potential [74].
These ensemble averages play an important role in the dielectric relaxation, in the
Kerr effect consisting in the induction of optical birefringence in naturally isotropic
media under the action of an external electric fields [75, 76] as well as in the classical
treatment of nonlinear processes of molecular relaxation in intense electric fields of
high and low frequency, proposed by Kielich and co-workers [77, 78], or in many
other phenomena of molecular electro and magneto-optics [79, 80]. In this work [81]
an approximate method of solving the Smoluchowski equation of rotational diffusion
of noninteracting rigid, dipolar and symmetric top molecules under the action of the
high-intensity electric or optical fields, sufficient to induce nonlinear polarization in
the medium is proposed. As the main result a simple set of linear differential equations describing nonlinear rotational diffusion, for an arbitrary time-shapes of the
external reorienting fields, is obtained.
Rotational diffusion of colloidal tracer spheres in dense colloidal host fluids is much
less understood than other transport properties such as translational diffusion.
Translational diffusion is known to depend strongly on size asymmetry for binary
mixtures of tracer and host spheres [82] as well as long-range electrostatic repulsions in case of charged particles [83]. Whether size asymmetry and charge effects,
which are abundant in synthetic and naturally occurring complex fluids, also affect
rotational tracer diffusion significantly is yet unclear. Experiments and theory was
reported [84] on rotational diffusion in binary mixtures of charged spheres as a function of size ratio, host volume fraction, and ionic strength.
The general theoretical problem of rotational diffusion in the presence of external
fields has a number of applications. A problem of this type, namely rotation of polar
cylinders immersed in a viscous fluid in an external electric field with the moment
normal to the cylinder axis was studied in [85]. This two-dimensional problem was
analyzed in a manner which provides numerical solutions for various values of the
diffusion constant and electric field. By way of comparison, it was noted that the
problem of relaxation of spherical dipoles which were partially aligned in an electric
field was treated by Debye in his classical work on dielectric relaxation. Since dielectric relaxation is typically studied at fields sufficiently low so as to avoid saturation,
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various approximations (expansions) are made which simplify the mathematics considerably. Such approximations are the part of the Debye theory.
When a rectangular electrical pulse is applied to a macromolecular solution, the
birefringence produced changes with time; it rises, reaches a steady state if the
pulse duration is sufficiently long, and then decays [86, 87]. This pulse technique
has been successfully used for investigating the electrical and hydrodynamical properties of rigid macromolecules in solution. Benoit [86] has developed a theory for the
rise and decay of the electric birefringence. He considered an ellipsoid of revolution
with a permanent dipole moment along the symmetry axis as a model for the macromolecule and solved the diffusion equation which describes the rotational diffusion of
rigid macromolecules in an electric field by expanding the angular distribution function in a series of Legendre functions. He obtained an expression for the rise of the
birefringence which is valid at low fields and showed that the mechanism of electrical
orientation can be elucidated from the rise curve. Tinoco [88] has extended Benoit’s
theory to include the effect of a transverse component of the permanent dipole moment. He also considered the contribution of the fluctuating dipole moment due
to proton migration to the rise of the birefringence. O’Konski, Yoshioka, and Orttung [89] have obtained equations for the rise of the birefringence at infinitely high
field strength in the cases of pure permanent dipole orientation and pure induced
dipole orientation, following the treatment of Schwarz [90], who pointed out that
the effect of rotational diffusion can be neglected at infinitely high field strength.
Nishinari and Yoshioka [91] have proposed a theory for the rise of the birefringence
which holds for arbitrary field strength in the initial stage. They showed that it is
possible to determine the permanent dipole moment and the anisotropy of electrical
polarizability separately from measurements of the rise of the birefringence at high
fields. O’Konski and Haltner [92] have introduced the reversing pulse technique in
birefringence measurements; a square pulse is applied to a macromolecular solution,
and, after the steady-state birefringence is achieved, the field is rapidly reversed in
sign. This technique is very useful investigating the mechanisms of electrical orientation. Tinoco and Yamaoka [93] have derived equations for the birefringence under
the action of a reversing pulse and plotted them for various values of the electrical
parameters of the macromolecule. Their equations are valid at low fields.
The application of a strong direct current (dc) biasing electric field E to a polar fluid
comprised of permanent dipoles results in a transition from the state of free thermal
rotation of the molecules to a state of partial orientation with hindered rotation.
This change in the character of the molecular motion under the influence of the bias
field has a marked effect on the dielectric properties of the fluid insofar as dispersion and absorption of electromagnetic waves will be observed at the characteristic
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frequencies of rotation of the molecule in the field E. In order to include the eftect
of such a bias field in the frequency dependence of the dielectric properties of the
fluid, several attempts have been made [94, 95], to generalize the Debye theory of
rotational diffusion. These theoretical analyses made use of linear response theory
using either of two approximate methods. The first of these is based on perturbation theory, carried to terms of the order of the bias field squared only, and has
been described by Coffey and Paranjape [94]. The second is based on the effective
eigenvalue method [95, 96, 97] and linear response theory. It has the advantage that
it allows one to include terms of all orders in the bias field.
In this paper [98] a theory of nonlinear dielectric relaxation of dielectric fluids in
high electric fields is proposed in order to describe the nonlinear dielectric responses
in dilute solutions of polar molecules in nonpolar solvents. The theory of electric polarization of dielectric fluids was formulated originally by Debye, who calculated the
linear dielectric response in the context of the noninertial rotational diffusion model
of spherical molecules. That response has a well-known representation in terms of
the Debye equation for the complex dielectric permittivity. Linear-response theory
was further extended by Perrin [13] and others [15, 32] to asymmetric top molecules
when the dielectric response becomes more complicated, as rotation about each
molecular axis may contribute to the dielectric spectra. The permittivity in linear
response is independent of the applied electric-field strength. Many attempts have
been made to generalize the Debye theory in order to take into account the nonlinear
aspects of dielectric relaxation of polar fluids in high electric fields, however only
symmetric top molecules have been usually treated [76]. The traditional theoretical
approach to the problem habitually commences with the noninertial Langevin equation for the rotational Brownian motion of a molecule or with the corresponding
Smoluchowski equation for the probability distribution function W of orientations
of the molecules in configuration space. The Smoluchowski equation can be solved
by expanding W in terms of an appropriate complete set of orthogonal functions,
usually as a series of spherical harmonics Yl.m The theory of rotational Brownian
motion of asymmetric tops in an electric field (in the low field strength limit) has
been developed by Wegener et al. [99] in a particular application to the Kerr effect
relaxation.

1.1

Theory of rotational diffusion.

The theory of Brownian motion proposed by Einstein (1905) inspired Langevin
(1908) to formulate a mathematical theory of translational Brownian motion. Debye (1913) applied the method of Einstein to study rotational Brownian motion
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of molecules that have permanent electric dipoles. In his investigations Debye neglected effects of the inertia of the Brownian particles, which Langevin attempted
to include in his study of translational motion.
A theory of rotational Brownian motion which takes into account the inertial effects
was slow in evolving. The investigations of Fokker (1914), Planck (1917), Wiener
(1930), Uhlenbeck and Ornstein (1930), Kolmogorov (1931) contributed greatly towards setting up a mathematical formulation of Brownian motion. Investigations
based on Langevin-type equations succeeded in including inertial effects in the study
of rotational motion of a Brownian particle of any shape (Ford et al 1979). In spite
of some remaining mathematical difficulties, it is now possible to formulate a theory
of rotational Brownian motion [32].

1.1.1

The Langevin Equation.

Equation for translational Brownian motion has been employed by Langevin (1908)
m

d2 x
dx
=
−6πηa
+X
dt2
dt

(1.1)

where m is the mass and a the radius of a spherical Brownian particle, η the viscosity
of the surrounding fluid and X the random force in the x-direction arising from the
heat bath. A differential equation in which one or more coefficients is random is
called stochastic differential equation. The solution of such an equation will be a
random function. Equation (1.1) is an example of a stochastic differential equation.
Assuming that the mean kinetic energy of the particle is 12 kT and that mean value
of X is zero Langevin deduced that
D

E

(x(t) − x(0))2 =

so that

q

h(x(t) − x(0))2 i
t

=(

kT t
3πηa

kT t 1/2 −1/2
) t
3πηa

(1.2)

(1.3)

The left-hand side of Eq.(1.3) is the root-mean-square of the average velocity over
time t. Equation (1.3) shows that the mean velocity becomes infinite for indefinitely
small values of t. The same kind of difficulty occurs for rotatonal Brownian motion,
if x is interpreted as an angular coordinate and X as a random couple.
The way out of the difficulty was proposed by Uhlenbeck and Ornstein (1930).
They made several assumptions about the random force X in Eq.(1.1) and after
lengthy calculations obtained Gaussian probability distribution functions for the
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displacement x and the velocity dx/dt. They got
D

E

(x(t) − x(0))2 =

2kT (Bt − 1 + e−Bt )
mB 2

(1.4)

where B is 6πηa/m. For small values of Bt equation (1.4) gives
kT
(h(x(t) − x(0))2 i)1/2
= ( )1/2
t
m

(1.5)

so that mean velocity has then a finite value and the difficulty in (1.3) disappears.

1.1.2

Langevin equation for rotational Brownian motion.

The Langevin equation arose originally from the hydrodynamical model of the spherical Brownian particle immersed in a liquid consisting of particles whose linear dimentions are small compared with the radius of the Brownian particle.
The Langevin equation for rotational Brownian motion of a sphere reads
I

dw
= −ξ + N (t)
dt

(1.6)

where I is the moment of inertia, ξ is the frictional constant and N is the random
driving couple. In the case of rotational motion of a sphere the axis of rotation is
always considered to point in a fixed direction.
We put
dΩ
(1.7)
ξ = IB, N (t) = I
dt
The stationary solution of Eq.(1.6) is
w(t) =

Z

t

y=−∞

e−B(t−y) dΩ(y)

(1.8)

a centered Gaussian random variable. Then for the correlation function of dΩ/dt(t)
and dΩ/dt(t′ ) is expressible as
hN (t)N (t′ )i = I 2 σ 2 δ(t − t′ )

(1.9)

and (1.8) leads to
hw(t)w(s)i =

σ 2 e−B|t−s|
2B

(1.10)
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The equipartition of energy gives
E
1
1 D
1 σ2
kT = I (w(t))2 = I
2
2
2 2B

(1.11)

so that

2BkT
I
Then from Eq.(1.7),Eq.(1.9) and Eq.(1.10)
σ2 =

(1.12)

hN (t)N (t′ )i = 2ξkT δ(t − t′ )
1 Z∞
ξ =
hN (0)N (t)i
kT 0

(1.13)

There exists a relation between ξ and N (t), since both the random rotational couple
and the frictional couple take their origins to the Brownian motion of the particles
in the heat bath:
kT
(1.14)
hw(t)w(s)i = ( )e−B|t−s|
I
and the process N (t) for −∞ < t < ∞ is white noise with spectral density 2ξkT ,
which is independent of w.

1.1.3

The Smoluchowski equation.

We consider the translation Brownian motion of a spherical particle of mass m which
is subject to external force F. The stochastic differential equation is
mr̈ = −ξ ṙ + F + m

dW
dt

(1.15)

We suppose that the components of W(t) are independent and that W(t) is independent of F.
Let us first investigate the problem when inertial effects are neglected. This means
that mr̈ term in Eq.(1.15) is put to zero and that the equation can be expressed as
dxj = (1/ξ)Fj dt + (m/ξ)dWj (t)
we have

(j = 1, 2, 3)

σ2 2
∂w(r, t) 1
+ div(Fw) −
∇ w=0
∂t
ξ
2B 2

(1.16)

(1.17)

Now we determine the value of σ 2 from this equation. If V is the potential energy
giving rise to a time-dependent F, so that F = −gradV, the energy of the particle
is 12 mv 2 + V . The steady state value of w comes from the Maxwell-Boltzmann
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distribution
w = const exp

Ã1

mv 2 + V
2
kT

!

(1.18)

From this we obtain
∂w
1 ∂V
1
∂w
= 0,
Fi w
=−
=
∂t
∂xi
kT ∂xi
kT
1
∇2 w =
div(Fw)
kT

(1.19)

Substituting Eq.(1.19) into Eq.(1.17) we deduce
σ2 =

2BkT
2B 2 kT
=
ξ
m

(1.20)

With this value Eq.(1.17) becomes
kT 2
1
∂w(r, t)
=
∇ w(r, t) − div(Fw(r, t))
∂t
ξ
ξ

(1.21)

This is Smoluchowski equation (1915). It is a differential equation in configuration
space.
In the special case of free Brownian motion F vanishes and (Eq. 1.21) becomes
∂w(r, t)
kT 2
=
∇ w(r, t)
∂t
ξ

(1.22)

This equation was derived by Einstein (1905). It has the same structure as the diffusion equation of heat conduction with diffusion coefficient D given by the Einstein
relation
kT
(1.23)
D=
ξ
For rotational Brownian motion of spherical particle, when axis of rotation points
in a fixed direction, Eq.(1.15) is replaced by
I θ̈ = −ξ θ̇ − µF sinθ + I

dW (t)
dt

(1.24)

which is added by a white noise driving couple. Again we ignore inertial effects and
we replace Eq.(1.24) by
µF sinθ I
+ dW (t)
(1.25)
dθ = −
ξ
ξ
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#

∂w(θ, t)
µF sin θw
σ2I 2 ∂ 2w
∂
−
−
+
=0
∂t
∂θ
ξ
2ξ 2 ∂θ2

(1.26)

For the steady state




− 1 I θ˙2 + µF cosθ 
w = constant exp  2
kT

(1.27)

Substituting Eq.(1.27) into Eq.(1.26) we obtain
∂w(θ, t)
kT ∂ 2 w(θ, t) µF ∂
=
(sinθw(θ, t))
+
∂t
ξ
∂θ2
ξ ∂θ

(1.28)

In the absence of an external field Eq.(1.27) reduces to
∂w(θ, t)
kT ∂ 2 w(θ, t)
=
∂t
ξ
∂θ2

(1.29)

This is a diffusion equation with diffusion coefficient still given by Eq.(1.23) but with
ξ now having the physical meaning that the frictional couple is ξ times the angular
velocity.

1.1.4

The Fokker-Planck equation

In Eq.(1.15) for a spherical particle we keep the inertial term and write it in a
different form.
1
(1.30)
dv = (ξv + F)dt + dW(t)
m
we have
1
(1.31)
dxl = vl dt, dvl = (−ξvl + Fl )dt + dWl (t)
m
and we take a six-vector with components (x1 , x2 , x3 , v1 , v2 , v3 ). Then equation for
the probability density function w(r, v, t) becomes
"

#

3
3
3
X
∂
∂ Fj − ξvj
∂2w
∂w(r, v, t) X
1 X
=0
+
w − σ2
(vi w) +
∂t
m
2 i=1 ∂vj2
i=1 ∂xi
j=1 ∂vj

We can put Fi = −∂v/∂xi in the Eq.(1.32)
1
∂w
ξ
∂w(r, v, t)
+ (v · grad w) − (gradV ·
)=
∂t
m
∂v
m

Ã

!

(1.32)

1
∂
· (vw) + σ 2 ∇2v w (1.33)
∂v
2
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where
∇2v

∂2
∂2
∂2
= 2+ 2+ 2
∂v1 ∂v2 ∂v3

(1.34)

Substituting the steady state solution Eq.(1.18) into Eq. (1.33) we obtain again the
value of σ 2 given in Eq.(1.12). Then we write Eq.(1.33) as
∂w(r, v, t)
1
∂w
ξ
+ (v · grad w) − (gradV ·
)=
∂t
m
∂v
m

Ã

!

kT ∂w
∂
· (vw +
)
∂v
m ∂v

(1.35)

This is a differential equation in coordinate and velocity space, which is equivalent
to the space of coordinates and momenta.
If w is independent of the spatial coordinates, gradw vanishes and Eq.(1.35) becomes
1
∂w
ξ
∂w(v, t)
− (gradV ·
)=
∂t
m
∂v
m

Ã

!

kT ∂w
∂
· (vw +
)
∂v
m ∂v

(1.36)

If no external force is present it simplifies to an equation in velocity space
∂w(v, t)
ξ
=
∂t
m

Ã

!

kT ∂w
∂
· (vw +
)
∂v
m ∂v

(1.37)

This is the Fokker-Planck equation (Fokker, 1914; Planck, 1917).
To make an example of a Fokker-Planck in angular coordinates and velocities we
take Eq.(1.24) for a polar spherical particle whose axis of rotation points in a fixed
direction
dW (t)
(1.38)
I θ̈ = −ξ θ̇ − µF sinθ + I
dt
Using steady solution (1.27) to obtain the same value of σ 2 as before we have
Ã

∂w µF sinθ ∂w
∂w(θ, θ̇, t)
kT ∂w
ξ ∂
+ θ̇
−
θ̇w +
=
∂t
∂θ
I
I ∂ θ̇
I ∂ θ̇
∂ θ̇

1.1.5

!

(1.39)

Scattering from cylindrically symmetric particles.

In light scattering experiment light of a given polarization illuminates a particle,
inducing a dipol moment that radiates. The magnitude and direction of the induced
dipol moment depend on the orientation of the particle with respect to the incident
electric field of the light. Since a particle continually reorients, the magnitude and
direction of its induced dipol moment fluctuates. The leads to a change in the
polarization and the electric field strength of the light emitted by the fluctuating
induced dipol moment [31].
The spectral density of the scattered field is determined by the autocorrelation

1.1. THEORY OF ROTATIONAL DIFFUSION.
P

25

(j)

function of δαif (q, t) = αif (t)exp iq·rj(t). This formula containes the projection
of the polarizability tensor αj of molecule j into the initial and final polarization
directions of the light wave.
j
j
αif
= ni · αj · nf = (ni )α ααβ
(nf )β

(1.40)

For anisotropic particles placed in an applied electric field, the components of the
dipole moment induced by the filed µα = ααβ Eβ will not generally be parallel to the
applied field. A set of axes in the particle can always be found such that with these
axis as basis vectors the polarizability tensor is diagonal. These axis are colled the
principal axis of the polazability.
The spectral density can be written as
α
Iif
(q, t) =

N D
X

n=1

E

j
j
αif
(0)αif
(t)exp( iq · [rj (t) − rj (0)])

(1.41)

With the assumption of statistical independence of particle rotations and translation
Eq.(1.41) becomes
D
E
j
j
α
Iif
(q, t) = hN i αif
(0)αif
(t) Fs (q, t)
(1.42)
D

E

j
j
The correlation function hN i αif
(0)αif
(t) involves the elements ααβ of the polarizability tensor in the laboratory fixed coordinate system. The
α changeE with
D if
j
j
time because of particle reorientation. In order to calculate hN i αif
(0)αif
(t) , the
laboratory-fixed components of the polarizability tensor must be expressed in terms
of the molecular-fixed componets.
We consider geometry where ki is somewhere in the x-y plane and kf is in the x
direction. Polarizers and analizers select out the components of the scattered elecb)
tric field for (ni = nf = zb), yielding IVα V (q, t) or the components (ni = zb; nf = y
α
yielding IV H (q, t). Now we have

IVα V (q, t) = hN i hαzz (0)αzz (t)i Fs (q, t)

IVα H (q, t)

(1.43)

= hN i hαyz (0)αyz (t)i Fs (q, t)

Now let the molecule have particle-fixed polarizability component α|| parallel to its
symmetry axis and α⊥ in any direction perpendicular to this axis.The spherical
polar coordinates specifying the orientation of the particle symmetry axis in the
laboratory-fixed coordinate system are (θ, φ).
The laboratory-fixed quantity αzz (t) can be thought of as the z component of the
dipole momentum induced in the particle by a unit field in z direction, in this case
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Figure 1.1: The laboratory-fixed axes are XYZ and the molecular-fixed axes are
′
′
′
′
X Y Z . The orientation angles of the symmetry axis (X axis) of the cylindrical
molecule are given by θ and φ.

µ = α · zb. It follows that

µz = zb · u = zb · α · zb
′

(1.44)

′

′

′

′

The projections of the unit vector zb along the x , y , z axis give




cosΘ



zb =  sinΘ 

0
′

b along the x , y , z axis gives
The projections of the unit vector y




sinΘ sinφ



zb = 
 −cosΘ sinφ 
−cosφ

Then

αzz







cosθ
α|| 0
0



2
2


= (cosΘ, sinΘ, 0) 
 0 α⊥ 0   sinθ  = α|| cos Θ + α⊥ sin Θ
0
0 0 α⊥
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and

αyz







α|| 0
0
cosθ






= (sinΘ, sinφ, −cosΘsinφ, −cosφ)  0 α⊥ 0   sinθ 
 (1.45)
0 0 α⊥
0

= (α|| − α⊥ )sinΘcosΘsinφ

These components can be expressed in terms of spherical harmonics of order 2
Y2,0 (Θ, φ) =

s

5
(3cos2 Θ − 1)
16π

Y2,±1 (Θ, φ) = ∓

s

(1.46)

15
sinΘ cosΘ exp ± iφ
8π

Solving for geometrical factors and substituting into Eq.(1.44)
αzz = α + (
αyz = i(

16π 1/2
) βY2,0 (Θ, φ)
45

(1.47)

2π 1/2
) β [Y2,1 (Θ, φ) + Y2,−1 (Θ, φ)]
15

The only parameters that appear in these space-fixed polarizabilities are
1
α ≡ (α|| + 2α⊥ )
3
β ≡ (α|| − α⊥ )

(1.48)

where α is 1/3 the trace of the particle-fixed polarizability tensor. It is called the
isotropic part of the polarizability tensor. The parameter β measures the optical
anisotropy of the particle. It is called the anisotropic part of the polarizability.
These two parameters determine the intensities of the different components of the
light-scattering experiment.
Substituting Eq.(1.47) into Eq.(1.42) we obtain
IVα V (q, t)
IVα H (q, t) = hN i (
where

·

16π 2 2
)β F2,0 (t)Fs (q, t)
= hN i α Fs (q, t) + (
45
2

¸

i
2π 2 h (2)
(2)
(2)
(2)
)β F1,1 (t) + F1,−1 (t) + F−1,1 (t) + F−1,−1 (t) Fs (q, t)
15
(l)

∗
Fm,m′ (t) ≡ hYlm
′ (Θ(0), φ(0))Ylm (Θ(t), φ(t))i

(1.49)
(1.50)
(1.51)
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are orientational correlation functions which show how the angles φ(t) and Θ(t)
′
′
′
specifying the orientation of the symmetry axis change in time x, y, z, x , y , z , φ, θ.

1.1.6

The Debye model for rotational diffusion of free particles.

