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ABSTRACT
ANGLE-RESOLVED SECOND HARMONIC LIGHT SCATTERING FROM

COLLOIDAL SUSPENSIONS AND SECOND HARMONIC PARTICLE
MICROSCOPY
Ningping Yang

Arjun G. Yodh

We have carried out two nonlinear optical experiments with colloidal particles.
Our first nonlinear optical experiment studied Second-Harmonic Generation (SHG)
light scattering from colloidal suspension. In particular, we measured the angle-
resolved second-harmonic generation light scattering from suspensions of centrosym-
metric micron-size polystyrene spheres with surface-adsorbed dye (malachite green).
The second-harmonic scattering angular profiles differ qualitatively from the linear
light scattering angular profiles of the same particles. We have investigated these
radiation patterns using several polarization configurations and particle diameters.
We introduce a simple Rayleigh-Gans-Debye model to account for the SHG scatter-
ing anisotropy. The model compares favorably with our experimental data. Our
measurements suggest scattering anisotropy may be used to isolate particle nonlinear
optical effect from other bulk nonlinear optical effects in suspension.

Our second nonlinear optical experiment studied the Second-Harmonic Genera-

tion (SHG) from single micron-size particles. We built a nonlinear optical microscope
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vii
for this purpose. We report experimental observations of second harmoinc gener-
ation from single micron-size polystyrene (PS), silica, and PolyMethylMethAcrylate
(PMMA) spheres on flat substrates by SHG microscopy. At low input light intensities
the SH signals depend quadratically on the intensity of the excitation beam, but at
larger input intensities some of the SH signals increase exponentially with increasing
input intensity. This exponential enhancement depends on particle size and sphere
composition. We describe the experiments, report the observations and provide an

aproximate analytical framework for understanding our measurements.
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Chapter 1

Introduction

Linear light scattering from spherical particles has been well studied, is rigorously
based upon Mie theory (1, 2], and currently provides the basis for characterization
of a wide variety of particle dispersions ranging from colloids and emulsions to cells.
However, the linear light scattering technique has drawbacks. For example, it is rela-
tively insensitive to the changes or variations occurring at the surfaces or interfaces.
It is therefore difficult to study surface processes using the linear light scattering
technique. The nonlinear optical technique, especially Second-Harmonic Generation
(SHG) and Sum-Frequency Generation (SFG), are particularly useful in this regard
due to its intrinsic surface sensitivity (3, 4, 5, 6, 7].

SHG from centrosymmetric media is forbidden in the electric dipole approxima-
tion. However, bulk symmetry is effectively broken at the interface between two
dissimilar media. This interface region is usually defined as the atomic or molecular

layers that constitute the junction between the two dissimilar media. Because bulk
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symmetry is broken, SHG emission is dipole-allowed from interfaces. In many sys-
tems, this interface SHG dominates the overall signal and one can study the surface
process using SHG with great success.

The application of nonlinear optical techniques to study solutions and suspen-
sions began with the advent of high-power laser. However, due to above-mentioned
suppression of SHG from bulk solutions, the experimentally observed second-order
light scattering from solution has long been incoherent Hyper-Rayleigh scattering
(8, 9, 10, 11]. Hyper-Rayleigh scattéring originates from the density and orienta-
tional fluctuations of solution molecules which break the centrosymmetry locally. In
past 10 years, Hyper-Rayleigh scattering has found some interesting applications.
Clays et. al. [12, 13, 14, 15, 16] used Hyper-Rayleigh scattering to measure the first
hyperpolarizability 8 of ogranic molecules without having to independently deter-
mine the dipole moment u, and the second hyperpolarizability v as in the traditional
electric-field-induced second-harmonic generation techniques {17, 18]. Hyper-Rayleigh
scattering has also been used to probe the spatial orientational correlations between
chromophores in polymer films. Many other different groups also independently re-
ported silimar results [19, 20, 21, 22]. Hyper-Rayleigh scattering was also used in some
new materials [23, 24, 25]. For example, Vance et. al. used Hyper-Rayleigh scatter-
ing to study the nanocrystalline gold particle suspensions and they found enormous

Hyper-Rayleigh scattering. On the theoretical side, Andrews et. al. [26] developed



the general theory for treating the second-order light scattering from the randomly
oriented species suspensions; they found a relationship between the coherent pro-
cess of second harmonic generation and its incoherent counterpart, Hyper-Rayleigh
scattering. Heesink’s group and Levine’s group calculated theoretical expressions for
the hyperpolarizability tensor components of dye molecules and the effects of molec-
ular interactions on hyperpolarizabilities [27, 28]. Cammi et. al. computed the
macroscopic susceptibilities in solution generally [29]. There are also some reports of
observations of Hyper-Raman scattering from the solutions [30, 31]

It was not until recently that coherent SHG from centrosymmetric solution con-
taining micron-size colloidal particles was reported [32]. This work was important in
that, by using micron-size particle and by adsorbing nonlinear dye molecules on the
surfaces of particles, one effectively obtains a large nonlinear source term on the sur-
face of the particle. The not-so-small particle size insures that the phase cancellation,
which occurs for much smaller particles, is eliminated and strong coherent SH radi-
ation is achieved. Further experimental studies {33, 34, 35, 36, 37] demonstrate the
superiority of SHG on the investigations of surface processes occurring on the particle
surface. For example, the adsorption dynamics of dye on particles has been investi-
gated. On the theoretical front, Dadap [38] et. al. calculated SHG scattering from
spherical particles when particle size is substantially smaller than light wavelength.

That is, the case of SH generation light scattering in the Rayleigh region.






