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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.



Our angle-resolved SHG scattering from colloidal suspensions is motivated by
these observations. Unlike linear light scattering, where people are familiar with and
fully understand the process, SHG light scattering from particles is unknown territory.
Though important as a fundamental study, SHG scattering from particles has rarely
been studied either theoretically or e -perimentally. The reason for this is partly
because the SHG signal from solutions is very small, and partly because the theory
describing SHG scattering is much more complicated than its linear counterpart. In
this thesis, we present the first experimental studies on the angle-resolved SHG light
scattering from micron-size particles. Our studies reveal differences between linear
and nonlinear particle scattering. Most notably, the forward scattering for SHG is
forbidden, while in the linear case it is the strongest contribution. Also, the in-plane,
s-polarized SHG scattering is found to be forbidden regardless of input polarization
configuration (again different from the linear case). We have carefully studied the
different contributions to our raw measurements and have extracted the SHG signal
from the particles. We then derived the non-linear analog of Rayleigh-Gans-Debye
(RGD) approximation for SHG scattering, and used RGD to analyze our results.
Reasonable agreement was achieved.

In second part of this thesis, we present SHG microscopy studies on single micron-
size particles. Nonlinear optical microscopy was first suggested by Robert Hellwarth

and Paul Christensen in 1974 [39, 40]. They imaged the structure of a polycrys-



talline nonlinear material, ZnSe, by utilizing the fact that the second-order nonlinear
susceptibility of a ZnSe polycrystal varies spatially and is detectable by SHG ap-
proach. This is potentially valuable especially when conventional linear microscopy
is unable to resolve structural inhomogeneities. For example, linear microscopy has
serious limitations in samples that have small (or negligible) variations in the refrac-
tive indices accompanying the structural inhomogeneities. However, these structural
inhomogeneities are invariably accompanied by large spatial variations in the non-
linear refractive indices. Nonlinear optical processes are highly sensitive to material
symmetry, and therefore, using SHG, one can detect structures previously invisible
in the linear microscope. Since their pioneering work, several groups also reported
their studies on this nonlinear optical microscope [41, 42, 43, 44, 45, 46, 47].

We built a SHG microscope system to investigate the response of single micron-
size particles. We studied these responses as a function of excitation power intensity,
particle type and size. We report the first measurements of SHG from single micron-
size particles, and we compare their nonlinear responses over a range of particle type
(e.g., Polystyrene (PS), poly-methyl-methacrylate (PMMA), and silica) and size (e.g.,
diameters between 1 to 5 um). At relatively low input powers, the particle SHG sig-
nals depend on the square of the fundamental excitation beam intensity. At higher
input powers however, reversible exponential SHG responses are observed from many

of the particles up to the point where the signal saturates and the particle is dam-



aged. This exponential enhancement depends on particle size and sphere composition.
We describe the experiments and parameterize observations. We also suggest some
possible mechanisms for the enhanced SHG signals.

This thesis is organized as follows. In Chapter 2 we introduce the general dis-
cussion of second-order nonlinear optics and where relevant, the discussion about the
symmetry effect on the Second-Harmonic Generation. We also discuss in general the
origin for the SHG generation for our sample colloidal solutions. We leave the rigor-
ous theoretical derivation to Chapter 5. We also discuss the Gaussian beam focusing
which will be relevant when we try to handle the complexities in SHG microscope
project.

In Chapter 3 we discuss the experimental setup for the SHG scattering from col-
loidal solutions. We discuss the laser source, the detection system and some relevant
experimental techniques. In Chapter 4 we discuss the colloidal sample and its prepa-
rations. Some relevant measurements of experimental parameters are presented too.
In Chapter 5, we present our major results on angle-resolved SHG scattering from
colloidal suspensions. We detail our data analysis and present the SH generation
Rayleigh-Gans-Deybe theory which we use to fit our experimental data. We compare
our results with the RGD theory. We also compare RGD for the SHG scattering and
for the linear scattering cases.

We present the experimental setup for SHG microscopy project in Chapter 6.