In this chapter we consider non-interacting spherical Brownian particles with a timedependent orientation specified by the unit vector ub(t) with spherical polar coordinates Ω = (θ, ϕ), the end of which remain on a sphere of unit radius. The vector
is embedded rigidly in the particle and rotates with it. The reorientation of the
particle is then equivalent to a two-dimentional random walk of the end-point of
ub(t) ub(0) on the surface of the unit sphere.
Debye (1929) developed a model for reorientation processes based on the assump-

Figure 1.2: ub(0) and ub(t) are unit vectors representing the orientation angles of the
symmetry axis of a cylindrically symmetric molecule at times 0 and t, respectively.
The locus of all the possible vectors ub(t) is the surface of a sphere of unit radius
(a unit sphere). The reorientation of the molecule can be regarded as a trajectory
on the surface of the unit sphere. A random walk trajectory gives rise to rotational
diffusion.

tion that collisions are so frequent in a liquid that Brownian particle can only rotate
through a very small angle before suffering a reorientation collision. Any assembly
of Brownian particles initially oriented along some direction uc0 behaves such that
each molecule follows a different trajectory on the surface of a unit sphere. In the
beginning this assembly is represented by a cloud of points which is very intense in
the direction uc0 , but with time particles reorient and the cloud spreads out, finally
covering the sphere uniformly. The basic assumption of the Debye theory is that
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the cloud diffuses on the surface of the unit radius. The equation that governs this
motion is the diffusion equation.
∂P (r, t)
= D∇2 P (r, t)
∂t

(1.52)

where P (r, t) is the concentration of particles at the point r = u on the surface of
the unit sphere at the time t.
Because of the spherical symmetry - the points diffuse on the surface of a sphere,
it is most convenient to solve equation (1.1) in spherical polar coordinates (r, θ, ϕ),
where r = 1. The Laplacian ∇2r in spherical polar coordinates is:
∇2r

=

Ã

1 ∂
r
r ∂r

!2

"

1
∂
∂2
∂
+ 2 2 sinθ (sinθ ) + 2
r sin θ
∂θ
∂θ
∂φ

#

(1.53)

For fixed r = 1 all derivatives with respect to r vanish and we have:
∇2r

"

∂
1
∂
∂2
sinθ
=
(sinθ
)
+
sin2 θ
∂θ
∂θ
∂φ2

#

(1.54)

If P (u, t)d2 u is the fraction of particles with orientation u in the solid angle d2 u =
sinθdθdφ at time t and substituting (Eq. 1.54) into (Eq. 1.52) we get rotational
diffusion equation (Debye equation), which is a special type of the Smoluchowski
equation:
#
"
1
∂
∂
∂2
∂P (u, t)
(1.55)
= Θ 2 sinθ (sinθ ) + 2 P (u, t)
∂t
sin θ
∂θ
∂θ
∂φ
where Θ is the rotational diffusion coefficient.
The differential operator in Eq.(1.55)is the angular momentum operator of quantum
mechanics. So, the rotational diffusion equation can be written as
∂P (u, t)
= −ΘIb2 P (u, t)
∂t

(1.56)

Since spherical harmonics Ylm (θ, φ) ≡ Ylm (u) are eigenfunctions of Ib2 and Ibz corresponding to the eigenvalues l(l + 1) and ml respectively we have
Ib2 Ylm (u) = l(l + 1)Ylm (u) l = 0, 1, 2, ...∞
Ibz Ylm (u) = ml Ylm (u)

ml = −l, .., 0, ... + l

(1.57)
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These functions form a complete orthogonal set spanning the space of functions of
u, so that
Z
d2 uYl′ m′ (u)Ylm (u) = δl′ l δm,m′
(1.58)
with the closure relation

δ(u − u0 ) =

+l
∞ X
X

∗
Ylm (u0 )Ylm
(u)

(1.59)

l=0 lm=−l

The solution of Eq.(1.56) is
P (u, t) = exp(−tΘIb2 )P (u, 0)

(1.60)

where Ib2 is an operator acting only on u. The particular solution of Eq.(1.56)
subject to the initial condition
P (u, 0) = δ(u − u0 ) =
is
P (u, 0) = exp(−tΘIb2 )

X

∗
Ylm (u0 )Ylm
(u)

(1.61)

∗
Ylm (u0 )Ylm
(u)

(1.62)

lm

X
lm

Equation (1.62) can be written as
P (u, 0) =

X

∗
exp(−l(l + 1)Θt)Ylm (u0 )Ylm
(u)

(1.63)

lm

This particular solution of the diffusion equation can be interpreted as the transition
probability for a particle to have orientation u at time t given that it had orientation
u0 initially. Let us take
Ks (u, t|u0 , 0) =

X

∗
Ylm (u0 )Ylm
(u)exp(−l(l + 1)Θt)

(1.64)

lm

where Ks is a transition probability
Ks (u, t|u0 , 0) = Y00∗ (u)Y00 (u0 ) =

1
4π

(1.65)

This means that the particles eventually become uniformly distributed on the surface of the unit sphere.
E
D
The correlation functions required in light scattering are of the form Yl∗′ m′ (u(0)Ylm (u(t)) .
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They can be written as
D

E

Yl∗′ m′ (u(0)Ylm (u(t))

=

Z

2

d u0

Z

d2 uYlm (u)Gs (u, t; u0 , 0)Yl∗′ m′ (u0 )

(1.66)

where Gs (u, t; u0 , 0)d2 u0 d2 u is the joint probability of finding a particle with orientation u0 in d2 u0 initially and u in d2 u at time t. Gs can be expressed in terms of
Ks and the probability distribution function p(u0 ) of the initial orientation as
Gs (u, t; u0 , 0) = Ks (u, t|u0 , 0)p(u0 )

(1.67)

In an equilibrium ensemble of particles is in uniform distribution and p(u0 ) = 1/4π.
Combining this with Eq.(1.70), Eq.(1.49) and Eq.(1.50) we obtain:
D

E

Yl∗′ m′ (u(0)Ylm (u(t)) = Fl (t)δl,l′ δm,m′

(1.68)

with

1
exp(−l(l + 1)Θt)
4π
The required correlation functions are
Fl (t) =

(2)

Fmm′ = F2 (t)δm,m′ =

1
exp(−6Θtδm,m′ )
4π

(1.69)

(1.70)

In previous chapter we found Fs (q, t) = exp − q 2 Dt for translational diffusion. Combining this equation with Eq.(1.70), Eq.(1.49) and Eq.(1.50) we obtain combined
rotational and translational diffusion
IVα V (q, t)

½

¾

4
= hN i α + β 2 (exp − 6Θt) exp(−q 2 Dt)
45

IVα H (q, t) =

2

1
hN i β 2 exp(−6Θt )exp(−q 2 Dt)
15

(1.71)
(1.72)
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Chapter 2
Magnetic and optical properties of
liquid crystalline colloidal particles
2.1

Liquid crystals

Figure 2.1: Schematic illustration of the solid, liquid crystal, and the liquid phases.
The elliptical shapes represent molecules.

Liquid crystal is a special phase of some organic substances, whose mechanical
properties and the symmetry properties are intermediate between those of a liquid
and those of a crystal. The classification of mesophases is essentially based on their
symmetry. There are four major classes: nematics, smectics, cholesterics and columnar phases. Nematic liquid crystals consist of rod-like molecules which tend to align
with their axis in one direction. The main properties of nematics are as follows.
1. The centers of gravity of the molecules have no long-range order. The correlations
in the positions between the centers of gravity of neighbouring molecules are similar
to those existing in a conventional liquid. In fact, nematics do flow like liquids.
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2. There is some order in the direction of the molecules; they tend to be parallel
to some common axis, labelled by a unit vector (”director”) n. This is reflected
in all macroscopic tensor properties: for instance, optically a nematic is a uniaxial
medium with the optical axis along n. The difference between refractive indices
measured with polarization parallel or normal to n is large: 0.2.
3.The direction of n is arbitrary in space. In practice it is imposed by the minor
forces (such as the guiding effect of the walls of the container). This is a situation
of the broken rotational symmetry.
4. The states of director n and -n are indistinguishable.
5. Nematic phases occur only with materials that do not distinguish between right
and left.

2.2

Liquid crystals in confined geometries

Interest in liquid crystalline materials in curved geometries has expanded greatly
in last years because of their important role in new optic technologies and their
richness in physical phenomena [100]. The discovery of the usefulness of these materials in electrically controllable light scattering windows [101] and reflective mode
display technology [102] has announced an era of fascination with the confinement
of organized liquids. Independent of the method used, phase separation [103], encapsulation [104, 105], or permination [106, 107], these systems have one underlying
theme: a symmetry breaking non-planar confinement imposed by the surrounded
matrix. In addition, confined liquid crystals systems differ from macroscopic bulk
liquid crystals because of their large surface-to-volume ratio. Their composite nature affects the ordering of the liquid crystal molecules and their susceptibility to
external fields, making them ideal for a host of new electro-optic applications [108].
The first investigation of confined liquid crystals dates back to the early 1900s.
Lehmann [109] successfully suspended supramicrometer nematic liquid crystal droplets
in a viscous isotropic medium. By studying the birefringent textures with optical
polarizing microscopy he concluded that the specific director configuration within
the spherical confined cavity depends on the liquid crystal material and the angle
at which the liquid crystal molecules are anchored to the isotropic fluid interface.
Many years passed before scientists began studying liquid droplets again. In 1969,
Dubois-Violette and Parodi [110] applied elastic theory, developed by Frank in 1958
[111], to predict several stable nematic director-field configurations in spherical
droplets. They demonstrated the stablity of the bipolar and radial nematic director fields.
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In 1982, Craighead and coworkers [106] disclosed a possible device which utilized
confined liquid crystals as an electro-optic light valve: a microporous membrane
permeated with a positive dielectric anisotropy liquid crystal. In the absence of an
electric field, the permeated membrane is slightly scattering because of the mismatch
between the indices of refraction of the membrane and the liquid crystal. Upon application of voltage, the ordinary index of refraction of the liquid crystal is closely
matched to that of the microporous matrix, and the permeated membrane becomes
transparent for light propagating along the field direction.
The usefulness of spherical nematic droplets was not appreciated until the mid-1980s
when it was discovered that submicrometre and micrometre droplets could easily be
dispersed in a rigid polymer binder by either phase separation [103] or emulsification [104, 105]. The dispersion materials formed by the phase separation technique
became known as polymer-dispersed liquid crystals (PDLCs) and those formed by
emulsification methods are known as nematic curvilinear aligned phase (NCAP) materials. We will use the acronym PDLC to both systems. By matching the ordinary
refractive index of the liquid crystal, n0 , with that of the polymer binder, np , an
elecrtrically controllable light scattering medium transforms from translucent, to a
transparent appearance upon application of a voltage.
The mechanisms of light scattering in PDLC materials were also addressed by Žumer
and Doane [103, 112, 113, 114, 115] for submicrometre droplets. In particular they
investigated the effect of droplet structures and refractive index matching.
Perhaps the most suitable application for PDLC materials is for projection light
valves because off-state haze and forward scattering are not an issue. Since there is
no need for polarizers on PDLC displays, the brightness of the projector is enhanced
by at least a factor two; in addition, brighter lamps can be employed since the light
shutter operates on light scattering rather than an absorption principle.
The system used in this work is a kind of complementary to PDLC. Our system
consists of solid nematic droplets in crystalline phase dispersed in a liquid (aqueous
solution). For the case of optical alignment, the intensity needed to align the PDLC
droplets is two orders of magnitude bigger than the intensity necessary for optical
reorientation in usual nematics or in colloidal nematics. The reason of such a high
threshold is in the small droplets size ( 0.1 − 0.5µm) which causes a very high elastic
distortion energy. In the case of solid nematic droplets dispersed in aqueous solution,
which can rotate freely as a whole, the threshold is much smaller than in PDLC.
The response time of PDLC is about 10 ms; for colloidal nematic LC droplets this
time can be much smaller. In principle, colloidal nematic LC dispersions can be
suggested for the use in displays technology or for light valve applications.
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Optical properties of nematic liquid crystals

The optical properties of liquid crystals determine their response to high frequency
electromagnetic radiation and bring about the properties of reflection, refraction,
optical absorption, optical activity, nonlinear responce and light scattering. The
optical properties can be described in terms of refractive indices. Anisotropic materials have up to three independent principal refractive indices defined by a refractive
index ellipsoid.
Solution of Maxwell’s equations for the propagation of a wave through an anisotropic
medium gives three principal wave velocities for directions i=1,2,3 as:
−1
vi2 = (µm
ii ǫii )

(2.1)

where ǫii and µm
ii are the principal components of the electric permittivity and magnetic permittivity tensors, which are assumed to be diagonal in the same frame of
axis. For all other than ferromagnetic materials µm
ii is very close to unity. Comparing
the velocities of the wave in a vacuum with the velocities of the wave in anisotropic
medium gives the principal refractive indices:
ni = (ǫii /ǫ0 )1/2

(2.2)

Two waves of different velocity, which have the same wave normal but orthogonal
polarizations, can propagate through an optically anisotropic medium. This results
in the appearence of a double image of an object viewed through anisotropic crystals.
These two rays have different refractive indices: the ordinary ray propagates along
the wave normal and its direction obeys the normal Snell’s law of refraction no =
sinθi /sinθr , while for the other extraordinary ray the ray direction and wave normal
are not parallel. The two refractive indices for a particular wave normal can be
obtained from the refractive index indicatrix. The ellipsoid is defined as:
x2 y 2
z2
+
+
=1
n21 n22 n23

(2.3)

where n1 , n2 , n3 are called the three principal refractive indices, and the x,y,z are
the principal axes of the electric permittivity tensor.
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Figure 2.2: The optical indicatrix, where the principal refractive indices are labelled
as n1 , n2 and n3 . Refractive indices corresponding to the wave front normal OP are
′
′′
shown as n and n .

For any direction in a crystal (OP) (Fig.2.2) the refractive indices of the two
wave fronts normal to OP that can propagate are given by the semi-major and
semi-minor axes of the ellipse perpendicular to OP. In the case of an indicatrix
of revolution, which corresponds to a uniaxial liquid crystal, n1 = n2 which is an
ordinary refractive index no . For light propagating along the z-direction (θ = 0),
which is the symmetry axis of the indicatrix, the ordinary and extraordinary rays are
coincident. The largest refractive index (n3 ) is called ne . Materials which have two
equal principal refractive indices are called uniaxial, and the unique direction z is the
optic axis. The special feature of the optic axis is that light of any polarization travels
along this axis without any change in its polarization (i.e. materials respond as an
optically isotropic medium). The difference between the two independent principal
refractive indices ∆n = n3 − n1 is called the birefringence. For light propagating
along a direction which is not the optic axis, the ordinary and extraordinary rays
are not coincident and they travel with different velocities corresponding to different
refrative indices. For any direction one ray has a refractive index of no , but the
refractive index of the extraordinary ray depends on direction and
2

ne (θ) =

Ã

cos2 θ sin2 θ
+
n21
n23

!−1

where the direction makes an angle θ the the z-axis.

(2.4)
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Magnetic properties of nematic liquid crystals

Most organic molecules are diamagnetic, with diamagnetism being particular strong
when the molecule is aromatic [116]. Thus, a benzene ring when it experiences a
magnetic field H normal to its plane, builds up a current inside the ring, which
tends to reduce the flux going through it. The lines of force tend to be expelled and
this raises the energy. On the other hand, if the field H is applied parallel to the
ring, no current is induced, the lines of force are nearly undistored and the energy
is not raised. Thus a benzene molecule tends to choose an orientation such that H
is in the plane of the ring.

Figure 2.3: RM257 molecule.

The molecules such as RM257 nematic monomer have three aromatic rings. If we
have a nematic monodomain with a magnetic field H parallel to its optical axis n,
H will be in the plane of the rings. On the other hand, if H is normal to n, for most
molecules in the sample H will be at a finite angle with the rings. Thus the lowest
energy is obtained when the optical axis is parallel to the field.
However, the coupling we have just discussed is very small. The quantum mechanical
calculations show that the coupling energy per molecule is of order ∆χH 2 . Usually
∆χH 2 ≈ 10−5 kB T is very small compared to kB T . Thus a single molecule would
not be aligned in practice by any achievable field H, because of thermal agitation.
But if we go to a large nematic sample, we have now N ≈ 1022 molecules which can
only rotate in unison. Then the coupling energy is of order N ∆χH 2 ≫ kB T and
the sample will put its optical axis parallel to H.
To investigate these effects we need to write down quantitatively the effect of the
field H on a nematic director n. The magnetization M induced by H if H is parallel
to n is equal
M = χ|| H
(2.5)
The magnetization M if H is perpendicular to n is equal
M = χ⊥ H

(2.6)
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Here both χ|| and χ⊥ are negative (diamagnetism) and small (10−7 to 10−6 in cgs
units). If H makes an arbitrary angle with n, formula for M becomes
M = χ⊥ H + (χ|| − χ⊥ )(H · n)n

(2.7)

in usual nematic the difference
χa = χ|| − χ⊥

(2.8)

is positive. From Eq.(2.7) we can derive the free energy
F = Fd −

Z

1
1
M · dH = Fd − χ⊥ H 2 − χa (n · H)2
2
2

(2.9)

The term 21 χ⊥ H 2 is independent of the molecular orientation and may be omitted
in all the cases discussed below. The last term is minimized when n is collinear with
H, as stated before.
The magnetic torque ΓM acting on the magnetization M is
ΓM = M × H = χa (n · H)n × H

(2.10)
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Colloidal liquid crystalline particles
n

Figure 2.4: The various nematic director fields in spherical particles: the bipolar
(right) and the radial (left).

There are two main types of droplet: radial and bipolar (Fig.2.4). Radial droplets
are indistinguishable; the director is strongly anchored in a radial direction at the
droplet boundary [107]. Bipolar droplets contain a pair of surface boojum defects
at their poles. These define a local orientation axis n for a given droplet. We refer
to a system of such droplets as partially ordered.
The director configuration of large droplets (over micron size) was studied many
years ago. For example see [110]. The authors showed that the surface energy in
case of either tangential or normal anchoring depends only on the droplet’s radius
and does not depend on the director configuration
R in the form: fs = C + D
R
inside the droplet. The configuration is determined by the free energy minimization
in droplet’s volume. In the one elastic constant approximation, neglecting surfaceinduced changes in the value and anisotropy of the nematic order parameter, the
free elastic energy density in the droplet volume can be written as:
Fk =

o
Kn
(∇n)2 + (∇ × n)2 )
2

(2.11)

By minimization, one gets the following differential equation:
∇2 Θn − (1/r2 ) cos Θn sin Θn = 0

(2.12)

where Θn is the angle between the local director orientation and the symmetry axis
of the droplet. This nonlinear partial differential equation can be solved by the
relaxation method: several different director configurations are possible depending
on the boundary conditions imposed by anchoring on the droplet’s surface.
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In the case of tangential anchoring, it has been culculated that the most stable configuration is ”bipolar” droplet, where there are two singular points at two opposite
poles. This configuration is described by the following cylindrical coordinates of the
director.
nr = − sin Θ; nϕ = 0; nz = cos Θ
(2.13)
Θ being the angle with respect to the z-axis. Such configuration can be described
by a distribution function in the form:
tgΘ =

zr
R2 − z 2

(2.14)

, where R is the radius of the droplet.
Another possible configuration with normal anchoring, a ”star” configuration, with
singular point in the center represented in spherical coordinates by:
nr = 1; nϕ = 0; nz = 0

(2.15)

It is also possible to have a configuration with cylindrical symmetry and one defect
line in the center:
nr = cos Θ; nϕ = 0; nz = sin Θ
(2.16)
and a distribution given by:

R2 − z 2
(2.17)
zr
All these director configurations have been detected in large droplets (at least few
microns in diameter) through observation by optical microscope.
In general there is a critical radius Rc where spherical droplets of decreasing size
switch from a radial to axial configuration, with radius being proportial to inverse
of the anchoring energy, Rc ≈ 1/W0 , and the effect is due to a competition between
splay and anchoring energy.
tan Θ =
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Preparation of anisotropic particles

We synthesize the birefringent particles by a procedure similar to, but slightly different from the one by Cairns [117]. We dissolve nematic liquid crystal reactive
monomer RM257 (Merck) and photoinitiator Darocur 1173 (Ciba) into ethanol.
Concentration of reactive monomer in ethanol is between 0.2mg/ml and 100mg/ml.
Concentration of photoinitiator is normally 100mg/ml. To dissolve reactive monomer
the solution is heated to 50 − 70◦ C. The solution is then added into broad container
with deionized millipore water at 75◦ C. The dissolution of the ethanol from the
drops into water phase leads to a precipitation of the mesogen, resulting in droplets
with nematic order. We find that adding of reactive monomer solution into water
drop by drop gives better results than continuously injecting with the syringe. After mixing of ethanol with water the solution is then stirred for 1 hour at 75◦ C.
Typically the amount of water used in synthesis is 500 ml, of ethanol 50 ml. For the
concentration of reactive monomer in ethanol of 100mg/ml the particles are in the
size range from about 300 nm to 1 micron and polydispersity 40%.
Two different protocols are then followed. In the first, the particles are polymerized
by irradiating the solution with UV light, which results in a ”locking” of the nematic order, after which the suspension is cooled down slowly to room temperature.
The exposure time with Osram ultra-vitalux UV-lamp at 15 cm distance for 500 ml
water container is minimum 2 hours. After polymerization the suspension becomes
slightly yellow. Such polymerized particles are very stable; they can be dried out
and characterized by electron microscopy. In the second protocol, the precursor is
emulsified as above, but without the photoinitiator, and then slowly cooled to room
temperature. Unpolymerized particles are less stable, they get destroyed when dry.
However, since nematic liquid crystal RM257 has crystalline phase at room temperature, suspended unpolymerized particles do not coalesce.
We have found out that in order to obtain monodisperse particles with the size
about 200 nm, small concentrations ( 0.2 mg/ml) of reactive monomer in ethanol
should be used. Adding reactive monomer solution into water drop by drop gives
particles with the size of 200 nm and polydispersity 7%. To produce 0.1 gram of
particles the above described procedure should be repeated 10 times. When the particles are ready the suspension is then concentrated by the evaporation of water at
50◦ C. During evaporation the surfactant sodium dodecyl sulfate (SDS) is added to
prevent particle aggregation. The final amount of water after evaporation is 60 ml.
The concentration of surfactant is then 10 mM. The resulting suspension looks very
milky due to multiple scattering of light. To obtain samples with volume fraction
5-15% the centrifuge was used. For 200 nm particles centrifugation time is 2 hours
at 1800 r/min. By means of this procedure it is also possible to get rid of very small
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Figure 2.5: UV curing of reactive mesogen to produce a cross-linked network of
carbon-carbon bonds.

particles (100-180 nm) and reduce polydispersity to 4%
To produce bigger particles we use water-ethanol mixture (200 ml water and 300
ml ethanol). In this case the particles do not form immediately after adding of
reactive monomer. Since ethanol evaporates faster then water, the concentration of
ethanol decreases with the time. Starting at some critical concentration of ethanol
the particles begin to grow. We find that the particle size is determined by the rate
of evaporation of the ethanol: high evaporation rates lead to small particles, while
slow evaporation leads to larger particles. For 500 ml container and temperature
75◦ C evaporation over 1 day gives particles with the size of 500 nm. Evaporation
over 2 days gives particles with the size of 900 nm. Evaporation over several days
gives particles with the size up to 5 micrometer. The polydispersity of 500 nm and
900 nm particles is normally about 12%.
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Figure 2.6: Scanning electron micrograph of polymerized particles with diameter 200 nm produced by emulsification of a mixture of RM257 with photoinitiator.
The crystallization of the particles indicates low size polydispersity.

Figure 2.7: 800 nm particles viewed between crossed polarizers in the optical microscope.
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Light scattering from small particles
Rayleigh scattering

Figure 2.8: Experimental geometry for single light scattering.

Rayleigh scattering is the scattering of light on particles whose size is much
→
smaller then the wavelength λ of light [11,12,13]. If x- linearly polarized light beam
→
with wavevector k which propagates in z direction meets a Rayleigh scatterer, a
dipol moment in the particle will be induced. The oscillating dipol moment radiates electromagnetic radiation. If light has a component of electric vector E0 in
→
x-direction and the polarizability of a particle is α, the scattered intensity Is in
→
→
direction r is: Is = 16π 4 α2 /(r2 λ4 )E02 sin2 ϕ. Here ϕ is an angle between x and the
→
projection of r on x-y plane. In the scattering plane, which is defined by vectors
→
→
y and →
z (ϕ = π/2 when illuminating wave is polarized in x direction) Is has a
constant value. The scattering in independent from angle θ, and thus the Rayleigh
scattering is isotropic. The scattering matrix S which connects horizontally and vertically polarized scattered electric fields with horizontally and vertically polarized
incident fields has a diagonal form:








S2 S3   cosθ 0 
∝
S=
0
1
S4 S1
If the scattered intensity Is is being integrated over all angles one obtains the total
cross section σ = 24π 3 α2 /λ4 . The fact that the scattered intensity is proportional
to the square of a particle volume and inversely proportional to the fourth power of
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the wavelength of light, causes that the sky has a blue color.

2.6.2

Mie scattering

To solve the problem of scattering of light on the sphere of arbitrary size and with
arbitrary refractive index mismatch with the surrounding medium one must start
with the Maxwell equations and consider incoming wave, the wave in the particle
and the scattered wave. This problem for a homogeneous, nonabsorbing sphere has
been solved by Mie in 1908 [118]. Since the derivation of the scattering amplitudes
S1 and S2 is very technical (S3 = S4 = 0 because of the symmetry), we consider
here only shortly the main results of the theory.
In the beginning the electrical fields of the incoming wave, the wave in the particle
and the scattered wave are expanded in power series. The choice of the functions
on which the fields are being expanded is based on the sphere symmetry of the
problem. The coefficients an and bn of the power series for the scattered wave are
taken according to demand of continuity of solutions and their derivatives on the
surface of the sphere. Using these coefficients the scattered amplitude can be written
as:
∞
X
2n + 1
S1 (θ) =
(an πn [cos(θ)] + bn τn [cos(θ)])
(2.18)
n=1 n(n + 1)
S2 (θ) =

∞
X
2n + 1

n=1

n(n + 1)

(bn πn [cos(θ)] + an τn [cos(θ)])

(2.19)

Mie coefficients πn and τn can be directly calculated from the associated Legendre polynomians and one has: πn [cos(θ)] = Pn1 [cos(θ)] /sin(θ) and τn [cos(θ)] =
d/dθ(Pn1 [cos(θ)]). The scattering amplitudes are now expressed through known
functions. The function F (θ, ϕ) = |S2 (θ)|2 cos2 ϕ + |S1 (θ)|2 sin2 ϕ describes the intensity of scattered light in some arbitrary angle.
If we integrate
over all possible
polarizations of the incoming beam we obtain:
h
i
2
2
F (θ) = |S1 (θ)| + |S2 (θ)| /2, where F (θ) is so called Mie-formfactor. If one now
integrates the formfactor over θ, one gets the total cross section σtot .
The Mie-scattering is like Rayleigh-Gans-Debye scattering anisotropic. The preferred direction of the scattered light is the forward direction and it becomes more
pronounced with the increase of the particles size.
For such anisotropic scatterers in the multiple scattering regime the transport cross
section σt is important. It describes the intensity of light which is scattered not in
the forward direction and it differs from the σtot by the amount of forward scattering: σt = σtot (1 − hcos(θ)i).
Since Mie theory for optically anisotropic particles is not available, we have to use
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Rayleigh-Gans approximation.

2.6.3

Rayleigh-Gans approximation

In a droplet surrounded by a medium with an optical frequency dielectric constant
ǫm , the part of the induced polarization Ps (rm ) which causes scattering is given by:
h

i

Ps (rm ) = ǫ0 ǫm ǫr (rm ) − 1 E(rm )

(2.20)

where E stands for the local electric field and ǫr for the relative (optical frequency)
dielectric tensor defined as the ratio ǫ/ǫm between the local dielectric constant of the
surrounding medium and dielectric constant of the particle [112]. In our uniaxial
orientational order parameter approximation the relative dielectric tensor ǫr (r) is
written in its local principal frame:




ǫ⊥ 0 0



ǫr =  0 ǫ⊥ 0 

0 0 ǫ||

(2.21)

Starting with Maxwell’s equations one can derive the following exact expression for
the scattered electric far field:
Es = f (k, k′ )

eikr
r

(2.22)

where the scattering amplitude f (k, k′ ), is given by
nh
i
o
1 Z
′
k × k′ × ǫr (rn ) − 1 E(k, rn ) × e−ik ·rn dV
f (k, k ) = −
4π
′

(2.23)

Unfortunately the internal field E(rm ) is unknown. In the case where the condition 2kR |nLC /nm − 1| ≪ 1 is satisfied, the internal field can be well approximated
by the undisturbed incident plane-wave field. The Rayleigh-Gans approximation
is analogous to the well-known Born approximation in quantum mechanics. The
scattered far field is thus the total of dipole radiation emerging from nonuniformly
oriented molecules in the droplet. Each dipole is assumed to be excited only by
the light from the external source, while the effect of the scattered light from the
neighboring molecules and droplets is neglected.
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Introducing i = k/k, i′ = k′ /k, and the polarization vector e = E0 /E0 we can write











(Es )||   S|||| S||⊥   e · i||  eik·r
E0
=
kr
e · i⊥
S⊥|| S⊥⊥
(Es )⊥

Here unit vectors i|| and i⊥ are orthogonal to the direction of the incoming beam.
The symbols || and ⊥ denote directions parallel and orthogonal to the scattering
plane, respectively.
The distribution of the scattered light is usually represented by the differential cross
section which is defined as
¯
¯
¯ Es ¯2 2
dσ
¯ r
¯
(2.24)
=
dΩ ¯ E0 ¯
There are two common arrangements: VV type with incoming polarization parallel to the transmission direction of the analyzer so that the transmitted scattered
intensity is
IV V
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VH geometry where the analyzer is perpendicular to the direction of the polarization
of the incoming beam. Here the scattered intensity is
IV H =
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(2.26)

The scattered light from a nematic droplet depends on the impact angle θ and the
angle of polarization α (angle between polarization and the scattering plane) as well
as on the scattering angles δ. The values of refractive indices have been chosen as
n⊥ = 1.52 and n|| = 1.70 which are typical of cyanobiphenyl components known
to form droplets in some polymeric materials. The refractive index of the polymer
matrix has been chosen nm = 1.55.
In order to illustrate the effectiveness of nematic droplet dispersions in beam shutters, it is useful to calculate the total scattering cross section of a nematic droplet.
The angular dependence of the differential scattering cross section for different director configurations, droplet sizes, and impact angles are shown in Fig.2.9.
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Figure 2.9: Dependence of the differential cross section of an optically uniaxial
particle with uniform director on the scattering angle, for the case of a very high
field. On the figure curve (a) represents the case θ = α = π/2 for kR = 0.5 and
curve (b) the situation θ = α = 0 for the same kR. Curve (c) represents kR = 1.5
with θ = α = π/2 and curve (d) θ = α = 0 for the same kR. The parameters used
are ξ = 0.04, η = 0.08, and γ = 0. (Figure from ref. [112])

Here the results for parallel director configuration are shown. This figure illustrates several general features. Firstly, there appears little difference between the
forward and backward scattering from small droplets whereas the difference becomes
more pronounced for large droplets (kR ≥ 1). When the size of the droplet becomes
comparable to the wavelength of light there are phase shifts inside the droplet and
the destructive interfere leads to a breaking of the symmetry between forward and
backward scattering.
Secondly, the angular dependence appears to be strongly dependent on the director
configuration inside the droplet, in particular for larger droplets.
This disparity between different director configurations is more pronounced at large
scattering angles. It is interesting to point out that the angular dependence exhibited in Fig. 2.9 is identical to the case of an isotropic droplet. In Fig.2.9 the impact
angle and polarizations are such that they give minimum scattering from aligned
droplets.
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Figure 2.10: Dependence of the differential cross section on the scattering angle for
θ = π/2 and α = 0 for the case of a very high field with kR = 0.5 in curve (a) and
kR = 1.5 in curve (b); zero-field tangential surface alinement with kR = 0.5 in curve
(c) and kR = 1.5 in curve (d) ; zero-field normal surface alignment with kR = 0.5
in curve (e) and kR = 1.5 in curve (f). The parameters used are ξ = 0.04, η = 0.08,
and γ = 0. (Figure from ref. [112])

The impact angles and polarizations which give maximum scattering are those
which exhibit the plots of Fig. 2.10. From this figure it is clear that droplets with
star configuration are poor scatterers compared to those of the bipolar or aligned
type. Parallel surface alignment is therefore desired in droplet dispersions used
in electro-optic switching devices. The symmetry between forward and backward
scattering for small kR is particulary evident in these plots.
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Figure 2.11: Dependence of the total scattering cross section on the incident angle
θ for the case of high field with curve (a) for kR = 0.15 and curve (e) for kR = 1.5;
external field for tangential surface alignement represented by curve (b) for kR =
0.15 and curve (g) to kR = 1.5; zero field for tangential surface alignement with
curve (c) for kR = 0.15 and curve (h) for kR = 1.5. The polarization angle α0 = 0,
ξ = 0.04, η = 0.08 were used. (Figure from ref. [112])

Fig.2.11 shows the dependence of the total scattering cross section upon the
orientation of a droplet relative to the direction of incident light in various field
strength. Curves (a) and (e) at θ = 0 determine the transparency of a film in the
presence of the field. With a perfect match between nm and n⊥ there would be
no scattering at all for this condition and the film would be perfectly transparent.
Curves (c) and (h) give the cross section in the absence of a field. Normally there
is a random orientation of droplets in a film. The opaqueness of the film is then
determined by the help of this curve.
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Polarized and depolarized light scattering in RayleighGans approximation

¯E
D¯
I ≈ |K(qs )|2 ¯¯ef · δǫ= (ν̂) · ei ¯¯

(2.27)

D
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where ν̂ is a droplet director, δǫ⊥ = ǫ⊥ − ǫs , ∆ǫ = ǫ|| − ǫ⊥ , δǫ= = δǫ⊥ I + ∆ǫνb ⊗ νb
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→

Lets consider the case ki || B .
For VV geometry and B = 0 we obtain: h(ν̂ · ei )2 i = 13 ,h(ν̂ · ei )4 i =
·

1
2
IV V ≈ |K(qs )|2 δǫ2⊥ + ǫ⊥ ∆ǫ + (∆ǫ)2
3
5

¸

1
5

(2.29)

→

For B → ∞ and νb|| B we obtain :

h

IV V ≈ |K(qs )|2 δǫ2⊥

i

(2.30)

For VH geometry and B = 0 we obtain:
IV H ≈ |K(qs )|2

1
(δǫ2⊥ )
15

(2.31)

For B → ∞ we have IV H = 0, which means that there is no depolarized scattering.
To test how good the Rayleigh-Gans approximation describes the form factors of
colloidal liquid crystalline particles we used an experimental set-up which consists
of argon-ion laser operating at λ = 514 nm, a ganiometer and a photomultiplier as a
detector. The scattered intensity was measured as a function of the scattering angle
in geometry VV (polarized scattering). The results are shown in Fig.2.12. There is
a very good agreement between the theory and experiment.
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Figure 2.12: Measured form factors of LC particles (open triangles) and theoretical
curve from equation (2.29) (red line). The upper figure corresponds to 200 nm particles, the middle figure corresponds to 500 nm particles and the lower corresponds
to 900 nm particles.
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Investigation of LC particles by static light
scattering
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Figure 2.13: Polarized and depolarized scattering intensities IV V (q) (squares) and
IV H (q) (triangles of polymerized (open symbols) and unpolymerized (full symbols)
mesogen particles as a function of scattering wavevector q. Full lines are fits of the
function ln(I(q)/I(q = 0)) = 1 − Aq 2 + Bq 4 to the data. The particle radius R=110
nm obtained from a fit to IV V (q) using A = R2 /5 is, given the size polydispersity
of about 10%, in good agreement with the hydrodynamic radius Rh = 100 nm
measured by quasi-elastic light scattering.

Scattering from small droplets has been studied in the last hundred years. Most
studies have been devoted to isotropic objects [119, 120, 121]. Light scattering from
a single isotropic sphere is a well known Mie solution. The solution for the ellipsoid
has been obtained recently [122]. In general, approximations suitable for specific
conditions must be used: the Rayleigh-Gans approximation (RGA) [123, 124] for
small, optically soft objects; the anomalous diffraction approximation (ADA) for
large optically soft objects. In the most nematic phases the two principle values of
the index of refraction ne or no differ by at most 15 percent. Therefore a nematic
droplet in an isotropic medium with an index of refraction nm approximately equal
ne or ne , represents a ”soft” scattering object. The use of RGA is justified for the
case |nLC /nm − 1| ≪ 1.
And also the maximum phase shift induced by a diametral crossing of a droplet is
small: 2kR |nLC /nm − 1| ≪ 1.
In order to determine the effective birefringence of LC particles, we calculate the
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orientationally averaged IV V (q) and IV H (q) withing Rayleigh-Gans approximation.
We assume that the local dielectric constant ǫij (r) at the position r within the
particle can be described by the uniaxial form
ǫij (r) = ǫ⊥ + ∆ǫvi (r)vj (r)

(2.32)

where ∆ǫ = ǫ|| − ǫ⊥ is the anisotropy in the dielectric constant of the bulk material,
and vi (r) is the its Cartesian component of the local nematic director
v(r) = (sin [ϑ(r)] cos [ϕ(r)] , sin [ϑ(r)] sin [ϕ(r)] , cos [ϑ(r))] oriented with polar angles θ(r) and ϕ(r) eith respect to the average particle director u. The dielectric
constants ǫ|| and ǫ⊥ are related to the ordinary and extraordinary refractive indices
n⊥ and n|| of the bulk material by n2|| = ǫ|| and n2⊥ = ǫ⊥ .
Following the treatment in [112], we have calculated the Rayleigh-Gans scattering
from nematic particles suspended in a solvent of dielectric constant ǫs . The depolarization ratio IV H (q)/IV V (q) at q=0 can be written as:
IV H (q = 0)
(∆ǫ̃)2
=
IV V (q = 0)
15(ǫ̃⊥ − ǫs )2 + 10(ǫ̃⊥ − ǫs )∆ǫ̃ + 3(∆ǫ̃)2

(2.33)

Averaging over the inhomogeneous orientation of the director v(r) within the particle results in an effective ordinary dielectric constant
3 Z 3
d rsin2 ϑ(r)cos2 ϕ(r)
ǫ̃⊥ = ǫ⊥ + ∆ǫ
4πR3

(2.34)

which may be larger than the bulk ordinary dielectric constant. Conversely, an
inhomogeneous director field leads to an effective dielectric anisotropy
¸
9 Z 3
2
d rsin ϑ(r)
∆ǫ̃ = ∆ǫ 1 −
8πR2
·

(2.35)

which may be smaller than the bulk dielectric anisotropy. Using equation (2.33) and
the measured depolarization ratio IV H (q)/IV V (q) = 8.69 × 10−3 for the unpolymerized particles we obtain an effective birefringence ∆ñ = 2ǫ̃⊥ ∆ǫ̃ + (∆ǫ̃)2 = 0.083, approximating the effective ordinary dielectric constant ǫ̃ by its bulk value n2⊥ = 2.40.
This value is in good agreement with the value ∆n = 0.13 obtained from measurements of the magnetic birefringence on a highly dilute suspension. These values for
the birefringence are considerably lower than the value ∆n = 0.179 for the bulk
liquid crystal, indicating a lower orientational order than in the bulk nematic phase.
Compared to the unpolymerized particles, the polymerized particles have a much
e = 0.031), reflecting a significant perturbation of
smaller effective birefringence (∆n
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the nematic order in the particles due to the polymerization process.
The fact that the particle’s size is small, but not negligible, compared to the wavelength of light gives rize to a decrease of both polarized and depolarized scattering
intensities with increasing scattering wavevector q (see figure 2.13). In the Guinier
√
regime where qR < 5, Rayleigh-Gans theory for nematic particles predicts a behaviour
IV V (q)
= 1 − cV V (qR)2 /5 + O((qR)4 )
(2.36)
IV V (q = 0)
for the polarized scattering intensity, similar to the Guinier law IV V (q) ≈ exp(−(qR)2 /5) ≈
1 − (qR)2 /5 for optically isotropic particles. The prefactor cV V depends on the internal director field; for a homogeneous director field cV V = 1
The depolarized scattering intensity IV H (q) predicted by Rayleigh-Gans theory can
be shown to depend on wavevector q as
IV H (q)
= 1 − cV H (qR)2 /5 + O((qR)4 )
IV H (q = 0)

(2.37)

In the Guinier regime, with a prefactor cV H = ∆ǫ/∆ǫ̃ in the q 2 term for a homogeneous director field. The value of the parameter cV H determined from a fit
of equation (2.36) to the measured depolarized intensities (Fig. 2.13) can be then
compared with ∆ǫ/∆ǫ̃ obtained from the depolarization ratio Eq.(2.33).
For the unpolymerized particles, we obtain cV H = 1.44, which is in reasonable agreement with the value ∆ǫ/∆ǫ̃ = 2.41, given the uncertainty in the effective ordinary
dielectric constant ǫ̃⊥ which is due to the unknown director field inside the particles.
For the polymerized particles, the value cV H = 0.265 agrees similarly well with the
value ∆ǫ/∆ǫ̃ = 0.155 obtained from the depolarization ratio.
In Fig.2.14 the polarized and depolarized form factors for the particles with size 200
nm, 500 nm and 900 nm are shown. The experimental set-up for these measurements is described in the previous paragraph. For 200 nm particle the depolarized
intensity of polymerized particles decreases by a factor of 4 in comparison to unpolymerized particles, for 500 nm particles the depolarized intensity decreases by a
factor of 10, and for 900 nm particles the depolarized intensity decreases by a factor
of 4. So we can conclude that unpolymerized particles should be used in multiple
light scattering experiments to observe the effect of magnetic field on rotational
diffusion.
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Figure 2.14: Polarized (blue squares) and depolarized (red squares) form factors
of polymerized LC particles (full squares) and not polymerized LC particles (open
squares). The upper figure corresponds to the particle size 200 nm, the middle figure
corresponds to the particle size 500 nm and lower to the particle size 900 nm.
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Form factors of anisotropic particles in magnetic field.

To study the behavior of colloidal liquid crystalline particles in magnetic field we
constructed an experimental set-up which consists of Argon-ion laser operating at
λ = 514 nm, super-conducting magnet (field B up to 7 Tesla) with horizontal bore, a
cylindrical scattering cell with optical path 8 mm, a custom-designed mini goniometer and a photomultiplier as a detector. With the help of a microscope objective
the laser beam is coupled into a single mode polarization maintaining fiber. The
second end of the fiber is fixed on the stage of the mini goniometer. A small lens
with f = 1.6 mm which is placed on the stage of the mini goniometer is used to
focus the beam in the middle of the sample cell. Single scattered light is collected
with another lens into a single mode fiber which is connected with a photomultiplier. In front of the detection lens a peace of polaroid film is placed which enables
to study either polarized scattering (VV), or depolarized scattering (VH). The two
beams: illumination beam and detection beam, have been adjusted to lay in one
plane (scattering plane). The mini goniometer is placed on the round stage which
can rotate about its axis and enables to change the angle between the scattering
plane and magnetic field from 0 to 90 degrees. The goniometer is fixed on the rail

Figure 2.15: Mini goniometer for measuring the form factors of anisotropic colloidal
particles in a magnetic field.
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Figure 2.16: Two experimental geometries: a) magnetic field is perpendicular to the
scattering plane b) magnetic field is in the scattering plane.

and it can be moved in and out of the magnet core. The set up enables to measure
form factors in the range 20-140 degrees. The volume fraction of the particles used
in our experiments was φ ≈ 10−5 .
In Fig.2.16 two experimental geometries with magnetic field perpendicular to the
scattering plane (a), and parallel to the scattering plane (b) are shown.
The measured polarized (VV) form factors for these experimental geometries are
shown in Fig.2.17. The upper figure corresponds to the case of magnetic field perpendicular to the scattering plane and the lower figure corresponds to the case of
magnetic field parallel to the scattering plane. On both figures the red circles represent the form factors of LC particles with 200 nm diameter in the absence of
magnetic field, while blue triangles represent form factors in the field of 7 Tesla. For
the case of magnetic field perpendicular to the scattering plane (Fig.2.16 a)) the
scattered intensity increases with the field, which means that the scattering cross
section σsca of oriented particles exceeds that of not oriented particles. In this geometry at high magnetic field the light tests the extraordinary refractive index of LC
particles. For case of magnetic field parallel to the scattering plane the scattered intensity decreases with the field and the scattering cross section of oriented particles
becomes smaller. In this geometry the light tests the ordinary refractive index of
LC particles. From these two measurements it is possible to conclude that LC particles have positive optical anisotropy ∆n > 0 and positive diamagnetic anisotropy
∆χ > 0. In a magnetic field LC particles orient themselves with the optical axis
along the direction of the field.
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Figure 2.17: The form-factors of colloidal LC particles in magnetic field (blue triangles) and without magnetic field (red circles) for the case of the scattering plane
perpendicular to magnetic field (upper figure) and parallel to magnetic field (lower
figure).
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2.8

2.8.1

Investigation of LC particles by Dynamic light
scattering
Theory

Figure 2.18: A schematic representation of the scattering of light by an assembly of
point scatterers.

Lets consider an assembly of points fixed in space. These points will later be
identified as infinitesimally small volume elements that constitute the colloidal particles. A plane wave of monochromatic light impinges onto this assembly of points.
Every point scatters the incident beam of light in such a way that neither the wave
length nor its phase is changed [125, 126]. Such a scattering process is called quasielastic, since the only process is the transfer of momentum between the photon and
the scatterer. Due to the extreme difference between the mass of an elementary
scatterer and a photon, the change of the wave length after the collision of the
photon with the scatterer is extremely small, and will be neglected. A scattering
process of this sort can be thought of as follows. The incident electric field induces a
dipole moment which oscillates with the same frequency as the incident field. This
oscillating dipole then emits electromagnetic radiation with the same frequency, and
hence with the same wave length.
The scattered intensity is detected in a certain direction. The total electric field
strength that is scattered in that direction is the sum of the scattered electric fields
by the individual points. The phase difference of the scattered light from two points
depends on their relative positions, as well as on the direction in which the electric
field strength is measured, as can be seen from the sketch in Fig.2.18. Let us first
calculate the phase difference of electric field strengths scattered by two point scat′
terers with position coordinates r and r say, into a direction that is characterized
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by the scattering angle θ, which is the angle between the propagation direction of
the incident plane wave and the direction in which the scattered field is detected
(see Fig.2.18).
The incident wavevector q0 is the vector pointing in the propagation direction of
the incident field, and its magnitude is 2π/λ, where λ is the wave length of the
light. Similarly, qs is the scattered wavevector: its magnitude is equal to that of
the incident wavevector, q0 = qs = 2π/λ. The phase difference ∆Φ of the electric
′
field strengths scattered by the two points located at r and r under a scattering
angle θs is equal to 2π∆/λ where ∆ is the difference in distance traversed by the
two photons:
′
∆Φ = (r − r) · (q0 − qs )
(2.38)
It is possible to associate to each point r a phase equal to r(q0 − qs ). The total
scattered electric field strength Es is then the sum of exp(ir · (q0 − q0 )) over all
volume elements, weighted by the scattering strength of the point scatterers, which
is defined as the fraction of the incident field strength that is actually scattered.
Each point scatterer can be identified as an infinitesimally small volume element
with volume dr, from which the colloidal particle is built. The scattering strength of
a point scatterer is now written as drF (r), where F is called the scattering strength
density. Replacing the sum over point scatterers by integrals yields
Es =

Z

F (r)exp(i(q0 − qs ) · r)E0 dr

Vs

(2.39)

where Vs is the scattering volume, E0 is the incident field. The scattering strength
density is proportional to the polarizability α(r) of the volume element, relative to
a constant background polarizaiblity α0 : F (r) ≈ α(r) − α0 The polarizability is
related to the refractive index for frequencies of light. The expression (2.38) can
be rewritten in order to make the distinction between interference of light scattered
form volume elements within single particles and from different particles. Because
the scattering strength is only non-zero within the colloidal particles equation (2.38)
can be written as a sum of integrals ranging over the volumes, occupied by N
particles in the scattering volume.
Es =

N Z
X

j=1 V

F (r)exp(i(q0 − qs ) · r)E0 dr

(2.40)

s

The integration range Vs is the volume that is occupied by the jth particle.For nonspherical particles this volume depends on the orientation of the particle, and for
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any kind of particles, also for spherical particles, Vj depends on the location of the
j-th particle. Let r denote a fixed point inside the jth particle, which is referred to
as its position coordinate. The position coordinate dependence of Vj can easily be
accounted for explicitly, by changing for each j the integration variable to r′ = r−rj .
The new integration range Vj0 is the volume occupied by the particle with its position
coordinate at the origin. For spherical particles, with their positions chosen at the
center of the spheres, Vj0 is the volume of a sphere with its center at the origin. In
terms of these new integration variables Eq.(2.39) reads
Es =

N
X

j=1

where
Bj (q) =

Bj (q)exp(iq · r′ )E0

Z

Vs

F (r′ )exp(iq · r′ )dr′

(2.41)

(2.42)

Bj is the scattering amplitude of particle j, and q = q0 − qs is the scattering
wavevector. The magnitude of the scattering wavevector is equal
q=

4π
sin(θs /2)
λ

(2.43)

where θs is the scattering angle that was introduced before as the angle between
q0 and qs , and λ is the wave length of the light. The exponential functions in
Eq.(2.40) containing the position coordinates rj describe the interference of light
scattered from different colloidal particles. But the scattering amplitudes Bj describe interference of light scattered from different volume elements within single
particles. In the above analysis we did not consider polarization effects. Lets consider the oscillating dipole P that is induced by the incident electric field, from which
emitted radiation is detected in the direction qs . The component of the dipole parallel to qs does not contribute to the electric field emitted in that direction. The
part of the dipole that gives rise to emitted radiation in the direction hqs is the part
i
b sq
bs · P
that is perpendicular to qs . This ”effective dipole” is equal to Peff = bI − q
The polarizability may be anisotropic, that means that the polarizability may depend on the polarization direction of the incident field. For example, for long and
thin rods, the polarizability for light with a polarization direction parallel to the rods
long axis may be different from the polarizability of light that is polarized in a direction perpendicular to the long axis. Such an anisotropic polarizability is the result
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of the anisotropic microstructure of the rods material. For such anisotropic polarizabilities, the induced dipole generally has a different orientation than the incident
electric field. In such a case, the scattering strength F is a tensor. In an experiment
one usually measures, by means of a polarization filter, the scattered intensity with
b s.
a prescribed polarization direction, which is characterized by the unit vector n
b s · Es . If we take these polarization
The detected electric field strength is simply n
effects into account, we obtain instead of Eq.(2.40) the following equation
h

N
i X

b sq
bs ·
b s · Es = n
bs · b
I−q
Es = n

j=1

Bj (q)exp(iq · r′ )E0

(2.44)

where Bj is defined by Eq.(2.41) with the scalar F replaced by the tensor F. The
polarization direction is always perpendicular to the propagation direction, so that
bs · q
b s = 0. If introduce the polarization direction of the incident field E0 = n
b 0 E0
n
b 0 , then equation 1.35 simplifies to
as n
Es =

N
X

j=1

b s · Bj (q) · n
b 0 ] exp(iq · rj )E0
[n

(2.45)

This equation is the most important in the analysis of quasi-elastic light scattering
experiments.
Two assumptions, which are implicit in the above analysis, should be mentioned.
First of all, it is assumed here that the incident field strength is the same at every
point in the scattering volume. This is only true if the various scattering elements
scatter only a very small fraction of the light. This amounts to what is commonly
referred to as ”the first Born approximation”. Secondly, multiple scattering is neglected. That is, scattered light is assumed not to be scattered by a second and
further volume elements. Both these assumptions are satisfied when differences in
polarizability of the material within the scattering volume are small.
The value of the scattering wavevector q is of special importance. Since the exponential function in Eq.(2.44) hardly changes when the position coordinates r, are
changed by an amount less than about 2π/q the scattered electric field strength
changes when particles move over distances of at least 2π/q. Equivalently, from
Eq.(2.41) it follows that particle orientations and internal modes can only be probed
when the scattering angle is chosen such that the linear dimensions of the scattering particles is at most 2π/q. It is therefore possible to introduce an effective wave
length Λ = 2π/q which sets the structural length scale on which dynamics is probed.
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2.8.2

Dynamic light scattering

Because of the Brownian motion of the center of mass rj , and of the orientation
of particles and their internal fluctuations, the scattered intensity fluctuates with
time. These fluctuations contain information about the dynamics of these degrees of
freedom, which are generally affected by interactions between the colloidal particles.
In a dynamic light scattering experiment one measures the so-called intensity autocorrelation function gI (q, t), which is defined as [21, 127]
gI (q, t) = hi(q, t0 )i(q, t + t0 )i

(2.46)

where the brackets denote ensemble averaging. For an equilibrium system, gI (q, t)
is independent of the reference time t0 , which we shall therefore set equal to 0 from
now on. The intensity auto correlation function contains information about the
dynamics of the above mentioned degrees of freedom. The instantaneous intensity
is related to the scattered electric field strength as
i(q, t) ∝ Es (q, t)Es∗ (q, t)

(2.47)

The intensity auto correlation function is thus an ensemble average of a product of
four electric field strengths
gI (q, t) ∝ hEs (q, t)Es∗ (q, t)Es (q, t = 0)Es∗ (q, t = 0)i

(2.48)

The scattered field strength in Eq.(2.44) can be written as a sum over many statistically independent terms, where each term itself is a sum over ”clusters” of interacting
particles. The linear dimension of a cluster is the distance over which interactions between particles extend. These clusters of particles are statistically independent. The
central limit theorem implies that the scattered electric field strength is a Gaussian
variable (with zero average), provided that the scattering volume contains a large
number of such independent clusters of particles. According to Wick’s theorem
for Gaussian-distributed random variables [24], the four-point ensemble average in
Eq.(7.16) can thus be written as a sum of products of two-point averages.
gI (q, t) ∝ hEs (0)Es∗ (0)i hEs (t)Es∗ (t)i+hEs (0)Es (t)i hEs∗ (0)Es∗ (t)i+hEs (0)Es∗ (t)i hEs∗ (0)Es∗ (t)i
(2.49)
2
For systems in equilibrium, the first of these terms is nothing but I , where I is the
mean scattered intensity. Defining the electric field auto-correlation function as
gE (q, t) = hEs (0)E∗s (t)i

(2.50)
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the third term in Eq.(2.47) is equal to |gE |2 . The second term in Eq.(2.47) is equal
zero for non-zero wavevectors. The intensity auto-correlation function can be written
in terms of mean scattered intensity electric auto-correlation function
gI (q, t) = I 2 + |gE (q, t)|2

(2.51)

This equation is usually called Siegert relation.