We discuss the implementation of system and some important aspects in the sample
preparation and characterization. We report results, and analyze the data and suggest
the possible mechanism for the observed phenomenon. We also comment on the
complexity of this problem. In Chapter 7, we discuss the linear optical methods that
we used to characterize the particle index of refraction and the microscope objective

focus spot size. A brief conclusion is given in Chapter 8.



Chapter 2

General Theoretical Background on Second-order Nonlinear Optics

In this chapter, we will introduce the basic theory behind Second-Harmonic Genera-
tion. We will also examine aspects of SHG relevant to colloidal particles and to our

nonlinear microscope.

2.1 Second-order Nonlinear Wave Equation

When an optical medium is subjected to light excitation, the induced polarization

can be expressed in a general form [48]:

P(k,w) = PY(k,w) + P@(k,w) + PO(k,w) + ..., (2.1)
with
PY(kw) = xk,w)-Ek,uw),

PA(k,w) = x9k=k+kjw=w +w;) : E(ki,w;)E(k;,w;), (2.2)

P(3) (ka UJ) = X(s)(k = k1 + k] + klyw =w; + wj + (LI[) : E(k‘uwl)E(kJ’wJ)E(khwl)v



where P(™ is nth-order polarization and x{® is nth-order susceptibility which is a
(n+1)th rank tensor. k is the wave vector of light and w is the angular frequency of
light. E(k;,w;) represents the incident light field with wave vector k; and frequency
wj.

In Second-Harmonic Generation, the radiated light frequency is twice the input
light frequency, i.e. w = 2wq, with wy the fundamental beam frequency. The relevant

nonlinear source polarization is:
PO (k,w) = x? (k = ki + kj,w = 2wp) : E(ky, wo)E(k;, wo)- (2.3)

With knowledge of x(®(k = k; + kj,w = 2uw), one can solve for the second-order
nonlinear source polarization, and then compute its radiated fields.
This second-order nonlinear polarization will radiate at frequency w = 2wqy. The

radiated electric field is governed by the nonlinear wave equation:

E(Ctzu) & A & by, (2.4)

VxV xE(w)-&-——ﬁE(w) = -3

Here ¢ is the frequency-dependent linear dielectric constant of the medium, c is speed
of light. Eq. 2.4 is basic equation governing the relationship between nonlinear
source polarization and the radiated electric field. We will start from this equation in

Chapter 5 to derive the scattering SHG field in Rayleigh-Gans-Debye approximation.
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2.2 Second-order Nonlinear Susceptibility

Second-order nonlinear susceptibility x(® is generally derived using the density matrix
formalism [48]. The microscopic expressions for second-order susceptibility describing

second-harmonic generation in the dipole approximation is:

< glriln >< n|rjlp >< plrlg >

3
€
xg,)c(w = 2(4)0) = —2N-h72. Z[(
png

< glrjln >< n|rilp >< plrelg >

< g|rjln >< n|rilp >< plrelg >
(w + wnp — ilnp)(wo — wpg + ilpg)

< glrjln >< n|rejp >< pirilg >
(W + wpg — ilpg) (wo + wng + 1y

yles-

Here (i, j, k) are explicit Cartesian coordinates. N is the number of atoms or molecules
per unit volume. |g >, |p >, and |n > are eigenstates of the unperturbed system. p,(,o)
corresponds to the unperturbed density of the state at ground state |g >. I represents
the damping factor. For example, I';; is the relaxation time of a coherence created
between the states |n > and [p >. hwp, is the energy difference between states |n >
and |p >. The different terms in equation (2.5) correspond to different time ordering
of the photons. The product of the three matrix elements in each term corresponds
to the coupling of the photons with matter in three separate steps. As an example,
(1) gn(T;)np(Tk)pg corresponds to: (1) the coupling of the ground state, |g >, to the
excited state, [p >, with the k component of the field in the first step of the mixing,

(2) the coupling of the excited state, |p >, to another excited state, |n >, with the j
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Figure 2.1: Wave-mixing example in a three-level system. Resonance is at 2wyq.

component of field in the second step, and (3) the coupling of the excited state, |n >,
with the ground state, |g >, with the i component of the field in the final step. The
summation indicates that the process must go over all possible excited states. One
example of the mixing processes is shown in Fig. 2.1.

One important conclusion that can be drawn from equation (2.5) is that for cen-
trosymmetric system, x‘? is always zero. This stems from the fact that under inver-
sion symmetry the product of three matrix elements, independent of the subscripts
i, J, and k, is always zero. This important result tells us that in the dipole ap-

proximation, SHG is forbidden in a centrosymmetric system. Therefore, in isotropic
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liquid solutions or colloidal suspensions, one would expect no SHG (in the dipole
approximation). If symmetry is broken x(? is non-zero. This fact about x(? renders
second-order nonlinear optics a powerful tool for studying interfaces [3, 4, 5, 6, 7],
where symmetry in the direction normal to the junction (at least) is broken. In the
next section, we will briefly discuss SH Generation in higher order approximations.

Another important feature in equation (2.5) is the denominator of each term. From
these denominators we see that resonances arise whenever the energy of the incident
or second-harmonic photons, hwg or 2hwy matches an energy difference between two
states in the medium. This property is the basis for nonlinear spectroscopy: an
resonant increase in measured SHG signal can be correlated with an electronic or
vibrational excitations of the medium. This effect, along with the fact that the
nonlinear optical process is sensitive to changes in interface symmetry, combine to
make nonlinear optical spectroscopy a powerful tool for studies of surfaces or buried
interfaces. A great number of works have focused on many aspects of this problem
(3, 4, 49, 5, 6, 50, 7, 51}.

Finally, it has to be pointed out that the three-wave mixing process shown in
Fig. 2.1 is a virtual process. That is, there need be no population transfer between
eigenstates. Population transfer can occur only under some circumstances such as
one-photon or two-photon absorption. In one-photon absorption, a single photon

excites a material and this process is mediated by linear susceptibility, x(!). Two-
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photon absorption is a process involving two photons simultaneously. Two-photon

adsorption is mediated by the third-order nonlinear susceptibility, x® [52].

2.2.1 Higher Order Nonlinear Process

The discussions in previous sections all consider SHG within the dipole approxima-
tion. In reality, higher-order excitation of nonlinear waves do exist, though they
are often small compared to the dipole contributions. In system with centrosymme-
try, when dipole contribution is suppressed, higher order nonlinear processes become
more important and in some cases are observable. We briefly summarize the theory
for higher order contributions to SHG.

The general nonlinear polarization including both dipole and higher order multi-

pole contributions are:
PY = x{&  ESVEX + T ES U EM, (2.6)

where as usual, wy and w are fundamental and SH frequency respectively, and (ijk)
represents Cartesian coordinates. The first term is the dipole contribution, which is a
function of the local electric field. The second term arises from the nonlocal response
of the system, which is due to an expansion of P in terms of the derivatives of the
electric field. This nonlocal response carries the electric quadrupole and magnetic
dipole contributions. I is a fourth-rank tensor relating the field and its gradient to

the nonlinear polarizations. For cubic symmetry, an alternative expression for the
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second term in equation (2.6) is [53, 54, 55, 56):

P e order = (6 — B = 27)(E - V)E; + BE(V - E) + 7Vi(E - E) + (E:V:E;. (2.7)

Note that 4, 3, v, and ( are phenomenological constants. Also note that the first
three terms are isotropic in character, and the last term is anisotropic with respect
to the orientation of the material.

As in dipole case, the fourth-rank tensor I' has only a few independent non-zero
elements. From the symmetry properties of the relevant material, one can find out all
those non-zero independent elements and thus greatly simplify the treatment for the
higher-order contributions. In this thesis, because our SHG signal is dipole dominated,
we will not consider higher-order contributions further. Note however, if our particle
size becomes much smaller than the wavelength, then the higher-order contributions

will be non-negligible, as is the case for SHG scattering from Rayleigh particles [38].