2.8.3

Rotational Brownian motion.

The surrounding solvent molecules exert in addition to a random force a random
torque, fr (t), on the colloidal sphere, which causes a rotational Brownian motion
of its angular velocity w(t). Neglecting solvent inertia, the sphere rotation can be
described in analogy to translational motion by a rotational Langevin equation,
given for d=3 and t ≫ τs by
Mr

dw
= −γr w(t) + fr (t)
dt

(2.52)

with a stochastic torque of zero mean and δ-correlated covariance:
hfr (t) · fr (t′ )i

(2.53)

From this Langevin equation the solvent collisions averaged angular velocity and
the equilibrium angular velocity auto correlation function are, respectively
hw(t)i = w0 exp(−
and
φw (t) =

t
)
τrB

kB T
t
1
hw(t) · w(0)i =
exp(− r )
3
Mr
τB

the damping time is
τrB =

Mr
γr

(2.54)

(2.55)

(2.56)

Where γr = 8πη0 a3 is the so-called Stokes-Debye friction coefficient of a freely rotating sphere, and Mr = (2/5)M a2 is the moment of inertia of a homogeneous sphere.
The damping times for the translational and rotational velocity are of the same
order of magnitude, since τBr = (3/10)τB . When the hydrodynamic solvent-sphere
coupling is accounted for through a time-dependent rotational friction function similar to the translational case, the exponential decay of the rotational velocity auto
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correlation function is changed for times t >> τη into the power-law decay [33, 34]
φV (t) ≈

1 kB T t −5/2
√
( )
60 π Mr τη

(2.57)

Depolarized dynamic light scattering is a convenient experimental tool to measure
rotational Brownian motion of optically anisotropic spheres in the diffusive regime
t ≫ τB . The polarizability α of an optically anisotropic uniaxial sphere is a tensor
1
b ) = α|| u
bu
b + α⊥ (1 − u
bu
b ) = α1 + β(u
bu
b − 1)
α(u
3

(2.58)

where α|| and α⊥ are the polarizabilities parallel and perpendicular to the optical axis
b (t) the unit orientation
of the sphere, with α = (α|| + 2α⊥ )/3 and β = α|| − α⊥ . u
vector pointing along the optical axis. The orientation vector is related to the
b (t) × (d/dt)u
b (t).
angular velocity of the sphere by w(t) = u
In depolarized dynamic light scattering the polarization of the incident electric light
b0 = n
b V ), and one detects the
field is chosen perpendicular to the scattering plane (n
bs = n
b H ) of the scattered electric field. In this VH-geometry
in-plane component (n
b s · α(u
b) · n
b 0 = β(
n

2π 1/2
b ) + Y2,−1 (u
b )]
) [Y2,1 (u
15

(2.59)

where Y2,m is a second order spherical harmonic function. This results in the electric
field auto-correlation function
gVEH (q, t) ∝ β 2 Ss (q, t)Sr (t)

(2.60)

where we have introduced the rotational self-dynamic correlation function
b (0)) + Y2,1 (u
b (t))i = hP2 (u
b (t)) · u
b (0)i ,
Sr (r) = 4π hY2,−1 (u

(2.61)

which includes information on the rotational diffusion, with P2 denoting here the
second-order Legendre polynomial. While deriving Eq.(2.61) it has been assumed
that the rotational motion of a sphere is decoupled from the translational motion
for all t >> τB . While this decoupling is stricty valid for dilute dispersions of
non-interacting spheres, it is an approximation for non-spherical particles and for
concentrated sphere dispersions. Note that β = 0 for optically isotropic spheres.
Then there is no depolarized scattered light as long as multiple light scattering is
negligibly small. The function Ss (q, t) of non-interacting spheres can be calculated
for t >> τB from the rotational diffusion equation (Debye equation)
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∂
b 2 P (u
b , t) = Drot L
P1 (u
(2.62)
1 b , t)
∂t
b , t) of finding
which determines the single-sphere probability density function P1 (u
b at time t. We have introduced here the diffusion
the sphere with orientation u
coefficient of a single and freely rotating sphere, related to the rotational friction
coefficient by the Einstein-Debye relation
Drot =

kB T
γr

(2.63)

The Debye equation is the analogue of the translational diffusion Eq.(2.62) with
b = u
b × ∂/∂ u
b denoting the gradient operator in orientation space. It describes
L
b on the unit sphere. Eq.(2.62) has the fundamental
the random walk of the tip of u
solution
b , t|u
b) =
P1 (u

l
∞ X
X

l=1 m=−l

b )Yl,−m (u
b 0 )exp(−l(l + 1)Drot t)
Ylm (u

(2.64)

b at time t given
which is the probability density for a sphere to have orientation u
c0 at initial time t = 0. The rotational function Sr (t) is
that it had orientation u
calculated as

Sr (t) =

Z

b
du

Z

b Y2,1 (u
b )Y2,−1 (u
b )P1 (u
b , t|u
b ) = exp(−6Drot t),
du

(2.65)

where we have used the orthogonality relations of the spherical harmonies. As a consequence, the depolarized electric field auto-correlation function of non-interacting
sphere dispersions is
n

o

gEV H (q, t) ≈ β 2 exp −(q 2 Dtr + 6Drot )t .

(2.66)

One can determine Dtr and Drot simultaneously from the depolarized electric field
auto-correlation function by plotting the time derivative of −LngEV H (q, t) versus q 2 ,
yielding a straight line of slope Dtr and intercept Drot . Plots of this kind are shown in
Fig.2.19 for depolarized DLS experiments on a dilute dispersion of anisotropic liquid
crystals spheres. The particle diameters determined from Dtr and Drot respectively,
are nearly identical.
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2.8.4

Experimental results and discussion.

This part of the QELS experiments has been performed on the goniometer. The
light source is an argon-ion laser operating at λ = 514 nm. Scattered light is
collected with a single mode fiber at angles of 10-150 degree and detected by two
photomultipliers (ALV). The amplified photomultiplier signals were led into ALV5000/FAST correlator operating in cross-correlation mode. The incident field is
linearly polarized in the vertical direction and scattered field is observed in the
horizontal plane. Since the particles are anisotropic, the total scattered field is
the superposition of two terms: the first is a vertically polarized component with
amplitude proportional to the optical mismatch between the particle and solvent; the
second term is depolarized component with amplitude proportional to the internal
anisotropy β. The temporal fluctuations of the first term are due to the translational
motion of the particles and the dynamics of the second term contains information
about both translational and rotational motion. The decay rates were determined
using a standard cumulant fit program. Fig.2.19 shows the first cumulant ΓV H =
Dtr q 2 + 6Drot of the VH correlation function versus the squared modulus of the
q vector. Linear fits to the whole sets of first cumulant Γ versus q2 gives the
translational and rotational diffusion coefficients. Intercept with y axis gives 6Drot
and the slope gives Dtr . Using Einstein relations for Dtr and Drot the diameter of
the particles has been calculated. For the first sample the diameter is 210 nm (from
Drot ) and 214 nm (from Dtr ). For the second sample the diameter is 494 nm (from
Drot ) and 485 nm (from Dtr ). For the third sample the diameter is 870 nm (from
Drot ) and 898 nm (from Dtr ). Since the values of the size calculated from Dtr and
Drot are very close to each other it follows that the size polydispersity is very low
(4-12 percent from ALV cumulant fit program).
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Figure 2.19: The first cumulant Γ of the correlation function GV H as a function of
q 2 for three different particle sizes.
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Figure 2.20: Experimental geometry for depolarized quasi-elastic light scattering.

The light scattering apparatus for this part of measurements includes argon-ion
laser operating at λ = 514 nm, super-conducting magnet (field B up to 7 Tesla)
with horizontal bore, a cylindrical scattering cell with optical path 8 mm. The
volume fraction of the particles was φ ≈ 10−5 . The particles were oriented by the
field due to the anisotropy of their diamagnetic susceptibility. The magnetic field
was perpendicular to the wave vector ki of the excitation beam; its polarization was
perpendicular to the scattering plane, while the outgoing polarization was parallel
to the scattering plane. This geometry has an advantage that there is no Faraday
rotation. Scattered light was collected with a single-mode fiber at scattering angle
θ = 5o and detected by two photomultipliers (ALV). The amplified photomultiplier signals were led into ALV-5000/FAST correlator operating in cross-correlation
mode.
(2)
The measured intensity-intensity cross-correlation function gV H shows two relaxations: a decay at long times which is due to the translational motion of the particles and a decay at shorter times which is due to the rotational motion. As shown
(1)
in Fig.(2.21) and Fig.(2.22) the decay of the gV H (t) is strongly accelerated by the
external magnetic field which tends to suppress the thermally excited excursions of
u(t) from the orientation of lowest energy along the magnetic field.
Colloidal particles in a solvent experience not only random forces due to the collisions with the surrounding molecules but also experience random torques that lead
to the fluctuation of the particle orientation described by a unit vector u(t) which is
called director. As we saw in the previous chapter, if the colloidal particles possess
optical anisotropy (due to the intrinsic birefringence for example), these fluctuations
can be probed by depolarized quasi elastic light scattering (QELS). For a freely ro(1)
tating spherical particle the rotational part of the auto-correlation function gV H (t)
of the scattered depolarized electric field EV H (t) decays exponetially with time and
the decay rate is proportional to the rotational diffusion constant Drot = kT /8πηR3 .
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Figure 2.21: Temporal field autocorrelation functions g1 from the depolarized quasielastic light scattering at magnetic fields from 0 to 7.5 Tesla. Particle diameter 220
nm. Temperature 160 C.

Figure 2.22: The decay rates of the temporal field autocorrelation function at magnetic fields from 0 to 7.5 Tesla. Particle diameter 220 nm. Temperature 160 C.
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The situation changes when the rotational symmetry is broken by an external electric or magnetic field that couples to permanent or induced dipoles localized on the
particle. The orientational distribution then has a peak around the direction of the
external field. In this case the amplitudes of the orientational fluctuations are reduced which leads to reduced fluctuations of EV H (t). The dynamics of orientational
relaxation depends strongly on the shape of the external potential V (u). For the
case of permanent dipoles in an external field, known from Debye relaxation in polar fluids, the time auto-correlation function can be calculated analytically for small
field strengths. If the particle possess an intrinsic uniaxial symmetry in magnetic
properties the potential energy of the induced dipole is equal for both parallel and
antiparallel alignment of the particle axis along the field. The two energy minima of
such a bistable potential are separated by a barrier which increases with increasing
field strength.

74 Chapter 2:

2.9
2.9.1

Magnetic and optical properties of liquid crystalline colloidal particles

Magnetic birefringence study of LC particles
Theory

If a molecule is placed in a homogeneous magnetic field, a current in builds up which
tends to reduce the flux going through it. The magnetization M induced by H if H
is parallel to n is equal
M = χH
(2.67)
Such a diamagnetic response is a general property of matter. Diamagnetic susceptibility of a molecule is closely connected to its structure, and usually the susceptibility
is anisotropic.
For many types of molecules the diamagnetic anisotropy χa = χ|| − χ⊥ has been
determined by measuring directly the force acting on a monocrystal in a magnetic
field. Another method of determination of magnetic anisotropy is based on measuring of the birefringence in the magnetic field (Cotton-Mouton effect) which is
similar to he electric field case (Kerr effect) [128, 129, 130, 131, 132]. It is probably
the most sensitive method of detecting magnetic orientation in liquids and gases.
To observe Cotton-Mouton effect the sample of transparent substance is placed in a
strong magnetic field, and a beam of monochromatic light is transmitted through the
sample (perpendicular to the field). The beam is linearly polarized in a plane which
makes an angle of 45 degrees with the direction of magnetic field. The transmitted
beam falls on the analyzer which also makes an angle of 45 degrees with the direction
of magnetic field and is perpendicular to the insident polarization. In the absence of
external magnetic field anisotropic colloidal particles are oriented randomly which
makes the sample isotropic, in spite of the anisotropy of single colloidal particles. In
a magnetic field the sample becomes anisotropic due to the ordered orientation of
colloidal particles with the optical axis along the direction of the field. Transmitted
beam of monochromatic light turns from linearly polarized into elliptically polarized
because in the sample which became anisotropic, the beam splits into two beams ordinary and extraordinary which have different refractive indices no and ne . These
beams propagate with different velocities. As a result the light becomes elliptically
polarized and now it comes through the analyzer. After the analyzer the intensity
of the transmitted beam is
I = I0 sin2 (

π · ∆n · l · c
)
λ

(2.68)

where ∆n = ne − no - birefringence, l - thickness of the sample, λ - wavelength of
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light in vacuum, c - volume fraction of particles.
From this equation it is possible to express ∆n as a function of transmitted intensity
I.
q
sin−1 ( II0 )λ
∆n =
(2.69)
π·l·c
The theory of Cotton-Mouton effect for noninteracting molecules has been developed
by Langevin [133] and Born [134].
Let us consider a simple case of noninteracting particles with diamagnetic anisotropy
∆χ and optical polarizability ∆α. f (θ) is a Boltzmann distribution function of
orientation of anisotropic particles, which depends on the magnetic field, and θ is
the angle between the direction of the field and optical axis of the particle. On
average every particle with orientation θ gives a contribution to the macroscopic
anisotropy equal (3cos2 θ−1)∆α/2. The effective anisotropy per molecule is obtained
by integrating this function, multiplied by the weighting coefficient f (θ).
π

Z
3cos2 θ − 1
2π
1 ∆n
= 2 (g1 − g2 ) f (θ)
2πsinθdθ
CV n
n
2

(2.70)

0

where CV - volume fraction of the particles, ∆n - the birefringence, n - index of
refraction of the solution, (g1 − g2 ) = cNV (α1 − α2 ) - optical anisotropy factor, the
subscripts 1 and 2 referring to the symmetry and transverse axis, respectively, f (θ)
- angular orientation distribution function.
The distribution function is given by
U

f (θ) = Rπ

e− kT

eγu

=

e−U/kT 2πsinθdθ

0

2π

+1
R

2

,

(2.71)

eγu2 du

−1

where U is the total interaction energy, u = cosθ, γ = ∆χH 2 /2kT
√
Making the substitution X = γu one obtains
Z+1

γu2

e

−1

t2
1 Z X2
du = √
e dX
γ
t1

(2.72)
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√
√
where t1 = − γ and t2 = γ. Using the definition (2.73)
E(t) =

Zt

2

eX dX.

(2.73)

0

the integral (2.72) may be written
Z+1

−1

1
2
eγu du = √ [E(t2 ) − E(t1 )]
γ

(2.74)

Introducing Eq.(2.71) into Eq.(2.70), one has
2π
1 ∆n
= 2 (g1 − g2 )Φ(γ),
CV n
n
where
3
Φ(γ) =

+1
R

2

u2 eγu du

−1
+1
R

2

(2.75)

eγu2 du

1
− .
2

(2.76)

−1

Φ(γ) is a useful function to consider because as H → ∞, Φ(γ) → 1. If the birefringence at infinite field strength is denoted by ∆nsat , then
2π
1 ∆nsat
= 2 (g1 − g2 ),
CV n
n

(2.77)

using ∆nsat Eq.(2.75) can be put in the form
∆n/∆nsat = Φ(γ)

Φ(γ) is an orientation factor, which may be called the degree of orientation.

(2.78)
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Experimental results and discussion

Figure 2.23: Schematic representation of the experimental set-up for magnetic birefringence measurements. The light polarized in (P ) direction propagates through
the sample perpendicular to magnetic field B. The analyzer (A) is oriented to (P )
by the angle π/2, so that for optically isotropic samples no light comes through.

Experimental set-up includes super-conducting magnet (field B up to 7 Tesla)
with horizontal bore, argon ion laser with λ = 514 nm, sample holder with 2 mirrors
and a power meter. To be able to measure with the beam perpendicular to magnetic
field B, an optical system which consists of two parallel mirrors placed on the sample
holder at the angle of 45 degrees to the axis of the magnet core is used. λ/2 plate
is used to obtain linearly polarized light with the angle of 45 degree to the vertical.
Since both aluminium and dielectric mirrors depolarize light when the polarization
makes an angle other then 0 or 90 degrees, we have glued two polarizing films on
the opposite sides of the cuvette. The polarizers are crossed and make an angle of
45 degrees with respect to magnetic field.
The sample in a glass cuvette with 10 mm optical path is placed between the mirrors.
The concentration of colloidal suspension used in the experiments was around ϕ ≈
10−5 . The temperature was 16o C.
In the birefringence experiment the intensity of the laser beam which goes through
the crossed polarizers was measured as a function of magnetic field. In the absence
of external magnetic field anisotropic colloidal particles are oriented randomly and
the macroscopic anisotropy of the sample is zero. With the increase of magnetic
field the magnetic energy of the particles increases and when it becomes ≥ kB T
particle begin to orient with the optical axis parallel to the field and the laser
beam comes though the crossed polarizers. The light which in the beginning was
linearly polarized becomes elliptically polarized since the component of light with
polarization parallel to magnetic field propagates with the velocity c/n|| and the
component with polarization perpendicular to to magnetic field propagates with
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different velocity c/n⊥ . The birefringence ∆n is calculated according to formula
(2.69).
Results of birefringence experiment for not polymerized particles are shown on the
Fig.2.24. The upper figure corresponds to the particles with mean diameter 200
nm, the middle figure corresponds to the particles with mean diameter 500 nm and
the lower to the particles with mean diameter 900 nm. For the sample with 200
nm particles the birefringence ∆n increases in the range of magnetic field 0-3 Tesla
and tends to saturate at higher fields. At the field 7 Tesla the particles are oriented
almost completely with the optical axis parallel to the field and ∆n is very close to
complete saturation. The maximal birefringence for this sample is ∆n = 0.13. This
value is lower than the value for a bulk nematic liquid crystal RM257 (∆n = 0.179)
(from Merck data sheet).
For the sample with 500 nm particles the birefringence ∆n saturates in magnetic
field B ≈ 2 Tesla which is lower than for 200 nm particles. This result is obvious
since the magnetic energy of colloidal nematic droplets is proportional to the volume
of the droplets. And in this case of bigger particles lower fields are needed to make
magnetic energy greater then kB T . The maximal birefringence for this sample is
∆n = 0.091. For the sample with 900 nm particles the birefringence ∆n saturates
in magnetic field B ≈ 1 Tesla and reaches the value of ∆n = 0.034. We see that the
maximal birefringence ∆nsat decreases with the increase of the size of the particles.
The reason for that is that director inside the particles is more distorted for big
particles. It is expected that anchoring (surface) energy is smaller than bulk Frank
elastic energy. That is why the larger particles are expected to have higher ∆nsat .
But it has to be taken into account that big particles may be polycrystalline with
monocrystals oriented arbitrary to each other, which reduces the birefringence.
Results of birefringence experiment for polymerized particles are shown in Fig.2.25.
For the sample with 200 nm particles the birefringence ∆n does not reach the
saturation even at magnetic field 7 Tesla. The maximal ∆n is then 0.057. For
the sample with 500 nm particles the birefringence ∆n saturates at field B=3 Tesla
which is lower than for unpolymerized particles. The maximal ∆n is then 0.042.
For the sample with 900 nm particles the birefringence ∆n saturates at field B=2
Tesla and reaches the maximal value of ∆n = 0.03. Again we see that the maximal
birefringence ∆nsat decreases with the increase of the size of the particles. For
polymerized particles the ∆nsat is about the factor of two smaller than for not
polymerized particles. This can be explained by the reduction of the order parameter
for director inside the particles after polymerization. From this measurements it is
possible to conclude that the best particles for multiple light scattering experiments
are not polymerized particles with the size of 200 nm.
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Figure 2.24: Magnetic birefringence measurement of non-polymerized colloidal liquid
crystalline particles with the size 200, 500 and 900 nm.
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Figure 2.25: Magnetic birefringence measurement of polymerized colloidal liquid
crystalline particles with the size 200, 500 and 900 nm.
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Figure 2.26: Normalized birefringence of non-polymerized colloidal liquid crystalline
particles with the size 200 and 500 nm.

To determine the diamagnetic anisotropy of the particles we have plotted the
normalized birefringence (∆n/∆nsat ) as a function of B 2 . For small magnetic field
strengths there is a linear dependence of (∆n/∆nsat ) from B 2 :
∆n/∆nsat =

1
∆χB 2 /µ0 kB T
30

(2.79)

(in SI units). Here ∆χ is a diamagnetic anisotropy and ∆nsat is the saturation value
of birefringence. In Fig.2.26 the results for unpolymerized particles with the size of
200 nm (upper plot) and 500 nm (lower plot) are shown. The curves have been
fitted with expression (2.79) with ∆χ as a free parameter (red lines). From this
fit ∆χ = 1.06 · 10−5 for the sample of 200 nm particles and ∆χ = 7.53 · 10−6 the
sample of 500 nm particles was obtained. The fit for 500 nm particles is not as good
as for 200 nm particles since for big particles ∆n/∆nsat increases rapidly with the
magnetic field and there are only several points in the linear part of the curve.
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Figure 2.27: Diamagnetic anisotropy ∆χ of non-polymerized colloidal liquid crystalline particles with the size 200, 500 and 900 nm versus birefringence ∆n.