2.3 SH Electric Field From Colloidal Particle Surfaces: General Discus-

sion

As shown in section 2.2, an isotropic solution or suspension won’t produce SH Gen-
eration in the dipole approximation. This is true for solutions containing molecules
much smaller than the optical wavelength, and wherein the whole material is effec-
tively centrosymmetric. However, when particles in solution have a size comparable

to the input wavelength, coherent SH radiation is possible. To understand this point,
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consider the sample colloidal suspension of our experiment. Our colloidal suspension
consists of micron-size particles whose surfaces are uniformly covered with Malachite
Green (MG) dye. A schematic view of the sample is in Fig. 2.2. Each MG molecule
is about ~ 54 in length, much smaller than the optical wavelength and the particle
diameter. Due to electrostatic interactions, all MG molecules are oriented radially
on the particle surface (32]. Each molecule has a non-zero non-linear hyperpolariz-
ability o(® along the radial direction. The particle SHG is dominated by this surface
nonlinearity. The question of SH generation amounts to whether the emission from
oppositely oriented MG molecules on the particle surface will destructively interfere to
produce no SH radiation. We therefore simplify our discussion, and consider only two
oppositely oriented molecules as shown in Fig. 2.3. Where we assume the fundamen-
tal beam is along z-direction, the displacement vector between these two molecules is
L = r; —r;, the observation direction is at a distant point at an angle 8 with respect
to z-direction in the scattering plane of xz. Assume the fundamental beam electric
field is Eo(wo,r) = Egei*kwort=wot) (k= k,€;), then from equation 2.4, replacing

V x Vx with —V2, we get:

4 (2(;)0)2

(V2 + K B (1) = =

PYE(r). (2.8)

Here k%, = €%9)(2wg)?, PYL is the nonlinear source polarization on the particle

surface.

To solve this wave equation, we use the Green Function method. The appropriate
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Figure 2.2: Schematic view of MG adsorption on particle surface. MG molecules are
radially oriented.
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Green function is [57)

c , eikuolr—rll 99
MO(Ir_rl)-W' (2.9)
Therefore, the general solution for equation (2.8) is [57]
(2w0)2 / 3 ,eikzuolr—,.'l L
= —_— . 2.10
E%o (r) 02 d r |r _ rrl P2wo (l' ) ( )

Note that r corresponds to the detector coordinate, r corresponds to the nonlinear
source coordinate and has to be integrated over the source distribution.

In our simplified case where only two MG molecules are oriented oppositely, we
can write

PYE(E) o a®(8(r — 1) — (F —1p))ePkeo™ g, (2.11)

Here the “-” sign is from the fact that the two molecules point in opposite directions.

Using the far field approximation (r 3> r')

1] ’

r? rr rr N
Il‘—r'|=\ﬂ'z+r'2—2r-r’=r\/1+r—2-2;-?zr(1—;-7)=r—n-r'

and F—l_r’T ~ ! (leading term) [57], where fi = £, then we get

|Eau, (r)| o P (1 — ei?L), (2.12)

Here, q = 2k,,, — ko, is the wave vector mismatch, it is somewhat akin to the scat-
tering vector in linear light scattering. Equation (2.12) relates the radiated SH field
to the particle size in a simplified but physically meaningful way. The minus sign is

the direct result of oppositely oriented molecules. From equation (2.12), we obtain
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Figure 2.3: A simplified model showing only two oppositely oriented molecules on
particle surface. 6 is the scattering angle. r; and r; are position vectors for these two
MG molecules respectively. r, = —r;.
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the following conclusions:

(1) When the separation L between the molecules is much less than the wavelength
of light, i.e. q-L <« 1, Ey,, = 0. This means that there is no SH radiation when
particle size is much smaller than the wavelength. This is the case of centrosymmetry
we discussed in section 2.2.

(2) When the separation L between the molecules is comparable to wavelength such
that q-L ~ =m , then there will be constructive interference between these two
molecules. It is on the length scale of microns that one must consider the inter-

ference described herein.

In Fig. 2.4, we plot the factor |1 — e¥L|? versus L, the particle size. We use
A = 840nm, An = n(2wp) — n(wp) ~ 0.01. It is clear that the SH signal approaches
zero as the particle size goes to zero, while SH radiation is non-zero when the particle
size is comparable with the wavelength. Therefore, in our sample system where
we cover the micron-size particles with nonlinear molecules, even though the whole
suspension is still macroscopically isotropic, we can obtain coherent SH radiation from
such system. And what is more important, such SH radiation is generated from the
surface of centrosymmetric particles in isotropic solutions. This property provides a

useful method for investigating the surface processes of relatively small particles in
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a centrosymmetric environment. The ability to detect coherent SHG in our sample
suspension is based upon this. In Chapter 5, we will look at the SHG issue from the

point of view of Rayleigh-Gans-Debye approximation.

2.4 SH Generation From Highly Focused Laser Beams: General Discus-

sion

In the nonlinear microscope experiment, one uses high numerical aperture (N.A.)
objectives to focus the input beam into the sample. In order to achieve high spatial
resolution, one has to focus the beam to as small a spot as possible. This tightly
focused laser beam will introduce some very complicated field distributions relevant
to SH generation, e.g. features not seen in normal planewave excitation.

We start with Si(100). Si(100) is a material with cubic symmetry. The inver-
sion symmetry of Si(100) dictates that there is no SHG allowed from Si(100) under
the dipole approximation. The only possible bulk source for SHG could come from
higher-order contributions, i.e. the non-local electric quadrupole and magnetic dipole
contributions. As we showed in equation (2.6), the second-order polarization at this
case is:

P =TyuE;ViEy. (2.13)

Here (ijkl) is the Cartesian coordinates. The non-zero elements for ' are listed in

Table 2.1 [56]. All elements not listed are zero. ( is a phenomenological constant
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reflecting the anisotropic contributions, (see equation (2.7)), € is a constant angle
offset between lab coordinate axis and the crystal coordinate axis [56].

For an ideally normal incidence light beam, V. will have zero values except for k=2
direction, where Z is normal to the crystal surface and xy decides the crystal surface
plane. Considering the fact that for normal incidence beam propagating along 2
direction, there is no electric field component along the Z direction, it is not hard to
show from equation (2.13) and Table 2.1 that no SHG is expected from Si(100) in
normal incidence. i.e., even the electric quadrupole and magnetic dipole contributions
are disallowed in normal incidence.

This is not what we have observed. Our observations indicate the complexity of
dealing with SHG in the nonlinear microscope system. In Fig. 2.5, we show our SHG
observation from Si(100) along with Si(111) data [51]. Here, we rotate the Si crystal
about the axis perpendicular to its surface and ¢ is the rotation angle relative to
one arbitrarily chosen direction on the surface plane. It is very clear that for Si(100)
non-zero SH radiation can be observed by nonlinear microscope system.

The discrepancy between theory and experiment can be explained considering
many factors. First, as Angerer [51] pointed out, SHG microscopy requires a Gaussian
wave description instead of plane wave description. The electric field of a Gaussian
beam in the focal plane (z=0) takes the form:

2,,2

E(z,y,z=0)=%Ee~ &, (2.14)
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where d is the spot size or beam waist of the focused beam. The transverse profile
of the Gaussian wave varies appreciably in the focal plane of a tight focused beam
which introduces large field gradient in the sample and this Gaussian wave induces
a nonlinear polarization with components parallel to the silicon surface [51]. The
induced nonlinear polarization can radiate SH field into the vacuum that can be
detected by our experimental setup.

Secondly, a tightly focused Gaussian beam will have a longitudinal field in the
focal plane as pointed out by Carter [58, 59]. The electric field at the focal plane

takes the form:

2242 22442
E(z,y,2 = 0) = Ee” 3 — iééEe‘_ﬁL. (2.15)

This longitudinal field will again induced anomalous polarization by coupling with
appropriate non-zero I';jx; elements [51). In particular, this anomalous behavior of
the polarization of a highly focused beam could dominate nonlocal effects for samples
with large non-linear susceptibilities that have components perpendicular to a surface.
An example of such a sample is a film of rod-like nonlinear molecules that lie nearly
perpendicular to a substrate.