Chapter 3
Investigation of rotational
diffusion by the DWS method
Considerable progress in the investigation of multiple wave scattering in the 1980th has lead to the appearance of new techniques, one of the most interesting is so
called diffusing wave spectroscopy (DWS). The idea of DWS lies in extracting of
useful information about the randomly heterogeneous multiply scattering medium
from measured temporal autocorrelation functions of the scattered light.
Diffusing-wave spectroscopy extends QELS to a highly multiple scattering media.
This technique extends the analytic power of QELS to opaque samples such as
concentrated suspensions, without necessity to dilute or index-match. Diffusingwave spectroscopy is very similar to conventional dynamic light scattering. Both
use the detection of the intensity of a single speckle spot of the scattered light and
a measurement of its temporal fluctuations. In both cases these fluctuations are
characterized by their temporal autocorrelation function, and in both cases these
intensity fluctuations reflect the dynamics of the scattering medium.
The idea of DWS, the first theoretical and experimental results have been obtained
in the end of eighties [135, 136]. Interesting theoretical results on temporal correlations of light have been presented in [137]. The full analysis of these results was
given later [138, 139]
In QELS the characteristic decay time of the correlation function is related to the
dynamics of the medium through the length scale set by the inverse of the scattering
wave vector, q −1 . Motion of the scatterers on this length scale leads to a change in
the path length of the scattered light by one wavelength, resulting in a change in
the phase of the detected light by 2π, and hence to a change in the intensity of the
scattered light. Analysis of the experimentally measured autocorrelation function
provides a characteristic time-scale for the intensity fluctuations. To obtain useful
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information about the dynamics of the medium from this characteristic time scale
requires knowledge of the length scale determined by the scattering wave vector.
That is why QELS is restricted to single scattering limit.
Diffusing wave spectroscopy considers the problem of scattering from a different
limit - high multiple scattering. In this limit light is scattered many times and the
direction of light is totaly randomized. The decay of the temporal autocorrelation
function of the multiple-scattered light measured with DWS results from the change
in phase of the scattered light by π, like in QELS. This means that in DWS the
total path length of light in the sample must change by one wavelength to change
in the fluctuation in the intensity.
There are two fundamental approximations in DWS. The first approximation says
that as each photon is scattered many times, its path can be described ar a random
walk. Light propagation is described within the diffusion approximation. This approximation neglects any interference effects of the light in the medium. The second
approximation says that as each photon is scattered a large number of times in the
medium, the details of individual scattering events play a less critical role.
DWS technique was suggested about 15 years ago and now is used to study randomly
heterogeneous multiply scattering media. Very important applications of DWS lie
in the medical diagnostics [140, 141, 142, 143, 144, 145]. Many biological media
like blood or tissue [146] are not transparent in the visible range of electromagnetic
radiation, not only due to the absorbtion but mainly due to multiple scattering of
light. The characteristics of light which leaves such a media can not be explained in
a single scattering approximation. That is why the traditional single scattering correlation spectroscopy [147, 148, 149, 150, 151, 152] can not be used to diagnose such
a media. DWS has been used to study dynamic scattering of light on the ultra sound
waves in a colloidal suspension [153] or to study the dynamics in concentrated suspensions with strong interaction between the particles [154, 155, 156, 157, 158, 159].
In [160, 161, 162, 163] is reported about the use of DWS to investigate the dynamics
of reorganization of forms and creams.
In the diffusion approximation light propagation is parameterized by the diffusion
coefficient for light, D = vl∗ /3, where v is the speed of light in the medium and l∗ is
the transport mean free path in the medium. The effective speed of light in the multiply scattering medium can be substantially smaller than that in a homogeneous
medium. The transport mean free path, l∗ , characterizes the scattering medium
itself. It is the length that a photon must travel before its direction is completely
randomized. This length is typically much larger than the scattering mean free path,
l, the length that a photon must travel before it is scattered once. Since strong scatterers typically scatter mostly in the forward direction, many scattering events are
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required before the direction is randomized, making l∗ ≫ l. The use of the diffusion
approximation to describe the propagation of the light determines which media can
and cannot be studied using DWS. Samples that scatter light very highly, and thus
have a white or milk-like appearance, are suitable. DWS makes it possible to study
samples with no dilution. However, absorption becomes much more important in
highly scattering samples, because the path length of light is greatly increased.
DWS has several special features, making it possible to study phenomena that cannot be studied in any other way. Among them is the study of particle motion on
very short length scales. In the case of DWS a change in the total path length by one
wavelength is caused by the cumulative motion of large number of scatterers. Each
scatterer needs to move only a small fraction of a wavelength. Thus, using DWS
it is possible to measure the motion of micrometer sized particles on length scales
of few angstroems. The motion of particles on these length scales can exhibit very
different physics from motion on the much larger length scales available in QELS.
Another unique application of DWS uses the diffuse nature of the propagation of
light through the medium. Diffusing light probes a much larger volume than single
scattered light. For example DWS has been used to study the dynamics of ageing of
foams. The dynamics involve rearrangement of the foam bubbles, which occurs randomly in localized regions of the foam. Since DWS can average over a large volume
of the sample, it can be used to observe the rate of this motion [160, 161, 162, 163].
Another direction of development of DWS is the application of analysis to anisotropic
media (liquid crystals for example) [164, 165, 166, 167, 168]. In this case it appears
to be possible to use diffusion equation, however the diffusion coefficient of light
depends on the direction of propagation. It is necessary to underline that there are
many other interesting activities in this area [169, 170, 171, 172, 173, 174, 175].
This work is devoted to study of the multiple light scattering in anisotropic colloidal
suspensions.

3.1
3.1.1

DWS.
Multiple scattering and the diffusion approximation

There are two length scales which characterize light scattering and transport in the
multiple scattering limit: the mean free-path between scattering events, and the
transport mean free path l∗ . The mean free path l is the average distance between
scattering events and, in dilute suspensions, is given by:
l=

1
ρσ

(3.1)
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where ρ is the number density of particles and σ is the total scattering cross-section
for a single particle. The transport mean free path l∗ is the length scale over which
the direction of light propagation is randomized; it is related to the mean free path
by
l
l∗ =
(3.2)
h1 − cosθi

where θ is the scattering angle and <> gives an ensemble average over many scattering events. For small particles, when k0 a ≪ 1, the single-particle scattering is
isotropic and the direction of light is randomized after a single scattering event; in
this case l∗ = l. For larger particles the scattering is typically peaked in the forward direction and several scattering events are needed to randomize the direction of
propagation. In this case l∗ > l. Lets consider a transmission coefficient T of a plane
wave of light through a suspension of thickness L. If L ≤ l, then T ≈ exp(−L/l)
and most of the transmitted light is unscattered light. However if L ≫ l∗ , then
T ≈ l∗ /L and all the light is scattered light. In this limit light propagation is diffusive and the photons do a random walk of step length l∗ , the length scale over
which the direction of propagation is randomized. Usually several scattering events
are required to randomize the direction of propagation and thus l ≤ l∗ . The transmitted light will make ≈ (L/l∗ )2 random walk steps with (l∗ /l) scattering events
per step. In a typical transmission experiment, light is being scattered on average
n ≈ (L/l∗ )2 (l∗ /l) times before it leaves the sample. When L ≫ l∗ the sample can
be considered to be multiply scattering.

3.1.2

Autocorrelation function for multiply scattered light

In order to obtain an expression for the field autocorrelation function in the highly
multiple scattering limit, we consider a DWS experiment in a transmission geometry.
Laser light is incident on one side of a planar sample of thickness L ≫ l∗ and
scattered light is collected from a small area on the opposite side. A photon passing
through the sample undergoes n scattering events and comes out with a phase that
depends on its total path length s. The total path length for a photon scattering N
times is
N
N
X
X
ki
· (ri+1 − ri ))
(3.3)
|ri+1 − ri | = (
s=
i=0 |ki |
i=0
where ki is the wavevector of the light after i scattering events, ri , is the position of
particle i r0 is the position of the source, and rN+1 , is the position of the detector.
Since the scattering is quasi-elastic, all wavevectors have the same magnitude, that
is, ki = k0 for all i. The total phase shift of the photon after passing from the laser
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to the detector is
φ(t) = k0 s(t) =

N
X
i=0

ki (t) · (ri+1 (t) − ri (t))

(3.4)

Thus, the total field at the detector is the superposition of the fields from all light
paths:
X
E(t) =
Ep eiφp (t)
(3.5)
p

P

where p represents the sum over paths and Ep is the amplitude of the field from
path p at the detector. In the multiple-scattering case, there are many scatterers
for each light path, so that Eq.(3.5) involves two sums, one over light paths and
another over the particles in each path. The field amplitude Ep depends on the
number of scattering events in a given path as well as the laser beam intensity. The
field autocorrelation function is obtained from Eq.(3.5)
*

X
hE(0)E ∗ (t)i
1 X
g1 (t) =
=
Ep eiφp (0)
Ep∗ e−iφp (t)
2
h|E| i
hIi p
p′

+

(3.6)

The fields from different paths are to good approximation uncorrelated for independent particles. Thus terms with p 6= p′ in Eq.(3.6) do not contribute, and we
obtain
E
X hIp i D
g1 (t) =
ei[φp (0)−φp (t)]
(3.7)
p hIi
where hIp i = h|Ep |2 i is the average intensity from path p.
For diffusing colloidal particles h∆r2 (t)i = 6Dt and we obtain

D

E

D

E

∆φ2p (t) = 4k02 Dt

s
l∗

(3.8)

When N is large, ∆φ2p (t) depends on the path length s of the light only. From
Eq.(3.6) it follows that we have a sum over path lengths rather than a sum over
individual paths. Now we can replace the fraction of scattered intensity in path p,
hIp i
with the fraction of scattered intensity in paths of length s, P (s). We obtain
hIi
g1 (t) =

X
p

s
P (s)exp(−2k02 Dt ∗ )
l

(3.9)
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The calculation of the autocorrelation function is reduced to determining the pathlength distribution function P (s). In a continuum limit we have
g1 (t) =

Z

0

∞

∗

P (s)e−(2t/τ )s/l ds,

(3.10)

where τ = (k02 D)−1 .
Eq.(3.10) is the basis of the calculation of autocorrelation functions in DWS. It
says that a light path of length s corresponds to a random walk of s/l∗ steps and
that such a path contributes on average exp(−2k02 Dt) per step to the decay of the
autocorrelation function. Long paths decay relatively quickly, because each particle
in the path needs to move only a small distance in order for the entire path length
to change by one wavelength. Long paths probe particle displacements much less
than one wavelength. This is one of the most powerful features of DWS.

3.1.3

Transmission geometry

A geometry often used in DWS experiments is the transmission geometry. The
transmission geometry is simpler to interpret than the backscattering geometry because all paths through the sample can be made compared with l∗ and are therefore
accurately described within the diffusion approximation. The transmission geometry allows to probe motions over length scales much shorter than the wavelength
of light. In a transmission experiment, light is incident on one side of a sample of
thickness L and is detected on the opposite side. The incident light can either be
focused to a point or expanded. In both cases we take the source of diffusing intensity to be at distance z0 inside the sample where z0 ≈ l∗ , the distance over which
the incident light is randomized. The simplest case is that of uniform illumination
of the incident face, which we take to be at z = 0. In this case the initial condition
is a planar source at z = z0 , so that U (x, y, z, t) = U0 δ(z − z0 , t), where U is the
energy density of light.
The solution to the diffusion equation for this geometry and these initial conditions
is given by Carslaw and Jaeger [176]. Using Laplace transform techniques, they
obtain
q
( lL∗ + 43 ) 6t
τ
q
q
q
(3.11)
g1 (t) ≈
L
4
L
8t
6t
6t
cosh(
)
(1 + 3τ ) sinh( l∗ τ ) + 3 6t
τ
l∗
τ

where expression (3.11) holds for t ≪ τ . The analytic form of these expressions
appears to be complicated, but correlation functions are nearly exponential in time,
with a slight upward curvature when plotted on a semilogarithmic scale. The characteristic decay time for Eq.(3.11) is τ (l∗ /L)2 . Since DWS experiments are usually
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performed with (l∗ /L) ≪ 1, Eq.(3.11) is generally a good approximation for g1 (t).
The autocorrelation function for the transmission geometry decay with a characteristic time of approximately (l∗ /L)2 τ reflecting the fact that there is a characteristic
number of random-walk steps, n ≈ (L/l∗ )2 , and that the autocorrelation function
decays, on average, exp(−2t/τ ) per step. This time scale is set by the time it takes
for the total length of a path to change by one wavelength or, equivalently, by the
time it takes for the total phase of a characteristic path to change by ≈ π. One
can estimate the distance an individual particles moves in a decay time from the
total phase shift, ∆φ ≈ π which gives ∆r ≈ λl∗ /L. Since l∗ /L ≪ 1, ∆r ≪ λ, so in
DWS the motion of particles is probed over length scales that are much less than
the wavelength of light. This is in contrast to conventional QELS in which particle
motion is probed over length scales comparable with or longer than the wavelength
of light. In conventional DLS measurements the length scale over which motion is
probed is adjusted by varying the scattering angle θ and thus changing the scattering vector q. In contrast, in DWS the length scale over which particle motion is
probed is adjusted by changing the sample thickness L or λ.

3.1.4

Backscattering geometry

Another geometry which is often used in DWS experiments is the backscattering
geometry. This geometry can be particularly useful in industrial process-monitoring
applications where only one side of the sample is available. Another advantage of
the backscattering geometry is that it does not require independent knowledge of the
transport mean free path in order to interpret the autocorrelation function. Another
feature of the backscattering geometry is that it probes many length scales at once.
Since backscattering involves a significant number of light paths whose length is
comparable with l∗ , the diffusion approximation must be used with caution.
In a backscattering geometry, the laser beam is usually expanded so that it uniformly
illuminates an area of the incident face that is much wider than l∗ . Light is collected
from a very small area near the center of the illuminated area. This ensures that
the shape of the measured autocorrelation function is insensitive to the size of the
illuminated area and to the precise position of the detected light within that area.
Like in the case of the transmission geometry, we again take the incident face to be
at z = 0 and the source of diffusing intensity to be a distance z0 which is expected
to be of order l∗ inside the sample. Solution of the diffusion equation for a sample
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of infinite thickness is given by
g1 (t) =

h

exp − zl∗0
1+

2
3

q i

q

6t
τ

6t
τ

(3.12)

The stretched exponential form of Eq.(3.12) originates from the wide distribution of
decay times, which in turn results from the wide distribution of path lengths in the
backscattering geometry. Long paths which decay quickly and probe relatively short
length-scale motion, contribute to the initial decay of the autocorrelation function.
At longer times, after the contributions from long paths have decayed away, the
decay of the autocorrelation function comes from short paths and probes short
paths. However, the diffusion approximation and central limit theorem are valid
only for long paths, and break down for short paths.
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Experimental results and discussion

Figure 3.1: Set-up for diffusing-wave spectroscopy experiments.

Experimental set-up for measuring the effect of rotational diffusion on the temporal intensity autocorrelation function in multiple scattering includes super-conducting
magnet, an argon ion laser with λ = 514 nm, a microscope objective, polarization
maintaining fiber, detecting single mode fiber, sample holder with optical elements,
photomultiplier, correlator and PC. Microscope objective is used to couple the laser
beam in the single mode fiber. The second end of the fiber is fixed on the sample
holder which can be moved inside the magnet core. The parts of the set-up are
made of nonmagnetic materials. The set-up provides reproducibility of results of
DWS for different samples. The set-up has been aligned only once in the beginning.
With the help of the small lens the sample is illuminated with a parallel laser beam
4 mm wide (which corresponds to the extended source). Single speckles of the diffuse light emanating from the sample are collected with a single-mode fiber and a
small lens. In front of the lens there is a polarizer film. A single-mode fiber does
not actually collect light from a single speckle but projects the collected light into a
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single spatial mode. In transmission geometry the scattered light is collected from
the central part of the light spot on the opposite side of the sample (Fig.3.1). In
backscattering geometry the scattered light is collected from the central part of the
light spot on the front side of the sample. The signal from PMT is amplified and is
then fed to the digital correlator card AVL-5000 housed in a PC.
First we shall consider the diffusion of light in direction perpendicular to field B
~ In Fig.3.2 the normalized temporal field autocorrelation functions
when ~kin ⊥B.
g1 (t) in backscattering geometry for magnetic fields from 0 to 7 Tesla for the sample
with φ = 0.05 are shown. The autocorrelation function g1 (t) have been measured
with the step 0.25 Tesla from 0 to 2 Tesla and with the step 0.5 Tesla from 2 to
7 Tesla. From the Fig.3.2 one clearly sees that the autocorrelation functions decay
faster with increased magnetic field. The field autocorrelation functions g1 (t) have
been fitted with expression (3.12) with decay time τ as free parameter. The results
of the fits are presented in Fig.3.3 as decay rates, which is 1/τ . For all volume
fractions the decay rate increases with the field in the range 0 - 3 Tesla and then
tends to saturate at higher fields. For the sample with φ = 0.05 the rate increases
from 392 s−1 to 420 s−1 , for the sample with φ = 0.1 the rate increases from 324
s−1 to 377 s−1 and for the sample with φ = 0.15 the rate increases from 230 s−1 to
294 s−1 . The decay rates decrease with the volume fraction of particles due to the
hydrodynamic interaction between the colloidal particles.
The autocorrelation functions g1 (t) in transmission geometry for magnetic fields
from 0 to 7 Tesla for the sample with φ = 0.05 are shown in Fig.3.4. The autocorrelation functions decay slower with the increase of the field B. The reason for that
is that in transmission geometry g1 (t) depends strongly on the transport mean free
path l∗ as it seen from Eq.(3.11). In order to determine this dependence quantitatively we do the following: we take τ from backscattering measurements, put them
into Eq.(3.11) and fit the autocorrelation functions in transmission with l∗ as a free
∗
parameter. The transport mean free path l∗ in this geometry we call l⊥
in order to
~
~
distinguish from the case kin ||B. The results of the fit are shown in Fig.3.5. The
transport mean free paths increases with the field B in the range 0-3 Tesla and then
saturates at higher fields. For the sample with φ = 0.05 l∗ increases from 69.3 µm
to 84.5 µm, for the sample with φ = 0.1 the l∗ increases from 36.4 µm to 43.9 µm
and for the sample with φ = 0.15 the l∗ increases from 26.7 µm to 33.2 µm.
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Figure 3.2: Normalized temporal field autocorrelation functions g1 (t) in backscattering geometry for magnetic fields from 0 to 7 Tesla. Sample thickness L = 1mm.
~
λ = 514nm. Particle diameter 200 nm. Particles are nonpolymerized. ~kin ⊥B.
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Figure 3.3: The decay rates 1/τ of the temporal field autocorrelation functions
g1 (t) in backscattering geometry for magnetic fields from 0 to 7 Tesla and volume
fractions of the particles φ = 0.05 − 0.15. Particle diameter 200 nm. Particles are
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nonpolymerized. ~kin ⊥B.
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Figure 3.5: Transport mean free paths l⊥
for magnetic fields from 0 to 7 Tesla and
volume fractions of the particles φ = 0.05 − 0.15. Sample thickness L = 1mm.
~
Particle diameter 200 nm. λ = 514nm. ~kin ⊥B.

This means that the samples become more transparent with the field B in direction perpendicular to B. The measured values of l∗ at B = 0 for the samples
with volume fraction φ = 0.05 − 0.15: 26.7 µm, 36.4 µm, 69.3 µm correspondingly,
are in very good agreement with theoretical values obtained from Mie calculations
with Percus-Yevick structure factor for optically isotropic spheres with n = 1.55 (see
Table 1). This shows that the procedure for determining l∗ and τ is consistent, at
least at B = 0.
Volume fraction, % l∗ , Experiment l∗ , Theory P-Y l∗ , Theory S(q)=1
5
10
15

69.3
36.4
26.7

69.16
34.58
23.05

73.03
38.80
27.69

Table 1. Comparison between measured l∗ and calculated using theory at B = 0.
Now we consider the diffusion of light in direction parallel to field B when ~kin
~ In Fig.3.6 the normalized temporal field autocorrelation functions
is parallel to B.
g1 (t) in backscattering geometry for magnetic fields from 0 to 7 Tesla for the sample
with φ = 0.05 are shown.
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The g1 (t) have been measured in 0.25 Tesla steps from 0 to 2 Tesla and with
the step 0.5 Tesla from 2 to 7 Tesla. The autocorrelation functions decay slower
with increasing magnetic field. The field autocorrelation functions g1 (t) have been
fitted with expression (3.12) with decay time τ as free parameter. The results of
the fits are presented in Fig.3.7 as decay rates. For all volume fractions the rate
decreases with the field in the range 0-3 Tesla and then tends to saturate at higher
fields. For the sample with φ = 0.05 the rate decreases from 320.9 s−1 to 288.6
s−1 , for the sample with φ = 0.1 the rate decreases from 229.8 s−1 to 196.2 s−1 and
for the sample with φ = 0.15 the rate decreases from 192.4 s−1 to 159.2 s−1 . The
autocorrelation functions g1 (t) in transmission geometry for magnetic fields from 0
to 7 Tesla for the sample with φ = 0.05 are shown in Fig.3.8. The autocorrelation
functions decay faster with increasing magnetic field. The reason for that is that
in transmission geometry g1 (t) depends strongly on the transport mean free path
l∗ as it seen from Eq.(3.11). In order to determine this dependence quantitatively
we do the following: we take the τ from backscattering measurements (Fig. 3.7),
put them into Eq.(3.11) and fit the autocorrelation functions in transmission with
l∗ as a free parameter. The transport mean free path l∗ in this geometry we call l||∗ .
The results of the fit are shown in Fig.3.9. The transport mean free paths decreases
with the field B in the range 0-3 Tesla and then saturates at higher fields. For the
sample with φ = 0.05 the l∗ decreases from 58.7 µm to 49.0 µm, for the sample with
φ = 0.1 the l∗ decreases from 29.3 µm to 25.4 µm and for the sample with φ = 0.15
the l∗ decreases from 25.3 µm to 22.0 µm. This means that the samples becomes
less transparent with the field B in direction parallel to B.
~ and ~kin ⊥B,
~ shows
The analysis of the data in both experimental geometries ~kin ||B
that the change of the autocorrelation function g1 (t) is not due to the acceleration or
slowing down of the rotational diffusion by a magnetic field, but is due to variation
of static optical properties of the samples, namely due to variation of the transport
mean free path l∗ . While the data in backscattering geometry are fitted
√ very well
−γ 6t/τ
. This
by Eq.(3.12), they are equally well fitted by the simpler form g1 (t) = e
∗
expression is independent of the transport mean free path l and should describe g1 (t)
~ and ~kin ||B.
~ Experimentally, however, we find that the
for both geometries ~kin ⊥B
~ the autocorrelation
decay rates differ qualitatively. The fact that in geometry ~kin ⊥B
~
functions g1 (t) in backscattering decay faster with the field B and in geometry ~kin ||B
decay slower with the field tells that the Eq.(3.12), which follows from isotropic
theory, can not be used to analyze DWS data from anisotropic media. Also the
reason for geometry dependent behaviour of the field autocorrelation function can
be due to surface effects.

Chapter 4
Anisotropic diffusion of light
Most objects in nature scatter light. That is why we are able to see the world.
Interacting with matter, light changes its initial direction of propagation and going
into eye creates the image of the object. The character of this interaction can be
different. Depending on the nature and structure of matter light is scattered and
absorbed differently. That is why some objects look dark and some look bright, and
usually all of them have their own color.
When solving various practical and scientific problems one often has to deal with
scattering of electromagnetic radiation. Among such problems there are many problems of astronomy, optics of Earth atmosphere, optics of the ocean, biophysics, spectroscopy of colloidal suspensions. The phenomenon of light scattering becomes much
more complicated when the number of scattering events becomes large. In this case
the photons are scattered many times on different particles before they leave the
medium. Such scattering of light is called multiple scattering. Multiple scattering
of light has to be taken into account during the development of photographic materials, textile, paper, paints and many other synthetic materials. In some media light
propagation becomes anisotropic. For example in wood, textile, liquid crystalline
materials and others. In this chapter we shall consider the problem of light diffusion
in such media.

4.1

Radiative transfer theory and diffusion of light

Historically, the problem of wave propagation in random media has been investigated from two different points of view. One of them is”multiple scattering theory”
and the other is ”radiative transfer theory” [177].
The analytical theory or ”multiple scattering theory” starts with Maxwell equations or the wave equation and delivers solutions of scattering and absorption for a

99

100

Chapter 4: Anisotropic diffusion of light

single particle, introduces interaction effects of many particles and then considers
statistical averages. This theory is mathematically rigorous since all effects, such as
diffraction, interference, multiple scattering can be included. However in practice
it is impossible to obtain solutions which include all these effects. One has to use
approximate solutions for a specific range of parameters.
Radiative transfer theory considers the propagation of intensities. It is a phemenological theory and it was introduced for the first time by Schuster in 1905 in his
study of radiation in foggy atmosphere. The basic equation in this theory is called
radiative transfer equation, which is equivalent to Boltzmann’s equation in the kinetic theory of gases and in neutron transport theory. Radiative transfer equation
describes the transport of energy through a medium containing particles. Transport
theory itself does not include diffraction effects. Also, transport theory does not
consider correlations between fields and rather an addition of intensities takes place.
In this chapter we shall consider the main characteristics of the electromagnetic field
and optical characteristics of elementary volume in the scattering media. We shall
derive the radiative transfer equation which describes the propagation of radiation
in multiply scattering media.

4.1.1

Main characteristics of the electromagnetic field

Let us consider the flow of wave energy at the point characterized by the vector R
in a random medium. For a given direction defined by a unit vector u the power dP
within a unit solid angle dΩ through an elementary area dS oriented in a direction
u0 is given by:
dP = I(R, u)cosθdSdΩ,
(4.1)
where
cosθ = u · u0

(4.2)

The quantity I(R, n) is called the specific intensity (also brightness) and is measured
in W m−2 sr−1 . It is one of important quantities in the radiative transfer theory. The
specific intensity describes the flux emitted from a surface. Intensity I(R, n) is the
differential characteristic of the field. Knowing specific intensity it is possible to
derive all integral characteristics.
The energy density at a certain point in the medium is given by the formula:
w∗ (R) =

1Z
I(R, u)dΩ,
c 4π

(4.3)

where c is the speed of light.
There are two other quantities which are often used in the radiative transfer theory
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Figure 4.1: Specific intensity given in equation (4.1)

- the average intensity:
U (R) =

c ∗
1 Z
w
I(R, n)dΩ =
4π 4π
4π

and the flux density:
F(R) =

4.1.2

Z

4π

I(R, n)ndΩ

(4.4)

(4.5)

Optical characteristics of the elementary volume

Lets consider a specific intensity I incident upon an elementary volume dV in the
media with scattering and absorbtion. Each particle absorbs the flux:
dPa = χIdΩdV ,

(4.6)

where χ is an absorption coefficient.
The specific intensity scattered by the elementary volume in the direction which
makes an angle β with initial direction of propagation is:
dIa =

1
σ(β)IdΩdV ,
4π

(4.7)

where σ(β) is a scattering coefficient in direction β.
σ=

1 Z
σ(β)dΩ′ ,
4π 4π

(4.8)

where σ is a scattering coefficient of an elementary volume.
It is convenient to describe the relative angle distribution of the specific intensity
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by the function:
σ(β)
.
(4.9)
σ
This characteristic is called scattering indicatrix. If specific intensity is the same in
all directions (spherical indicatrix) then the scattering is isotropic. In the case of
small particles (Rayleigh scattering) the indicatrix is:
x(β) =

x(β) =

3(1 + cos2 β)
4

(4.10)

However, in most real situations the scattering indicatrix is strongly peaked in the
forward direction.
If we neglect polarization effects, it is sufficient to know absorption coefficients, scattering coefficients and the scattering indicatrix to describe the propagation of light
in the medium. Sometimes instead of χ and σ a different quantity is used: ε=χ+σ
- the extinction.
Elementary volume is such a volume where the amount of absorbed and scattered radiation is proportional to the size of this volume. At relatively small concentrations
of particles in the medium ε, χ, σ and indicatrix x(β) depend mostly on geometrical
and optical parameters of the particles. Absorption coefficients, scattering coefficients and the scattering indicatrix of a single particle can be calculated from Mie
theory.

4.1.3

Radiative transfer equation

In previous section we defined the specific intensity and other fundamental quantities. In this section we examine characteristics of the specific intensity in a medium
containing random particles. In free space the intensity is constant along the ray.
However, in the medium the particles scatter and absorb the wave energy and these
characteristics should be included in a differential equation to be satisfied by the
specific intensity. This equation is called the equation of transfer in radiative transfer theory.
Lets consider a specific intensity I incident upon a cylindrical elementary volume
with unit cross section and length dl. Each particle in the volume absorbs the power
χI and scatters the power σI, and therefore, the decrease of the specific intensity
for the volume dl can be expressed as:
dI(R, u) = −dl(χ + σ)I

(4.11)

The specific intensity increases because a portion of the specific intensity I(R, u′ )
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Figure 4.2: The specific intensity I incident on a cylindrical elementary volume with
unit crass section and length dl

incident on this volume from other directions u´ is scattered into direction u and is
added to the intensity I(R, u). The scattered intensity in the direction u is:
1
x(u, u′ )σI(R, u′ )dΩ′ dl
4π

(4.12)

To obtain the specific intensity scattered into direction u we add the incident flux
′
from all directions u :
1 Z
x(u, u′ )σI(R, u′ )dΩ′ dl
(4.13)
4π 4π
The specific intensity also may increase due to the emission from within the
volume. Denoting the radiated power per unit volume per unit solid angle in the
direction u by P (R, u), the increase of the specific intensity is given by:
P (R, u)dl

(4.14)

Adding contributions (4.11), (4.13), (4.14)we get the ”equation of transfer”:
dI(R, u)
σ Z
= −εI(R, u) +
I(R, u′ )x(u, u′ )du′ + P (R, u′ )
dl
4π

(4.15)

Since the equation of transfer is derived from the power consideration, the wave
characteristics are not included in the formulation except for the scattering and
absorption characteristics of the particles. The equation is based on the assumption
that different waves in the medium are independent.It is possible to sum up the
intensities of different waves, but not their fields. However, the wave equation has
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been used to calculate the cross sections and the scattering amplitude, and therefore
the specific intensity cannot be determined without the knowledge of the interactions
of the fields with medium.
Analytical solutions of the radiative transfer equation can be obtained only in the
simplest cases. Numerical solution of this equation requires big computing power.

4.1.4

Diffusion equation

The equation of radiative transfer admits a simplification in the regime where multiple scattering dominates. It turns into a simple diffusion equation. In the diffusion
approximation we assume the diffuse intensity is scattered almost uniformly in all
directions and is approximated with the first two terms of a Taylor’s expansion in
terms of the powers u · uf .
I(R, u, t) = U (R, t) +

3
F(R, t) · u
4π

(4.16)

where U (R, t) is the average diffuse intensity and F(R, t) is the diffuse flux vector (as
defined in section 4.1.1). The second term in (4.16) should be considerably smaller
than the first.
We put (4.16) in the equation of transfer and integrate it over all 4π of solid angle
and obtain:
1
1∂
U (R, t) + χU (R, t) +
∇ · F(R, t) = P0 (R, t)
(4.17)
c ∂t
4π
Now we multiply the equation by n and integrate it over all 4π:
1∂
4π
F(R, t) + (σ ′ + χ)F(R, t) +
∇U (R, t) = P1 (R, t)
c ∂t
3

(4.18)

We eliminate F from these two equations and obtain a differential equation for U :
·

¸

·

¸

·

¸

3D ∂
3D ∂ 1 ∂ 2
∂
χ +
U
(R,
t)
=
cP
(R,
t)+
−D∇2 +cχ U (R, t)+
P0 (R, t)−c∇·P1 (R, t)
0
∂t
c
∂t c ∂t2
c ∂t
(4.19)

The second terms in the left and right sides of the equation can be neglected and
we obtain:
¸
·
∂
2
− D∇ + cχ U (R, t) = cP0 (R, t)
(4.20)
∂t
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where D = c/3σ ′ is the diffusion coefficient for light. l∗ = (σ ′ )−1 is called transport
mean free path. The transport mean free path is the average step length of a random
walker. Or in other words, it is a length scale over which the direction of propagation
of light is randomized. σ ′ = σ(1 − g), where g = hu · u′ i is the asymmetry factor of
the scattering.
Diffusion equation (4.20) for a nonabsorbing medium can be written as:
·

4.1.5

¸

∂
− D∇2 U (R, t) = cP0 (R, t)
∂t

(4.21)

Anisotropic diffusion equation

Anisotropic media have different diffusion properties in different directions. Some
common examples are textile fibers, crystals, polymer films in which the molecules
have preferential direction. For such media it is not always true, as was stated
for isotropic media, that the direction of flow of diffusing intensity at any point is
normal to the surface of constant intensity through the point. That means that
diffusion coefficient for light D in diffusion equation (4.21) should be replaced by
the diffusion tensor D.
·

or

¸

∂
− ∇ · D∇ U (R, t) = cP0 (R, t)
∂t
µ

(4.22)
¶

∂U (R, t)
∂2
∂2
∂2
source +
= Dxx 2 + Dyy 2 + Dzz z U (R, t)
∂t
∂x
∂y
∂x

(4.23)

where Dxx ,Dyy and Dzz are diagonal components of the diffusion tensor.
For the case of uniaxial symmetry with symmetry axis along the unit vector u0 the
diffusion tensor has the form:
D = D⊥ 1 + (Dk − D⊥ )u0 ⊗ u0

(4.24)

where Dk , D⊥ are light diffusion constants parallel and perpendicular to the unit
vector u0 and 1 is the unit matrix.
We assume that light is completely randomized within the sample over a distance
comparable with l∗ . Thus the source term can be chosen as S(r, t) = δ(x)δ(y)δ(z −
l∗ )δ(t)I0 .
To solve the DE we assumed the extrapolated boundary condition; the average
diffuse intensity has been assumed equal zero at two extrapolated surfaces outside
the turbid medium at a distance ze from the physical boundaries of the slab. This
condition can be achieved with not just one isotropic source inside the slab but
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Figure 4.3: Two distinct geometries for multiple light scattering in anisotropic colloidal suspensions: a) the incoming wavevector is orthogonal to the optical axis of
→
the particles which points along the magnetic field B , b) the incoming wavevector
is parallel to the optical axis u0 of the particles.

with an infinite number of dipoles in an infinite medium, having the same optical
properties and representing pairs of positive and negative sources. According to
this scheme, the average diffuse intensity can be split into two parts, one due to the
positive sources and the other due to negative ones.
We consider light propagating along z-direction which is incident at z = 0 on a slab
with thickness L. The boundary condition is then: U (R, t) = 0 at z = −ze and
z = L + ze . ze is so called extrapolation length, usually taken to be 2l∗ /3.
∂
U (R, t)|z=L+z0 .
The transmission profile follows from Fick’s law: Itr (x, y, t) = −D⊥ ∂z
The final expression for geometry a). of the average diffuse intensity at a distance
x and y from the z axis is [178]:
h

i

2
2
I0 exp −x /(4Dk t) exp [−y /(4D⊥ t)]
q
Itr (x, y, t) =
2
π 3/2
(4t)5/2 D⊥
Dk

×

n=∞
X

n=−∞

h

i

h

(4.25)
i

an exp −an 2 /(4D⊥ t) − bn exp −bn 2 /(4D⊥ t)

with
an = (1 − 2n)(L + 2z0 ) − 2(z0 + l∗ ) and bn = (2n + 1)(L + 2z0 )

(4.26)
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Figure 4.4: Solution of the anisotropic diffusion equation for a sample containing
anisotropic colloidal particles in the geometry a) Fig.4.3. Particles without orientation (left picture) and completetly oriented (right picture) D⊥ /D|| = 1.9. Sample
thickness 1mm. Magnetic field is horizontal.

The stationary solution is obtained from (Eq. 4.25) by integration I(x, y) =
v

u
¸
X ·
I0 u
bn
D⊥ n=∞
an
t
I(x, y) =
− ⊥ 2
⊥ 2
8π Dk n=−∞ ( D
x + y 2 + a2n )3/2 ( D
x + y 2 + b2n )3/2
Dk
Dk

R∞
0

dtItr (x, y, t)

(4.27)

Equation (4.27) is infinite series and should be truncated for practical applications.
As an example, if we refer to the time interval on which the value of diffuse intensity remain 3 orders of magnitude with respect to the maximum, 11 dipoles
(0, ±1, ±2, ±3, ±4, ±5) are sufficient to maintain the truncation error within 0.1
v

u
¸
X ·
an
I0 u
bn
D⊥ n=5
t
I(x, y) =
− ⊥ 2
⊥ 2
8π Dk n=−5 ( D
x + y 2 + a2n )3/2 ( D
x + y 2 + b2n )3/2
Dk
Dk

(4.28)

The lines of constant
intensity are ellipses with the ratio of the big axis to the small
r
D⊥
axis given by Dk .

The final expression for geometry b). of the average diffuse intensity at a distance
x and y from the z axis is:
Itr (x, y, t) =

I0 exp [−x2 /(4D⊥ t)] exp [−y 2 /(4D⊥ t)]
q
2
π 3/2
Dk
(4t)5/2 D⊥
×

n=∞
X

n=−∞

h

i

h

(4.29)
i

an exp −an 2 /(4Dk t) − bn exp −bn 2 /(4Dk t)
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with an and bn given by Eq.(4.26).
The stationary solution is obtained from (4.28) again by integration I(x, y) =
R∞
0 dtItr (x, y, t)
I(x, y) =

¸
X ·
I0 Dk n=5
an
bn
−
8π D⊥ n=−5 ( Dk (x2 + y 2 ) + a2n )3/2 ( Dk (x2 + y 2 ) + b2n )3/2
D⊥
D⊥

(4.30)

In this case the lines of constant intensity are circles.

Figure 4.5: Solution of the anisotropic diffusion equation for a sample containing
anisotropic colloidal particles in the geometry b) Fig.4.3. Particles without orientation (left picture) and completetly oriented (right picture) D⊥ /D|| = 1.9. Sample
thickness 1mm. Magnetic field is perpendicular to the plane of the picture.
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Anisotropic light diffusion in a colloidal suspension

In recent years light transport through turbid media has revealed many interesting phenomena and applications. Among them maybe the most exciting were the
discovery of coherent backscattering [179, 180, 181, 182], and the development of
the diffusing wave spectroscopy [183]. In magnetic fields a photonic Hall effect was
discovered [184, 185]. The understanding of these phenomena is based on the idea
that light transport can be modelled by the diffusion equation. Most media in these
studies were isotropic [177, 186, 187]. The interest to anisotropic media was initiated by the observation of coherent backscattering from samples of nematic liquid
crystals [188, 189]. Diffusing wave spectroscopy has recently been applied to aligned
nematic liquid crystals [190, 165]. The theory for diffusing light in nematic liquid crystals was developed by Stark, Lubensky [164, 190], and Tiggelen, Maynard
[191, 192, 193, 194]. The magnetic field dependence of diffusion coefficients Dk , D⊥
was calculated.
Little experimental work in this field has been done because of the difficulty of
preparing a strongly scattering optically anisotropic media in a controlled way. The
first experimental observations of anisotropic light diffusion have been done in single
domain nematic liquid crystal systems [190, 178]. The magnetic field dependence
of the anisotropy of diffusion in nematic liquid crystals was studied here [195, 196].
The scattering in nematic liquid crystals is caused by orientational fluctuations of
the director n. Such systems are comparably weakly scattering, with a mean free
path of the order of a millimeter. For this reason very thick samples of a nematic
liquid crystal are needed to observe multiple scattering of light.
Recently porous semiconductors have been shown to have strong random scattering of light in the presents of statistical anisotropy of the structure [197, 198, 199].
Porous gallium phosphide was fabricated by electrochemical etching single crystals
in an acid solution. During this process the pores grow mostly in one direction,
however the whole sample shows disorder in three dimensions. Such samples have
strong scattering and uniaxial optical anisotropy. However, the degree of anisotropy
of such material is fixed by the fabrication.
In this work we use a different system to study anisotropic light diffusion. We have
prepared suspensions of highly birefringent colloidal particles from a nematic liquid
crystalline material. The advantage of using a suspension over a bulk nematic liquid
crystal is that dense suspensions are highly multiply scattering and the transport
of light can be accurately described within diffusion approximation. Also in a suspension we have uniform director field by magnetic alignment since interactions are,
unlike in LC, short ranged. Our system is anisotropic in the optical properties, but
not in the structure. We have measured profiles of diffuse intensity in suspensions as
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a function of a magnetic field. The diffuse intensity was found to increase with the
magnetic field in the direction perpendicular to the field and decrease in the parallel direction. Magnetic field-dependent effect of polarization of diffuse light was
observed. Strong anisotropy of the diffusion profiles was found in the direction perpendicular to magnetic field. Obtained results show qualitatively different behavior
of the light diffusion process in anisotropic colloidal suspensions in comparison to
bulk nematic liquid crystals. Namely, in our system the diffusion coefficient for light
in direction perpendicular to magnetic field D⊥ increases with the field while the
diffusion coefficient D|| in direction parallel to magnetic field decreases.

4.1. RADIATIVE TRANSFER THEORY AND DIFFUSION OF LIGHT

4.1.7

111

Experimental set-up for testing anisotropic diffusion
of light

Figure 4.6: Experimental set-up for measuring anisotropic diffusion of light in colloidal suspensions. a) corresponds to the case of diffusion of light along the magnetic
field, b) corresponds to the case of diffusion of light perpendicular to magnetic field.

The most direct test for optical anisotropy is to create a point-like light source on
one side of the sample cell with anisotropic particles and image the outgoing light
on the opposite side. Our laser source is Ar+ -Ion laser operating at wavelength
514.5 nm. The laser emits linearly polarized light (vertically polarized) with the
beam diameter about 1 mm. The intensity of the laser can be adjusted with the
λ/2 plate and Glan-Thomson polarizer (P1).
To align optically and magnetically anisotropic colloidal particles we use a superconducting magnet (M) with maximal field B=7.5 Tesla. The magnet has a horizontal
core with the length of 29 cm and diameter of 5 cm. The maximal field strength is
in the middle of the core.
We use sample cells (Hellma) made of optical glass with the size of 12x12x2 mm and
optical path length of 1 mm. The cell is placed in the middle of the sample holder
which can be moved in the bore of the magnet.
The laser and the magnet are placed on separate tables. The laser beam is deflected
with two mirrors in the magnet bore parallel to the bore axis. The second λ/2
plate placed after polarizer (P2) enables to change the polarization of the incoming
beam (vertical or horizontal in this case). To create a point-like light source on the
sample a lens L1 with f = 200 mm is used. The beam is focused in the middle of
the sample sell window. To illuminate the sample with the beam perpendicular to
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magnetic field two small mirrors are used. The mirrors are placed on the sample
holder at the angle of 45 degree with respect to the axis of the magnet core. One
mirror directs the beam to the sample and the other deflects the scattered light out
of the magnet.
The transmission profiles are measured with 8-bit CCD camera (256 gray levels) and
35 mm focal length objective (L2). The CCD camera is connected to PC. To avoid
distortions the axis of the camera is set parallel to the axis of the magnet bore. To
study polarization properties of diffuse light we use Glan-Thomson polarizer (P3)
placed in front of the objective.

Figure 4.7: Experimental geometry corresponding to the case a). Fig. 4.3

Figure 4.8: Experimental geometry corresponding to the case b). Fig. 4.3
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Results and discussion
→

→

Geometry k in ⊥ B

a) Intensity profiles
Results of investigation of anisotropic diffusion of light in a colloidal suspension of
particles with 2R = 220nm, which have been performed on the experimental set-up
described in the previous chapter, are shown in Fig.4.9. For the purpose of better
visualization of diffuse intensity during computer procession of intensity profiles, the
gray levels have been substituted for the color gradation of intensity.
Let us first analyze the case of light propagation in the direction perpendicular
to the external magnetic field. In Fig.4.9 the results of computer visualization of
transmitted light intensity for 3 different concentrations (ϕ =0.15, 0.1, 0.05) of
the colloidal suspension are shown. The normalization of diffuse intensity has been
performed such that without magnetic field the transmitted intensity for the samples
corresponds to 65 (from 256) gray level gradations of the digital camera.

Figure 4.9: Anisotropic diffusion profiles measured in the geometry shown in
→
→
Fig.(4.3) ( k in ⊥ B ) at magnetic fields from 0 to 7 Tesla. The volume fraction
of the samples is 5%, 10% and 15% from upper picture to the lower. Blue color
corresponds to the lowest intensity and green corresponds to the highest.
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Results shown on Fig.4.9 clearly demonstrate an increase of transmitted intensity and ellipticity of the profiles with the increase of magnetic field. The increase
of ellipticity of the profiles is mainly due to the extension of intensity profiles in
the direction perpendicular to magnetic field. In the direction parallel to magnetic
field the width of the profiles remains almost the same. To explain this behavior
qualitatively it is necessary to take into account the magnetic field dependence of
diffusion coefficients of light D⊥ , D|| in the uniaxial medium.
Because the visual threshold is equal 65 gray level gradations (which corresponds to
the blue color on the computer visualization), the width of the intensity profiles at
magnetic fields less then 2-3 Tesla looks smaller then the size at magnetic fields 5-7
Tesla. But this is not the case (see Fig.4.10). The advantage of such normalization
is that diffuse intensity for samples with ϕ = 0.15, 0.1, 0.05 remains in the linear
range of the CCD camera. This enables to measure quantitatively the diffuse intensity and compare directly samples with different volume fractions of particles.

b) Diffusion coefficients
To obtain quantitative information about anisotropy of the intensity profiles in the
direction perpendicular to magnetic field B, the intensity profiles(as BMP files) have
been cut with horizontal plane y = 0. An example of resulting graphs for the concentration ϕ = 0.15 and magnetic fields B = 0 and B = 7 Tesla is shown in Fig.4.11.
The curves have been fitted with the solution of anisotropic diffusion equation (4.27).
There are 3 independent parameters in this equation: initial intensity I0 , anisotropy
D⊥
, and transport mean free path l∗ . Since initial intensity is unknown there is one
D||
unknown parameter which should be fixed during fitting of experimental data. To
solve this problem we proceed as follows: we take the transport mean free path l∗
from DWS measurements at B = 0 (see chapter 3) and fit the profile with only 1
⊥
=1 because particles are not oriented. After that we
parameter - I0 . Anisotropy D
D||
shall fit the experimental data for B=0.25 - 7 Tesla (I0 is determined for the case
⊥
and transport mean free path l∗ as free parameters. ReB = 0) with anisotropy D
D||
sults presented in Fig.4.11 show that intensity distribution of diffuse profiles can be
fitted very accurately (error less than 1 percent) with theoretical expression (4.27).
Lines of
r constant intensity are ellipses with the ratio of the big axis to the small axis
⊥
.
equal D
D||
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Figure 4.10: The cross section of measured intensity profiles with the plane y=0 for
magnetic fields from 0 to 7 Tesla. Particles concentration ϕ = 0.15.
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Figure 4.11: The cross section of measured intensity profiles with the plane y=0 for
magnetic fields 0 and 7 Tesla (blue circles) and the fit with solution of the anisotropic
diffusion equation (4.27) (red lines).
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⊥
Results of investigation of magnetic field on anisotropy D
of diffusive profiles
D||
for the samples with ϕ = 0.15, 0.1, 0.05 are shown in Fig.4.13. Anisotropy increases
from 1 to 1.7 for the sample with ϕ = 0.05, to 1.96 for the sample with ϕ = 0.1 and
to 1.98 the sample with ϕ = 0.15. Anisotropy saturates at magnetic fields 5-7 Tesla.
Obtained values of anisotropies can be put in the solution of anisotropic diffusion
equation (4.27) to calculate the maximal diffuse intensity. Results are shown in
Fig.4.12. There is a very good agreement between calculated and measured diffuse
intensities.