Therefore, it is a daunting theoretical challenge to fit the experimental data from
first principles in a rigorous way. Besides the above-mentioned factors, one still re-
quires a thorough knowledge of beam characteristics near the focal plane, this includes

beam profile, beam polarization status and light beam geometry, and the possible
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change of nonlinear susceptibilities caused by these factors. All these present a huge
complexity to the problem. In this thesis, instead of attacking the nonlinear micro-
scope problem from a theoretical point of view, we try to present our experimental
measurements and point out what are the most interesting observations without get-
ting lost in mountains of mathematics. Whenever appropriate, we will try to suggest

the possible mechanisms responsible for our observations.
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Figure 2.4: |1 — €'9%|? versus L. It shows that SH radiation is not zero when particle

size is comparable with the wavelength while SH radiation rapidly approach to zero
when particle size decreases.
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Table 2.1: Non-zero Elements of I';jz; For Si(100)

Elements Values
21 —i—(sin(40)
[2292 1€(3 + cos(49))
1922 1¢sin(46)

Fii22 L¢(1 - cos(46))
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Figure 2.5: SHG rotational symmetry of Si(100) and Si(111) measured by the non-
linear optical microscope. ¢ is the experimental data from Si(100) and O is the
experimental data from Si(111). The lines are isotropic fitting.



Chapter 3

Angle-Resolved SHG Scattering From Colloidal Suspension:

Experimental

In this chapter, we describe the experimental setup for our angle-resolved SHG scat-
tering from colloidal suspensions. We will discuss general issues regarding the experi-
ment including the setup, the laser source, the detection system and characterization

of some key quantities.

3.1 Experimental Setup

Fig. 3.1 displays a schematic view of the experimental setup we use for the SHG
light scattering. The experiments were performed using a 76Mhz mode-locked pulsed
Ti:Al;O3 laser pumped by Ar Ion laser. Details about the Ti:Al;O3 laser will be
given in section 3.2. Briefly, the Ti:Al,O3 was set to produce a train of ultrashort
pulses of duration ~ 100fs, at the wavelength of 840nm. We set A=840nm because
at this wavelength, our dye sample, Malachite Green (MG), has big nonlinear SHG
response, and a small two-photon fluorescence response. We will discuss the sample

27
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in Chapter 4. The typical peak pulse power for this laser output is ~ 50KW, which is
good for nonlinear optical experiment. The output of the Ti:Al,Oj laser is p-polarized
(parallel to the optical table and in the plane of incidence).

We direct the fundamental beam to pass through a long pass filter before focusing
into the sample. The long pass filter allows only the 840nm fundamental beam to
transmit while blocking the residual 2w light in the source (i.e., block the 420nm blue
light). This insures we have a pure 840nm fundamental excitation beam, and all the
SHG signal we pick up later on the detector results from the sample. If we choose to
use s-polarized fundamental beam, then we put a prism-pair into the beampath to
effectively convert the light polarization from p-polarized to s-polarized. The prism
pair is shown in Fig. 3.2. The input beam passes through one polarizer before being
sent to a lens to be focused into the sample. The lens we use to focus the beam
is 100 mm in focal length. The beam waist at the sample is ~ 40um in diameter.
The sample cell sits right at the focal point and is also situated at the center of
goniometer. The sample cell is cylindrical glass tube with inner and outer diameter
of 3mm and 5mm respectively. Because of the circular shape of the sample cell, part
of the input energy will be reflected back to the air. It is therefore very important
when aligning the input beam to pass it through the sample cell. A misaligned beam
will usually exhibit a distorted beam profile and significantly less beam intensity, and

it is therefore not that hard to correct the problem.
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T1:Al,O,