c) Transport mean free path
Magnetic field behavior of the transport mean free path l∗ , which in this geometry
∗
~ when the transport mean free
we call l⊥
in order to distinguish from the case ~kin ||B
path decreases with B (called l||∗ ), is shown in Fig.4.14. For the sample with ϕ =
0.15 the transport mean free path l∗ increases from 26 µm at B=0 to 49 µm at B=7
Tesla. For the sample with ϕ = 0.1 l∗ increases from 36 µm at B=0 to 61 µm at B=7
Tesla, and for the sample with ϕ = 0.15 l∗ increases from 69 µm at B=0 to 94 µm
at B=7 Tesla. Since the thickness of the sample is 1 mm, the light propagation is in
the diffuse regime for all samples and field strengths. Note a very good agreement
∗
between the magnetic field behaviour of l⊥
in Fig.4.14 and in Fig.3.5 (p.95).
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Figure 4.12: The maximal diffuse intensity for samples with ϕ = 0.05 − 0.15 (open
squares) and calculated intensity from equation (4.27) using D⊥ /D|| and l∗ obtained
from fits of Eq. (4.27) to measured profiles (solid lines).
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Figure 4.13: The magnetic field dependence of the elipticity D⊥ /D|| of diffusion
profiles for the samples with concentrations ϕ = 0.05 − 0.15.
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Figure 4.14: The magnetic field dependence of the transport mean free path l∗ for
the samples with concentrations ϕ = 0.05 − 0.15.
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d) Polarization dependent transmission
The maximal diffuse intensity has been determined in the center of intensity profiles. Obtained results for concentrations ϕ = 0.15, 0.1, 0.05 are shown in Fig.4.15.
In this case the results for different polarizations of diffuse light are shown. Red
color represents the magnetic field dependence of diffuse intensity having the same
polarization as incoming light (⊥⊥). Blue color represents the dependence for the
polarization orthogonal to the incoming light (⊥||).The polarizer is placed according
to Fig.4.6 between the sample and the objective of CCD camera.
Analysis of presented dependences shows that the maximal diffuse intensity increases
with magnetic field by a factor 1.75 for colloidal suspension ϕ = 0.05, by a factor
2.0 for ϕ = 0.1, and by a factor 2.25 for ϕ = 0.15. The diffuse intensity saturates
at magnetic fields 5 - 7 Tesla. The degree of saturation is more pronounced for
higher concentrations of colloidal suspension. Presented results indicate that magnetic field applied to colloidal suspension perpendicular to the incident wavevector,
makes the suspension more transparent. In a magnetic field anisotropic colloidal
particles are aligned with the optical axes parallel to the field, and the influence of
rotational diffusion of particles is reduced, which makes the suspension macroscopically anisotropic. In such a case a propagating light wave will perform a random
walk with anisotropic step length and velocity. It is possible to distinguish between
∗
l⊥
and l||∗ , the transport mean free path for propagating directions perpendicular and
parallel to field B, and v⊥ and v|| the group velocities in the corresponding direc∗
and D|| = 31 v|| l||∗ .
tions. The distinct elements of the diffusion tensor are D⊥ = 13 v⊥ l⊥
Notice, that in the absence of magnetic field the diffuse light is completely depolarized due to multiple scattering of light (I⊥|| = I⊥⊥ ) (see Fig.4.15). But at magnetic
fields higher then B = 3 Tesla a component with polarization orthogonal to the
initial polarization of illuminating beam begin to dominate (I⊥|| > I⊥⊥ ). This effect is especially pronounced for colloidal suspensions with concentrations ϕ = 0.15
and 0.1. At magnetic fields 5-7 Tesla the intensity of a horizontal component is
15 percent larger than the intensity of the initial vertical component. This means
that multiple scattering leads to polarization of light. This result is independent of
the initial polarization of the laser beam. The explanation of this effect is apparently a diffusion process that tends to equipartition the electromagnetic wave energy
among all microstates in the phase space of wave vectors allowed by the dispersion
law w(kα ) = c0 kα /nα for each polarization α. The total number of microstates (per
unit volume) for polarization mode n = oe is
ρe,o (w) =

1 Z d2 Se,o
8π 3 |vge,o |

(4.31)
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Figure 4.15: The magnetic field dependence of the maximal intensity of diffuse light
with vertical (⊥⊥) and horizontal polarization (⊥||) for samples with ϕ = 0.15−0.05
(from up to down).
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Here d2 Se,o is the surface element in k space for both constant-frequency surfaces
and vge,o is the group velocity defined by vg α = ∇k wα (k). where vgα is normal to
constant-frequency surface. The integration can be performed, and the result is:
ǫ||
ρe
=
ρo
ǫ⊥

(4.32)

This result is an exact outcome of transport theory [164]. It generally holds when
modes with different group velocities are combined in a diffusion process. It can be
seen that for positive anisotropies ǫa > 0 extraordinary waves are in the majority.
These results hold regardless of the exact selection rules for polarization transitions
during the scattering process.
e) Transmission
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Figure 4.16: The dependence of the normalized intensity of diffuse light from the
transport mean free path l∗ for samples with ϕ = 0.05 − 0.15.
In Fig.4.16 the normalized intensity (I/I0 ) versus transport mean free path l∗ for
the samples with volume fraction of particles φ = 0.05 − 0.15 is shown. Presenting
the data in this way, we have excluded the magnet field B out of the problem, and
only optical properties are left. For each data set the small transport mean free path
l∗ corresponds to small magnetic field B. The thickness of the samples is 1 mm.
The experimental data can be fitted very accurately with a linear function. There
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are however some deviations from linear law for a sample with φ = 0.05. For all
samples the linear function has the same slope, which indicates that all sample are
in the diffusive regime.
If L ≤ l, then T ≈ exp(−L/l) and most of the transmitted light is unscattered
light. In diffusive transport through disordered non-absorbing media in which
λ << l∗ << L, we have T ≈ l∗ /L and none of the transmitted light is unscattered. Where λ = 2π/k is the wavelength, l∗ is the transport mean free path which
∗
is in this geometry we call l⊥
, T is the optical transmission and L is the slab thickness. In this limit, light propagation is diffusive so that photons execute a random
walk of step l∗ , the length scale over which the direction of propagation is randomized. In general, several scattering events are required to randomize the direction
of propagation, implying that l ≤ l∗ . So, transmitted light will have undergone
≈ (L/l∗ )2 random walk steps with (l∗ /l) scattering events per step.
An important example of the many similarities between electron transport and multiple light scattering is the Ohmic behavior for light transmission through disordered
dielectrics. That is, the transmittance T of light through a disordered medium is
inversely proportional to its thickness L:
T =

l
1
=
L
ks L

(4.33)

where ks ≡ 1/l is the opacity or scattering coefficient of the disordered dielectric.
This relation is the optical equivalent of Ohm’s law for the conductance through a
wire with length L and area A:
1
(4.34)
g′ =
ρL
with g ′ = g/A the conductance per unit of surface area and ρ the resistivity of
the material. This similarity is not surprising if one realizes that the transport
mechanism in both cases is a diffusion process.
For kl∗ → 1, the scaling theory of localization predicts that T ∝ L−2 , whereas
inside the regime of strong localization (kl∗ ≤ 1), T ∝ exp [−L/lloc ], where lloc is the
localization length.
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4.2.2

→

→

Geometry k in || B

a) Intensity profiles

Figure 4.17: Anisotropic diffusion profiles measured in the geometry shown on the
→
→
(Fig. 4.3 b)) ( k in || B ) at magnetic fields from 0 to 7 Tesla.
Let us now analyze the propagation of light in the direction of the applied magnetic field. In Fig.4.17 the results of computer visualization of transmitted intensity
of the probe beam for 3 different concentrations (ϕ =0.15, 0.1, 0.05) of the colloidal
suspension are shown. The normalization of diffuse intensity has been performed
such that without magnetic field the maximal transmitted intensity for all samples
corresponds to 220 (from 256) gray level gradations of the digital camera.
Results shown in Fig.4.17 clearly demonstrate a decrease of transmitted intensity of
the profiles with the increase of magnetic field. However, profiles remain symmetrical (round in shape) for all magnetic fields up to 7 Tesla. This result follows from
the solution of the anisotropic diffusion equation for this given geometry Eq.(4.29)
and uniaxial medium. Notice that diffuse light is completely depolarized (I⊥|| =
I⊥⊥ ) due to multiple scattering of light for all magnetic fields.
b) Diffusion coefficients
⊥
the intensity profiles
To obtain quantitative information about the anisotropy D
D||
(as BMP files) have been cut with horizontal plane y = 0. The curves have been
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fitted with the solution of anisotropic diffusion equation for the case of light diffusion
in the direction of magnetic field Eq.(4.29). In the same way as for the previous
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Figure 4.18: The magnetic field dependence of the anisotropy D⊥ /D|| of diffusion
profiles for the samples with concentrations ϕ = 0.05 − 0.15.
geometry we shall take the transport mean free path l∗ from DWS measurements
parameter, I0 . at B = 0 and fit the profile for the case of B = 0 with only 1
parameter. After that we shall fit the experimental data for B=0.25 - 7 Tesla (I0 is
⊥
determined for the case B=0) with anisotropy D
and transport mean free path l∗ as
D||
free parameters. Results of investigation of magnetic field on anisotropy of diffusive
profiles for the samples with ϕ = 0.15, 0.1, 0.05 are shown in Fig.4.18. Anisotropy
increases from 1 to 1.35 for the sample with ϕ = 0.05, to 1.45 for for the sample
with ϕ = 0.1, and from 1 to 1.35 for the sample with ϕ = 0.15. Anisotropy saturates
at magnetic fields 5-7 Tesla. Magnetic field behaviour of anisotropy is very similar
for 2 experimental geometries: diffusion of light in the direction of magnetic field
and diffusion perpendicular to magnetic field (compare Fig.4.13 and Fig.4.18), as it
should.
c) Tranport mean free path
Magnetic field behavior of the transport mean free path l∗ , which in this geometry
is approximately equal l||∗ is shown in Fig.4.19. For the sample with ϕ = 0.15 the
transport mean free path l∗ decreases from 26 µm at B=0 to 49 µm at B=7 Tesla.
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For the sample with ϕ = 0.1, l∗ decreases from 36 µm at B=0 to 61 µm at B=7
Tesla. And for the sample with ϕ = 0.15, l∗ decreases from 69 µm at B=0 to 94
µm at B=7 Tesla. Note again a very good agreement between the magnetic field
behaviour of l||∗ in Fig.4.19 and in Fig.3.9 (p.97).
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Figure 4.19: The magnetic field dependence of the transport mean free path l∗ for
the samples with concentrations ϕ = 0.05 − 0.15.
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d) Transmission
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Figure 4.20: The maximal diffuse intensity for samples with ϕ = 0.05 − 0.15 (open
squares) and calculated intensity from equation 4.29 using D⊥ /D|| and l∗ (solid
lines).

Results presented in Fig.4.20 show that intensity distribution of diffuse profiles
can be fitted very accurately (error less then 1 percent) with theoretical expression
(4.29). Analysis of presented dependences shows that diffuse intensity decreases
with magnetic field by a factor 2.2 for colloidal suspension ϕ = 0.05, by a factor
2.0 for ϕ = 0.1, and by a factor 4 for ϕ = 0.15. The effect is more pronounced for
higher concentrations of colloidal suspensions.
Presented results indicate that magnetic field applied to colloidal suspension parallel
to the direction of propagation of light makes the suspension less transparent. In a
magnetic field anisotropic colloidal particles are aligned with the optical axes parallel
to the field which makes the suspension uniaxial. Due to symmetry reasons, the
reduction of diffuse intensity in magnetic field is more pronounced in the direction
of the symmetry axis. In such a case a propagating light wave will perform a random
walk with anisotropic step length l||∗ and velocity v|| . The corresponding element of
the diffusion tensor is D|| = 31 v|| l||∗ .
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Figure 4.21: The dependence of the normalized intensity of diffuse light from the
transport mean free path l||∗ for samples with ϕ = 0.05 − 0.15.
In Fig.4.21 the normalized intensity (I/I0 ) versus transport mean free path l∗
for the samples with volume fraction of particles φ = 0.05 − 0.15 in geometry corresponding to Fig.4.3 b) is shown. In contrast to geometry shown in Fig. 4.3 a) for
each data set the large transport mean free path l∗ corresponds to small magnetic
field B. The thickness of the samples is 1 mm. The experimental data has been
again fitted with a linear function. For all samples the linear function has the same
slope, which indicates that all sample are in the diffusive regime. In this geometry
(Fig.4.3 b)) the change of normalized intensity and transport mean free path l∗ is
larger than in geometry (Fig.4.3 a)). For example for the sample with φ = 0.15
the l∗ decreases from 25µm to 10µm and normalized intensity decreases from 0.07
to 0.32, while in geometry (Fig. 4.3 a)) the l∗ increases from 25µm to 48µm and
normalized intensity increases from 0.31 to 0.81 (see Fig.4.16).
In diffusive transport through disordered non-absorbing media in which λ ≪ l∗ ≪ L,
we have T ≈ l∗ /L and none of the transmitted light is unscattered. Where λ = 2π/k
is the wavelength, l∗ is the transport mean free path which is in this geometry we
call l||∗ , T is the optical transmission and L is the slab thickness. This analysis shows
∗
that the distinction between l||∗ and l⊥
makes sense.
∗
In Fig.4.22 the transport mean free path l||∗ versus l⊥
is plotted. In log-log scale the
∗
data points can be fitted with straight lines which means that l||∗ ∗ l⊥
= const.

4.2. RESULTS AND DISCUSSION

127

*

l , k

B [

m]

100

=0.05

10

=0.1
=0.15

30

40
*

l , k

50
B [

60 70 80 90100
m]

∗
Figure 4.22: Transport mean free path l||∗ versus l⊥
for samples with ϕ = 0.05 − 0.15.
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Comparison with bulk nematic liquid crystals

f and D
f and the relative anisotropy
Figure 4.23: Reduced diffusion constants D
⊥
||
(D|| −D⊥ )/D⊥ as a function of magnetic field strength H for the nematic compound
5CB. (Figure from ref. [164])

Theoretical results for 5CB liquid crystal demonstrate in Fig.4.23 how the diff and D
f and relative anisotropy (D − D )/D behave in a
fusion constants D
⊥
⊥
⊥
||
||
f
f
magnetic field. D|| and D⊥ grow with H because the magnetic field suppresses director fluctuations. The field dependence of the relative anisotropy in the diffusion
f and D
f
is weak. For ordinary magnetic fields up to 5 × 104 G the changes in D
⊥
||
f
f
are small. The values for H = 0 read D|| = 0.95 and D⊥ = 0.65 with a ratio
f /D
f = 1.45. Together with D = c l∗ /3 = 1.5 · 109 cm2 /s it was obtained that
D
⊥
0
⊥ 0
||
D|| = 1.43 · 109 cm2 /s and D⊥ = 0.98 · 109 cm2 /s.
f /D
f is in good agreement with experiment [195]. In this work exThe ratio D
⊥
||
periments with p-pentyl-p′ -cyanobiphenyl (5CB) have been performed. The liquid
crystal was housed in a temperature controlled glass cylindrical cell that was 1 cm
thick and 2 cm in diameter. The entire sample was placed in a 2kG magnetic field
that oriented the director along the z direction. The sample was slowly cooled
from the isotropic phase in this field in order to improve sample homogeneity. For
detection in transmission a multimode fiber was used that could be translated to
different locations on the back face of the cylindrical cell. The fiber was coupled directly to a photomultiplier tube. The results of the sets of measurements are shown
on Fig.4.24. Here the diffuse transmission through the cell in directions parallel and
perpendicular to the director, i.e. along the z and y axes was measured. Clearly,
anisotropy exists, and, as seen in the relative widths of the transmission intensity
profiles, D|| is larger than D⊥ . Using the anisotropic diffusion equation for light
transport in the cylindrical cell the ratio of D|| to D⊥ was estimated. The result is
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Figure 4.24: Anisotropic diffusive transmission in 5CB. (a) Normalized diffuse transmission intensity parallel and perpendicular to the director. (b) The ratio of the
diffusive transmission intensity parallel to the director to that perpendicular to the
director as a function of distance from the center of the cylindrical cell. The dashed
line is the calculated result obtained by solving the anisotropic diffusion equation.
(Figure from ref. [195])

D|| /D⊥ =1.60.
The main difference of our system of colloidal nematic droplets from bulk nematics
is the sign of the anisotropy. Namely in bulk nematics the anisotropy D⊥ /D|| < 1
while in our system D⊥ /D|| > 1. That means that for the case of diffuse transmission in bulk nematics in direction perpendicular to director the diffuse intensity
profile is stretched along the director and D⊥ /D|| < 1. In our system, however, for
ki ⊥B the diffuse intensity profile is stretched in direction orthogonal to director and
D⊥ /D|| > 1.
In our system the diffusion coefficient for light in direction perpendicular to magnetic
filed D⊥ increases with the field (like in bulk nematics Fig.4.23), while the diffusion
coefficient D|| in direction parallel to magnetic field decreases with the field. As a
result, the diffuse intensity in direction along the magnetic field decreases with the
field by a factor of 4.45 for a sample with φ = 0.15 (Fig.4.20). For bulk nematic 5CB
the values for B = 0 read D|| = 0.95 and D⊥ = 0.65 with a ratio D|| /D⊥ = 1.45.
As seen from Fig.4.23 anisotropy depends only weakly on the magnetic field. Our
system of colloidal nematic droplets is totaly isotropic at B = 0. The degree of
anisotropy can be tuned by magnetic field. The maximal anisotropy was found for
the sample with φ = 0.15 at B=7 Tesla and it reads D⊥ /D|| = 1.96. The maximal
anisotropy for 5CB bulk liquid crystal is 1.60, which is considerably smaller.
Also we have observed for the first time the magnetic field-dependent effect of polarization of diffuse light. At high magnetic fields the component of the diffuse intensity
with polarization along the magnetic field begin to dominate (Fig. 4.15). This effect
was found to be independent of the initial polarization of the laser beam.
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Our model based on the Rayleigh-Gans approximation and discrete dipole approximation (DDA) with optical parameters of the nematic colloidal particles gives negative anisotropy D⊥ /D|| < 1 (Fig.4.25 and Fig.4.26) whose magnitude is much
smaller than that of observed in the experiment. The reason for that is not quite
clear. Probably there are near-field effects in the light scattering from nematic
droplets due to spatial correlations, since the volume fraction of particles is quite
large (φ = 0.05 − 0.15).
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Figure 4.25: Normalized diffusion coefficients calculated using Rayleigh-Gans approximation (open symbols) and discrete dipole approximation (full symbols). The
radius of the particles is 110 nm, no = 1.50, ne = 1.62, nm = 1.39. (Kind permission
by A. Mertelj).
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Figure 4.26: Anisotropy calculated using Rayleigh-Gans approximation (blue symbols) and discrete dipole approximation (red symbols). (Kind permission by A.
Mertelj).
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4.3

Summary

We have investigated for the first time the influence of magnetic field on rotational
diffusion in anisotropic colloidal suspensions by the method of diffusing wave spectroscopy. It has been established that the change of static properties of the sample
in magnetic field exceeds the influence of rotational Brawnian motion of colloidal
particles.
1. The procedure of production of monodisperse highly birefringent colloidal particles has been developed. With parameters of magnetic and optical anisotropy
exceeding all commercialy available particles (∆χ = 1.06 ∗ 10−5 , ∆n = 0.13). The
method consists of emulsification of a reactive monomer in aqueous solution whithout
polymerization. Size and birefringence were characterized by QELS and magnetic
birefringence.
2. It has been determined that photopolymerization of colloidal particless with
UV light gives rise to reduction of birefringence of the particles and makes practically impossible to use them for the investigation of the effect of magnetic field on
rotational diffusion in anisotropic colloidal suspensions. The conclusion is to use
unpolymerized particles to study rotational diffusion.
3. Using magnetic birefringence experiments, the degree of anisotropy of the particles with different sizes has been determined. It has been found that maximal
birefringence ∆n = 0.13 is observed for the particles with the size d ≈ 220 nm. The
particles of this size can be recommended for the study of rotational diffusion in
concentrated colloidal solutions by the DWS method. It has been shown that saturation of birefringence occurs in magnetic fields of 5 Tesla. In this case the particles
are practically all oriented with the optical axis along the field. For the particles
with the size d ≈500 nm and 900 nm the saturation occurs in the field B ≈2.5 Tesla
and B ≈1.5 Tesla, but the magnitude of ∆n is lower: 0.08 and 0.03 respectively.
For polymerized particles with d ≈ 220 nm in the field B = 7 Tesla birefringence is
equal ∆n = 0.06, and is still not saturated.
4. With a newly created experimental set-up allowing for measuring at high magnetic fields (B = 7T ) we have performed measurements of diffuse light transport
and temporal field autocorrelation function. The set-up includes super-conducting
magnet, argon-ion laser with λ = 514 nm, polarization maintaining single mode
fiber, detecting single mode fiber, photomultiplier and correlator. Microscope objective is used to couple the laser beam in the single mode fiber. The second end of
the fiber is fixed on the sample holder which can be moved inside the magnet core.
Multiple scattered light is detected with a small lens and a single mode fiber. The
parts of the set-up are made of nonmagnetic materials as a monoblock. The set-up
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provides reproducibility of results of DWS for different samples. The adjustment of
the set-up has been done only once in the begining.
5. The method of diffusing-wave spectroscopy has been applied for the first time to
measure the parameters of rotational diffusion in anisotropic colloidal suspensions.
The temporal intensity autocorrelation functions g2 (t) have been measured in transmission and backscattering geometries at magnetic fields from 0 to 7 Tesla acting
on the suspension parallel and orthogonal to the direction of propagation of light.
With the help of the Siegert relation the transition to the field autocorrelation function g1 (t) has been realized, for which the theoretical expressions for transmission
and backscattering geometries are known. The dynamic (decay time τ ) and static
(transport mean free path l∗ ) parameters of the anisotropic suspension have been
determined. It has been established that the change of the static parameter l∗ in
magnetic field exceeds the influence of the magnetic field on dynamics of rotational
Brownian diffusion.
6. Anisotropic diffusion equation for light has been solved for anisotropic colloidal
suspension in magnetic field. The equation has been solved for 2 different geometries: 1) the direction of magnetic field coincident with the initial direction of the
laser beam 2) the direction of magnetic field orthogonal to the initial direction of the
laser beam. It has been established that in the first geometry the diffuse intensity
decreases with magnetic field, while in the second geometry the diffuse intensity
increases with the field. Anisotropy of the intensity profiles depends on the magnitude of magnetic field B when the direction of magnetic field orthogonal to the
initial direction of the laser beam, but when the direction of magnetic field coincide
with the initial direction of the laser beam the intensity profile remains isotropic.
The solution of anisotropic diffusion equation allows to estimate quantitively these
effects.
7. Experimental investigation of propagation of light in colloidal suspensions with
different concentration establishes the main mechanisms of influence of magnetic
field on anisotropic diffusion of light. It has been shown that for light propagating
perpendicular to magnetic field, the intensity of diffuse light increases with the field
by a factor 1.75 - 2.3 (for suspensions with concentration ϕ = 0.05 - 0.15 respectively). The diffuse intensity saturates at magnetic fields 5 - 7 Tesla; the saturation
is more pronounced for the samples with higher consentration of particles. The el⊥
increases from 1 to 1.72 for the sample with ϕ =
lipticity of intensity profiles D
D||
0.05, from 1 to 1.94 for ϕ = 0.1 and from 1 to 1.96 for ϕ = 0.15. Obtained results
⊥
allowed to determine the coefficients D
in the equation of anisotropic diffusion.
D||
The equipartition the electromagnetic wave energy i.e. polarization of diffuse light
due to multiple scattering was observed for the first time.
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For the light propagating in the direction parallel to magnetic field, the intensity
of diffuse light decreases with the field by a factor 2.2 - 4.0 (for suspensions with
concentration ϕ = 0.05 - 0.15 respectively). The effect is more pronounced for the
samples with higher consentration of particles. The diffuse intensity saturates at
magnetic fields 3 - 7 Tesla. It is necessary to note that intensity profiles remain
symetrical (round in shape) for all magnetic fields. In this case the light remains
depolarized due to multiple scattering for all concentrations of particles (ϕ = 0.05 0.15) and magnetic fields.
Publications:
1. K.Sandomirski, S.Martin, G. Maret, H.Stark, T.Gisler
Highly birefringent colloidal particles for tracer studies J.Phys.: Condens. Matter
16, S4137-S4144 (2004)
2. K.Sandomirski, G. Maret, H.Stark, T.Gisler
Widely tunable anisotropic diffusion of light in colloidal suspensions of birefringent
particles (in preparation).
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Die Zusammenfassung.
In dieser Arbeit wurde zum ersten Mal der Einfluss eines Magnetfeldes auf die
Rotationsdiffusion in anisotropen kolloidalen Suspensionen mittels ”Diffusing wave
spectroscopy” untersucht. Es wurde nachgewiesen, daß die Veränderung der statischen optischen Eigenschaften der Probe im Magnetfeld den Einfluss der Brown’nschen
Rotationsbewegung überwiegt.
1. Es wurde zunächst eine Methode zur Herstellung von monodispersen hochdoppelbrechenden kolloidalen Teilchen entwickelt. Die Methode besteht in der Emulgierung
vom reaktiven Monomeren in wässriger Lösung. Die Größe und die Doppelbrechung
wurden mittels QELS und magnetischer Doppelbrechung bestimmt. Die magnetischen und optischen Anisotropieparameter überschreiten die von kommerziel verfügbaren
Partikeln (∆χ = 1.06 ∗ 10−5 , ∆n = 0.13).