Figure 3.1: Schematic of experimental setup for angle-resolved SHG scattering from
colloid suspension. Notation: F:filter, P:polarizer, L:lens, G:Goniometer, S:sample,
L:iris, FB:fiber, MO:Monochromator, PMT:Photomultiplier, C:photon counter. The
filter before sample eliminates 2w light and pass w light, while the filters after sample
can pass only 2w signal. S-direction is perpendicular to the paper, p-direction is
parallel to the paper.
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Figure 3.2: Prism pair. Showing the conversion from p-polarized light to s-polarized
light.
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Scattered signal at 2w was recollimated using same focal length lens, polarization-
selected and then coupled into an optical fiber. The components inside the dashed
outlined box are all mounted on one single rigid arm, which at the same time is
fixed to the rotating plate on the goniometer. The rotating plate of goniometer can
be rotated about the axis through the sample center in both clockwise and counter-
clockwise directions and is perpendicular to the scattering plane. This configuration
makes it possible for us to rotate the whole detection arm when doing the angular
scan without destroying the optical alignment. This is the most important and unique
feature of our apparatus: angle resolution. The low N.A. (i.e. 0.16) detection fiber
together with the ~ lmm iris determined our angular resolution of ~ 1°. The fiber
collimator, which we use to couple the light into the fiber, is model F230SMA-A from
Thorlabs Inc. The AR coating of 350nm ~ 600nm for the collimator makes it ideal
for our SHG signal collection. The optical fiber itself is silica/silica multimode fiber
with glass-cladding. The glass-cladding allows high power, better alignment and it
has better UV transmission compared to polymer-cladding. Finally, the low N.A. (i.e.
0.16) of the optical fiber also makes sure the low beam divergence and uniform spot
size. The typical energy coupling efficiency for this fiber optics system is about 75%.

The output from fiber was recollimated before being coupled into a monochroma-
tor and collected by photomultiplier tube (PMT). A lock-in photon counter (SR400)

was used for signal averaging. We will discuss the detection system later in section
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3.4. Note that after the laser beam passes through the sample, we use two BG39
filters to spectrally filter the unwanted fundamental 840nm beam and pass only the
420nm SHG signal. 1ne transmission spectrum of a typical BG39 filter is shown in
Fig. 3.3. It has about 65% transmission efficiency for our SHG signal, while it com-
pletely blocks the fundamental light. Two BG39 filters can attenuate the fundamental
beam by 12 orders of magnitude. With the additional filtering by monochromator
and PMT, our detection system effectively blocks the fundamental beam by an order
of magnitude of more than 10'” and is optimized to detect the SHG signal. Finally,
the whole experimental setup is well shielded from the room scattering light source
by completely covering them with black cloth. All the measurements are performed
in dark environment. The background noise in our system is less than 1 count per

second.

3.2 T1A1203 Laser

The fundamental light generating source in our experiments is a Coherent Ti:Al,03
laser model Mira 900B. A Coherent Innova 310 Ar ion laser pumps the Ti:Al,O;
in a multiline configuration with 8W. A schematic of the laser is displayed in Fig
.3.4. Table 3.1 displays some of the key parameters about this Ti:Al,O3 laser. The
gain medium is a piece of Ti:Al,03 crystal which sits in the lasing cavity. There

are two different cavities in this laser: an auxiliary cavity and a main cavity. The
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Figure 3.3: Transmission spectrum of BG39 filter. It shows that BG39 is a good low
pass filter while blocking 840nm fundamental beam.



Table 3.1: Characteristics of Ti:Al,O; Laser

characteristic

value

pump source
wavelength range
CW power
mode-locked power
typical pulse width
pulse peak power
repetition rate
spatial mode

polarization

8W Ar ion laser
700-1000 nm

1.5 W at 800 nm
800 mW at 800 nm
80-150 fs

50 kW

76 MHz

TEMgo

horizontal

bandwidth of modelocked pulse 10 meV

auxiliary cavity consists of M1 (output coupler) on one end of the cavity and M9 on
the other end of the cavity with BP1 moving out of the path. (dashed line in Fig.
3.4). This auxiliary cavity is solely for the purpose in the initial laser alignment and
is very useful troubleshooting the laser alignment at the very beginning stage. After
auxiliary cavity alignment is done, BP1 is inserted into the beam path and the lasing
shifted to main cavity which consists of M1 on one end and M7 on the other end. All

the experiments are performed for Ti:Al,O; laser to operate at the main cavity. The
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STARTER M3
BP: Brewster prism L: Focusing lens
BRF: Briefringent filter M: Mairror
BS: Beamsplitter TiALOy: Titanium:sapphire crystal