2. Es wurde beobachtet, daß die Photopolymerisierung kolloidaler Partikel durch
UV-Licht eine Abschwächung der Doppelbrechung der Partikel verursacht und daher ihre Anwendung zur Untersuchung des Einflusses des Magnetfeldes auf die
Rotationsdiffusion in anisotropischen kolloidalen Suspensionen praktisch unmöglich
macht. Folglich kommen zur Untersuchung der Rotationsdiffusion nur nicht-polymerisierte
Partikel in Frage.
3. Durch Messung der magnetischen Doppelbrechung wurde der Grad der Anisotropie
von Partikeln unterschiedlicher Größe ermittelt. Maximale Doppelbrechung ∆n =
0.13 wurde für Partikel der Größe d ≈ 220nm beobachtet. Partikel dieser Größe bieten sich für die Untersuchung der Rotationsdiffusion in konzentrierten kolloidalen
Lösungen mit der DWS Methode an. Sättigung der Doppelbrechung dieser Partikel
wurde in magnetischen Feldern oberhalb von 5 Tesla beobachtet. In diesem Fall sind
die optischen Achsen praktisch aller Partikel entlang des Feldes orientiert. Für die
Partikel der Größe d ≈ 500nm und 900nm erfolgt die Sättigung bei einer Feldstärke
von B ≈ 2.5T esla bzw. B ≈ 1.5T esla, der Wert von ∆n ist hier niedriger: 0.08
bzw. 0.03. Für polymerisierte Partikel mit d ≈ 220nm in einem Feld von B = 7
Tesla ist die Doppelbrechung ∆n = 0.06 und immer noch nicht gesättigt.
4. Mit einem neu entwickelten experimentellen Aufbau, welcher DWS-Experimente
in starken magnetischen Feldern (B = 7T ) erlaubt, wurden Messungen zum diffusen
Lichttransport und zur zeitlichen Feldautokorrelationsfunktion durchgeführt. Der
Aufbau besteht aus einem supraleitenden Magneten, einem Argon-Ion Laser mit
λ = 514nm, einer polarisierungserhaltenden single-mode Faser, einer detektierenden single mode Faser, einem Photomultiplier und einem elektronischen Korrelator.
Ein Mikroskopobjektiv wurde zur Einkopplung des Laserstrahls in die single-mode
Faser benutzt. Das zweite Ende der Faser wurde auf dem Probenhalter fixiert,
der innerhalb der Magnetbohrung verschiebbar war. Das mehrfach gestreute Licht
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wurde mit einer kleinen Linse und einer einzelnen single mode Faser detektiert. Die
einzelnen Komponenten des Aufbaus aus nicht-magnetischen Materialien sind in ein
Monoblock integriert. Der Aufbau ermöglichte reproduzierbare Ergebnisse für verschiedene Proben. Eine Kalibrierung des Aufbaus wurde nur einmal am Anfang der
Untersuchungen durchgeführt.
5. Die Methode der DWS wurde zum ersten Mal zur Messung der für die
Rotationsdiffusion in anisotropen kolloidallen Suspensionen relevanten Parametern
eingesetzt. Die zeitliche Autokorrelationsfunktion der Intensität g2 (t) wurde in
Transmission und Rückstreuug in magnetischen Feldern von 0 bis 7 Tesla parallel
und senkrecht zur Lichtausbreitungsrichtung gemessen. Mit Hilfe der Siegert Relation wurde die Autokorrelationsfunktion g1 (t) der gestreuten Felder berechnet, für
welche theoretische Ausdrucke für Transmission und Rückstreugeometrien bekannt
sind. Die dynamischen (Abfallszeit τ ) und statischen Parameter (mittlere Transportweg l∗ ) der anisotropen Suspension wurden bestimmt. Es wurde festgestellt,
daß die Veränderung des statischen Parameters l∗ im magnetischen Feld den Einfluß des magnetischen Feldes auf die Dynamik der Brown’nschen Rotationsdiffusion
überschreitet.
6. Die Diffusionsgleichung für Licht in einer anisotropen Suspension im magnetischen Feld wurde analytisch für zwei verschiedene Geometrien gelöst: 1) die
Magnetfeldrichtung stimmt mit der Einfallsrichtung des Laserstrahls überein; 2) die
Magnetfeldrichtung ist senkrecht zur Einfallsrichtung des Laserstrahls. Es wurde
festgestellt, daß bei der ersten Geometrie die Intensität des diffundierenden Lichtes
bei ansteigendem Magnetfeld abnimmt, während sie bei der zweiten Geometrie mit
zunehmendem Magnetfeld ansteigt. Die Anisotropie des Intensitätsprofils hängt von
der Stärke des Magnetfeldes B ab, wenn die Magnetfeldrichtung senkrecht zur Einfallsrichtung des Laserstrahls ist. Sind Magnetfeldrichtung und Einfallsrichtung des
Laserstrahls parallel, bleibt das Intensitätsprofil isotrop. Die Lösung der anisotropen
Diffusionsgleichung ermöglicht die quantitative Abschätzung dieser Effekte.
7. Die durchgeführten experimentellen Untersuchungen zur Lichtausbreitung
in kolloidalen Suspensionen verschiedener Konzentrationen können mit Hilfe der
anisotropen Lichtdiffusion auf grund des Einflusses des Magnetfelds erklärt werden. Es wurde gezeigt, daß für das sich senkrecht zum Magnetfeld ausbreitende
Licht die diffuse Intensität mit steigender Feldstärke um den Faktor 1,75 - 2.3
(für Suspensionen mit der Konzentration zwischen ϕ = 0.05 und 0.15 zunimmt.
Die diffuse Intensität geht bei Magnetfeldern von 5 - 7 Tesla in die Sättigung; die
Sättigung ist ausgeprägter für die Proben mit höherer Partikelkonzentration. Die
⊥
steigt von 1 auf 1.72 für Proben mit ϕ = 0.05
Elliptizität der Intensitätsprofile D
D||

4.3. SUMMARY

137

an, von 1 auf 1.94 für ϕ = 0.1 und von 1 auf 1.96 für ϕ = 0.15. Die erhalte⊥
nen Ergebnisse ermöglichen die Bestimmung der Koeffizienten D
der anisotropen
D||
Diffusionsgleichung. Die Äquipartition des elektromagnetische Wellenenergie ist
nicht vollständig, d.h. eine partielle Polarisierung des diffusen Lichtes aufgrund
der Mehrfachstreuung wurde zum ersten Mal beobachtet. Für Licht, das in Richtung des Magnetfeldes propagiert, nimmt die Streuintensität mit ansteigendem Feld
um den Faktor 2.2 - 4.0 (für Suspensionen mit Konzentration ϕ zwischen 0.05 und
0.15 ab. Der Effekt ist ausgeprägter für Proben mit höherer Partikelnkonzentration.
Die diffusive Intensität wird bei Magnetfelden zwichen 3 und 7 Tesla gesättigt. Es
muss angemerkt werden, daß die Intensitätsprofile für alle Magnetfelder rotationsymmetrisch belieben (mit runder Form). In diesem Fall bleibt das Licht für alle
Partikelnkonzetrationen (ϕ = 0.05 - 0.15) und Magnetfelder polarisiert.
Veröffentlichungen:
1. K.Sandomirski, S.Martin, G. Maret, H.Stark, T.Gisler
Highly birefringent colloidal particles for tracer studies J.Phys.: Condens. Matter
16, S4137-S4144 (2004)
2. K.Sandomirski, G. Maret, H.Stark, T.Gisler
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Philipse: Rotational tracer diffusion in binary colloidal shere mixtures, Phys.
Rev. E 64, 022401 (2000).
[85] K. O. Byung, M. M. Labes and R. E. Salomon: Relaxation of polar
cylinders in strong electric fields, The Journal of Chemical Physics 64, 3375
(1976).
[86] H. Benoit: Ann. Phys. 6, 561 (1951).
[87] C. T. O’Konski and B. H. Zimm: Science 111, 113 (1950).
[88] I. Tinoco: J. Amer. Chem. Soc. 77, 4486 (1955).
[89] C. T. O’Konski, K. Yoshioka and W. H. Orttung: J. Phys. Chem.
63, 1558 (1959).
[90] G. Schwarz: Z. Phys. 145, 563 (1956).
[91] K. Nishinari and K. Yoshioka: Kolloid-Z. Z. Polym. 235, 1189 (1969).

144

BIBLIOGRAPHY

[92] C. T. O’Konski and A. J. Haltner: J. Amer. Chem. Soc. 79, 5634 (1957).
[93] I. Tinoco and K. Yamaoka: J. Phys. Chem. 63, 423 (1959).
[94] W. T. Coffey and B. V. Paranjape: Proc. R. Ir. Acad. Sect. A 76, 43
(1976).
[95] A. Morita: J. Phys. D 11, 1357 (1978).
[96] W. T. Coffey, Y. P. Kalmykov and E. S. Massawe: Modern Nonlinear Optics (Wiley Interscience, New York, 1993), Vol. 85, p. 667.
[97] M. A. Martsenyuk, Y. L. Raikher and M. I. Shliomis: Sov. Phys.
JETP, 38, 413 (1974).
[98] Y. P. Kalmykov: Rotational Brownian motion and nonlinear dielectric relaxation of asymmetric top molecules in strong electric fields, Phys. Rev. E
65, 021101 (2001).
[99] W. A. Wegener: J. Chem. Phys. 84, 5989 (1986).
[100] J. W. Doane: Polymer dispearsed liquid crystals: Boojums at work., MRS
Bull 16, 22 (1991).
[101] J. W. Doane: Polymer dispearsed liquid crystals, Liquid Crystals: Applications and Uses. (World Scientific, Singapore, 1990).
[102] D. K. Yang, J. L. West, L. C. chien and J. W. Doane: Control of
reflactivity and bistabulity displays using cholesteriv liquid crystal., J. Appl.
Phys. 76, 1331 (1994).
[103] J. W. Doane, N. S. Vaz, B. G. Wu and S. Z ubmer: Field controllled light
scattering from nematic microdroplets., Appl. Phys. Lett. 48, 269 (1986).
[104] J. L. Fergason: Polymer encapsulated nematic liquid crystals for display
and light control applications., Soc. Inf. Disp. Dig. 16, 68 (1985).
[105] P. S. Drzaic: Polymer dispearsed nematic liquid crystal for large area displays and light valves., J. Appl. Phys. 60, 2142 (1986).
[106] H. G. Craighead, J. Cheng and S. Hackwood: New display based
on electrically induced index matching in an inhomogeneous medium., Appl.
Phys. Lett. 40, 22 (1982).

BIBLIOGRAPHY

145

[107] G. P. Crawford, R. Stannarius and J. W. Doane: Surface induced
orientational ordering in the isotropic physe of a liguid crystal material., Phys.
Rev. A, 44, 2558 (1991).
[108] J. L. West: Liquid crystal dispersions, Technological Applications of Dispersions (Marcel Dekker, New York, 1994).
[109] O. Lehmann: Die Hauptsatze der Lehre von Flussigen, Flussige Kristalle.
(1904).
[110] E. Dubois-Violette and O. Paradi: Emulsions nematiques effects de
champ magnetiques et effects piezoelectriques., J. Phys. Colloq. C4-57-64,
(1969).
[111] F. C. Frank: Liquid crystals: On the theory of liquid crystals., Discuss.
Faraday Soc. 25, 19 (1958).
[112] S. Zumer and W. J. Doane: Light scattering from a small nematic droplet,
Physical Review A 34, 3373 (1986).
[113] S. Zumer: Light scattering from nematic droplets: Anomalous-diffraction
approach, Physical Review A 37, 4006 (1988).
[114] S. Zumer, A. Golemme and W. J. Doane: Light extinction in a dispersion of small nematic droplets, J. Opt. Soc. Am. A 6, 403 (1989).
[115] J. Whitehead, S. Zumer and W. J. Doane: Light scattering from a
dispersion of aligned nematic droplets, J. Appl. Phys 73, 1057 (1993).
[116] P. G. de Gennes: The physics of liquid crystals (Clarendon Press, Oxford,
1993).
[117] D. R. Cairns, N. S. Eichenlaub and G. P. Crawford: Mol. Cryst.
Liq. Cryst. 352, 275 (2000).
[118] G. Mie: Annalen der Physik 25, 377 (1908).
[119] H. van de Hulst: Light Scatteirng by Small Particles (Wiley, New York,
1994).
[120] M. Kerker: The Scatteirng of Light and Other Radiation (Academic, New
York, 1969).
[121] C. Bohern and D. R. Hoffman: Absorption and Scatteirng of Light by
Small Particles (Wiley, New York, 1983).

146

BIBLIOGRAPHY

[122] S. Asano and G. Yamomoto: App. Opt. 14, 29 (1975).
[123] L. Rayleigh: Philos. Mag. 41, 107 (1871).
[124] R. Gans: Ann. Phys. 76, 29 (1925).
[125] J. Dhont: An introduction to Dynamics of Colloids (Elsevier, Amsterdam,
1996).
[126] B. Chu: Laser Light Scattering:Basic Principles and Practice (Academic
Press, London, 1991).
[127] W. Brown: Dynamic Light Scattering: The Method and some Applications
(Clarendon Press, Oxford, 1993).
[128] M. J. Shah: Electric birefringence of bentonite. II. An extension of saturation
birefringence theory., The Journal of Physical Chemistry, 67, 2215 (1963).
[129] M. J. Shah, D. Thompson and C. Hart: Reversal of Electro-optical
birefringence in bentonite suspensions., The Journal of Physical Chemistry,
67, 1170 (1963).
[130] C. T. O’Konski, K. Yoshioka and W. Orttung: Electric properties of macromolecules. IY. Determination of electric and optical parameters
from saturation of electric birefringence in solutions., The Journal of Physical
Chemistry, 63, 1558 (1959).
[131] B. I. Lev, V. G. Nazarenko, A. B. Nych, D. Schur, P. M. Tomchuk,
J. Yamamoto and H. Yokoyama: Deformation of crystal droplets under
the action of an external ac electric field., Physical review E. 64, 1 (2001).
[132] G. Maret and G. Weill: Magnetic Birefringence Study of the Electrostatic
and Intrinsic Persistence Length of DNA., Biopolymers, 22, 2727 (1983).
[133] M. P. Langevin: C. R. Acad. Sci., Paris 151, 475 (1910).
[134] M. Born: Ann. Phys. 55, 177 (1918).
[135] G. Maret and P. Wolf: Multiple light scattering from disordered media.
The effect of brownian motion of scatterers., Z. Phys. B, 65, 409 (1987).
[136] D. J. Pine, D. Weitz, P. Chaikin and E. Herbolzheimer: Diffusingwave spectroscopy., Phys. Rev. Lett. 60, 1134 (1988).

BIBLIOGRAPHY

147

[137] M. Stephen: Temporal fluctuations in wave propagation in random media.,
Phys. Rev. B, 37, 1 (1988).
[138] D. Pine, D. Weitz, G. Maret, P. Wolf, E. Herbolzheimer and
P. Chaikin: Dynamical correlations of multiply scattered light. // In: Scattering and localization of classical waves in random media. (World Scientific,
Singapore, 1989), pp. 312–372.
[139] D. Pine, D. Weitz, J. Zhu and E. Herbolzheimer: Diffusing-wave
spectroscopy: dynamic light scattering in the multiple scattering limit., J.
Phys. France, 51, 2101 (1990).
[140] V. Tuchin: Coherence-domain methods in biomedical optics., Bellingham:
SPIE, 2732 (1996).
[141] V. Tuchin, H. Podbielska and B. Ovryn: Coherence-domain methods in
biomedical science and clinical applications., Bellingham: SPIE, 2981 (1997).
[142] A. Yodh, B. Tromberg, E. Sevick-Muraca and D. Pine: Diffusing
photons in turbid media., Appl. Opt., 36, 9 (1996).
[143] B. Chance: Photon migration in tissue. (Plenum Press, New York, 1989).
[144] A. Yodh and B. Chance: Spectroscopy and imaging with diffusing light.,
Physics Today, 10, 34 (1995).
[145] V. V. Tuchin: Selected papers on tissue optics: applications in medical
diagnostics and therapy., Bellingham: SPIE Milestone Series, 102 (1994).
[146] J. Li, G. Dietsche, G. Maret, T. Gisler, B. Rockstroh, T. Elbert
and S. E. Skipetrov: Proc. SPIE 5864, 136 (2005).
[147] E. Jakerman: Theory of optical spectroscopy by digital autocorrelation of
photon-counting fluctuations., J. Phys A: Gen. Phys. 3, 201 (1970).
[148] G. B. Benedek: Optical Mixing Spectroscopy, with Applications to Problems
in Physics, Chemistry and Engineering. (Press Universitaires de France, Paris,
1969).
[149] J. Dainty: Laser speckle and related phenomena. (Springer-Verlag, Berlin,
1975).
[150] B. Berne and R. Pecora: Dynamic light scattering with application to
chemistry, biology, and physics. (Wiley, New York, 1976).

148

BIBLIOGRAPHY

[151] H. Cummins and E. Pike: Photon correlation spectroscopy and velocimetry.
(Plenum Press, New York, 1977).
[152] B. Crosignani, P. DiPorto and M. Bertolotti: Statistical properties
of scattered light. (Acad. Pr., New York, 1975).
[153] W. Leutz and G. Maret: Ultrasonic modulation of multiply scattered
light., Physica B, 204, 14 (1995).
[154] F. MacKintosh and S. John: Diffusing-wave spectroscopy and multiple
scattering of light in correlated random media., Phys. Rev. B, 40, 2383 (1989).
[155] S. Fraden and G. Maret: Multiple light scattering from concentrated
interacting suspensions., Phys. Rev. Lett., 65, 512 (1990).
[156] X. Qiu, X. Wu, J. Xue, D. Pine, D. Weitz and P. Chaikin: Hydrodynamic interactions in concentrated suspensions., Phys. Rev. Lett., 65, 516
(1990).
[157] D. Horne and C. Davidson: Application of diffusing-wave spectroscopy to
particle sizing in concentrated dispersions., Colloids and Surfaces A: Physicochemical and Engineering Aspects, 77, 1 (1993).
[158] G. Nagele: On the dynamics and structure of charge-stabilized suspensions.,
Phys. Rep., 272, 215 (1996).
[159] K. Zahn, J. Mendez-Alcaraz and G. Maret: Hydrodynamic interaction may enhance the self-diffusion of colloidal particles., Phys. Rev.Lett., 79,
175 (1997).
[160] D. Durian, D. Weitz and D. Pine: Multiple light-scattering probes of
foam structure and dynamics., Science, 252, 686 (1990).
[161] H. Hoballah, H. Hohler and S. Cohen-Addad: Time evolution of the
elastic properties of aqueous foam., J. Phys. II France, 7, 1215 (1997).
[162] H. Hohler, S. Cohen-Addad and H. Hoballah: Periodic nonlinear
bubble motion in aqueous foam under oscillating shear strain., Phys. Rev.Lett.,
79, 1154 (1997).
[163] S. Cohen-Addad, H. Hoballah and R. Hohler: Viscoelastic response
of a coarsening foam., Phys. Rev. E, 57, 6897 (1998).

BIBLIOGRAPHY

149

[164] H. Stark and T. Lubensky: Multiple light scattering in nematic liquid
crystals., Phys. Rev. Lett., 77, 2229 (1996).
[165] H. Stark and T. Lubensky: Multiple light scattering in anisotropic random media., Phys. Rev. E, 55, 514 (1997).
[166] H. Stark, M. Kao, K. Jester, T. Lubensky, A. Yodh and P.
Collings: Light diffusion and diffusing-wave spectroscopy in nematic liquid
crystals., J. Opt. Soc. Am. A, 14, 156 (1997).
[167] A. Heiderich, R. Maynard and B. Van Tiggelen: Multiple light scattering in ordered nematic liquid crystals., J. Phys. II France, 7, 756 (1997).
[168] H. Stark: Radiative transfer theory and diffusion of light in nematic liquid
crystals., Mol. Cryst. Liq. Cryst., 321, 403 (1998).
[169] D. A. Boas, L. E. Campbell and A. G. Yodh: Scattering and imagining
with diffusing temporal field correlations., Phys. Rev. Lett., 75, 1855 (1995).
[170] D. A. Boas, I. V. Meglisky, L. Zemany, L. E. Campbell, B. Chance
and A. G. Yodh: Diffusion of temporal field correlation with selected applications.//In: Coherence-domain methods in biomedical optics. Ed. Tuchin
V. V., Proc. SPIE, 2732, 34 (1996).
[171] D. A. Boas and A. G. Yodh: Spatially varying dynamical properties of
turbid media probed with diffusing temporal light correlation., J. Opt. Soc.
Am. A, 14, 192 (1997).
[172] D. A. Boas, K. K. Bizheva and A. M. Siegel: Using dynamic low
coherence domain interferometry to image Brownian motion within highly
scattering media., Opt. Lett., 23, 319 (1998).
[173] M. Heckmeier and G. Maret: Visualization of flow in multiple scattering
liquids., Europhys. Lett., 34, 257 (1996).
[174] M. Heckmeier and G. Maret: Static imaging of dynamic fluctuations in
multiple light scattering media., Opt. Commun., 148, 1 (1998).
[175] M. Heckmeier: Vielfachstreuung von licht in dynamisch heterogenen und
optisch anisotropen medien. (Hartung-Gorre-Verlag, Konstanz, 19989).
[176] H. S. Carslaw and J. C. Jaeger: Conductio of heat in solids (Clarendon
Press, Oxford, 1990).

150

BIBLIOGRAPHY

[177] A. Ishimaru: Diffusion of light in turbid material, Applied Optics 28, 2210
(1989).
[178] D. S. Wiersma, A. Muzzi, M. Colocci and R. Righini: Phys. Rev.
Lett. 83, 4321 (1999).
[179] Y. Kuga and A. Ishimaru: J. Opt. Soc. Am. A 1, 831 (1984).
[180] P. E. Wolf and G. Maret: Phys. Rev. Lett. 55, 2696 (1985).
[181] M. P. van Albada and A. Lagendijk: Phys. Rev. Lett. 55, 2692 (1985).
[182] E. Akkermans, P. E. Wolf and R. Maynard: Phys. Rev. Lett. 56, 1471
(1986).
[183] G. Maret and P. E. Wolf: Z. Phys. B: Condens. Matter, 65, 409 (1987).
[184] B. A. van Tiggelen: Phys. Rev. Lett. 75, 422 (1995).
[185] G. L. J. A. Rikken and B. A. van Tiggelen: Nature (London) 381, 54
(1996).
[186] Y. N. Barabanenkov and V. D. Ozrin: Problem of Light Diffusion in
Strongly Scattering Media, Physical Review Letters 69, 1364 (1992).
[187] D. Contini, F. Martelli and G. Zaccanti: Photon migration through a
turbid slab described by a model based on diffusion approximation. I. Theory,
Applied Optics 36, 4587 (1997).
[188] D. V. Vlasov, L. A. Zubkov, N. V. Orekhova and V. P. Romanov:
JETP Lett. 48, 91 (1988).
[189] H. K. M. Vithana, L. Asfaw and D. L. Johnson: Phys. Rev. Lett. 70,
3561 (1993).
[190] M. H. Kao, K. A. Jester, A. G. Yodh and P. J. Collins: Phys. Rev.
Lett. 77, 639 (1997).
[191] B. A. van Tiggelen, A. Heiderich and R. Maynard: Mol. Cryst. Liq.
Cryst. 293, 205 (1997).
[192] B. A. van Tiggelen, R. Maynard and A. Heiderich: Anisotropic Light
Diffusion in Oriented Nematic liquid Crystals, Phys. Rev. Lett 77, 639 (1996).

BIBLIOGRAPHY

151

[193] B. A. van Tiggelen and H. Stark: Nematic liquid crystals as new challenge for radiative transfer, Reviews of Modern Physics 72, 1077 (2000).
[194] J. Heino, S. Arridge, J. Sikora and E. Somersalo: Anisotropic effects
in highly scattering media, Physical Review E 68, 1 (2003).
[195] M. H. Kao, K. A. Jester and A. G. Yodh: Phys. Rev. Lett. 77, 2233
(1996).
[196] D. S. Wiersma, A. Muzzi, M. Colocci and R. Righini: Phys. Rev. E.
62, 6681 (2000).
[197] F. J. P. Schuurmans, D. Vanmaekelbergh, J. van de Lagemaat and
A. Lagendijk: Science 284, 141 (1999).
[198] F. J. P. Schuurmans, M. Megens, D. Vanmaekelbergh and A. Lagendijk: Phys. Rev. Lett. 83, 2183 (1999).
[199] P. M. Johnson, B. P. J. Bret, J. G. Rivas, J. J. Kelly and A.
Lagendijk: Phys. Rev. Lett. 89, 243901 (2002).

152

BIBLIOGRAPHY

Acknowledgments
Here I would like to thank all people who contributed to the success of this work.
• Prof. Dr. Georg Maret for a lot of confidence, for an interesting target setting
and for giving me an opportunity to do this PhD work in his lab, for the lax
working atmosphere and for the financial support. Also I would like to thank
him for the possibility to take part in the conferences and IGK workshops in
Grenoble and Strasburg.
• Dr. Thomas Gisler for the supervision during my PhD work and for the
valuable advices he always gave me. Thomas is a man of great erudition and
he has always proposed numerous methods of solution of my experimental or
theoretical problems.
• Dr. Holger Stark and Dr. Alenka Mertelj for the fruitful discussions and the
computations of D⊥ , D|| in chapter 4.
• Daniel Reinke and Gerd Haller for a nice working atmosphere in the office.
• All people from P10 for a good time.
• My parents and my sister Yulia for their support during all these years.

153