Figure 3.4: Schematic of Ti:Al,O3 laser. The dashed line part (M8 and M9) is
auxiliary cavity.
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most distinct features about this Ti:Al,O3 laser are its tunability and generation of
ultrashort pulses. The tunability of Ti:Al,O; is achieved by the coupling of the active
medium (Ti ion) to the host crystal (Al,O;3) and by the setting of birefringent filter
(BRF) to select the desired wavelength. Moreover, there are 3 sets of optics (short
wavelength, medium wavelength, and long wavelength), each of which is optimized
for some specific spectrum range. In our experiments in this thesis, we use medium
optics and choose the wavelength of 840nm.

The generation of ultrashort pulse is very critical to nonlinear optical experiments.
In Ti:Al;O3 laser, the achievement of ultrafast, high peak power pulses is through
a passive modelocking process called Kerr-lens modelocking. The idea is that the
initial CW (continuous wave) laser light in the laser cavity consists of a spectrum of
discrete frequencies called modes. These discrete frequencies are decided by the cavity
length with the requirement that each lasing wavelength must satisfy the condition
that precisely an integral number of half wavelengths must “fit” between the mirrors.
When laser is operating in cw mode, the phases between the cavity modes are random.
If by some means we can lock the phase relationships between different modes, then
all these modes will add coherently to form temporal interference, much like the
multi-slit spatial interference. The result will be sharp peak in the temporal space,
i.e., ultrafast pulses.

In Ti:Al,O3 system, an electric mechanical device called starter galvo (shown in
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Fig. 3.4) is inserted in the cavity. After triggered, the starter modulates the cavity
length and thus modulates the cavity modes at a designed speed. The modulation
speed is carefully chosen such that the modulation frequency is equal to the cavity
mode frequency spacing and the addition of the modulated modes will result in each
mode strongly coupled with each other, thus achieving the effect of phase locking. The
mathematics behind this process is excellently detailed in the book by P.W.Milonni
and J.H. Eberly [60]. Once a modelocked pulse is created, it will generate instan-
taneous high power intensity in the cavity. Because the laser crystal itself is also a
Kerr medium, i.e. the active medium has an intensity dependent index of refraction.
This high power intensity will create a gradient index lens, the Kerr lens, where the
center of the beam has a higher index of refraction and the edge will have less index
of refraction. The Kerr lens will therefore focus and narrow the pulsed beam. On the
other hand, the CW beam doesn’t have enough high power intensity to create the
Kerr lens and thus CW beam will have larger beam profile. By putting one adjustable
slit before the output coupler and adjust the slit width (Fig. 3.5) one can make sure
that the narrowed pulsed beam can pass unattenuatedly through the slit while the
CW beam will incur loss at the slit. The result is that the pulse will get amplified at
the expense of the CW beam and finally being coupled out of the laser cavity. This
is the whole basis for the creation of mode-locked ultrashort pulse. Once the laser is

mode-locked, one can optimize the performance by monitoring the laser signal with
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CW Beam Cross Section Modelocked Beam
Cross Section

Figure 3.5: Slit size and beam cross section. (a)Slit full-open. No loss for either
modelocking or CW. Stable mode-locking can’t be achieved. (b)Slit half-open. The
CW beam is partially cutoff while modelocked beam can go through. Stable mode-
locking can be achieved.
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a fast silicon photodiode terminated by a 502 resistor on an oscilloscope.

3.2.1 Pulse Width

In theory, the shortest pulse duration is approximately the reciprocal of the gain
linewidth. However, in a real laser system, the pulse width is complicated by many
factors. An ultrashort pulse is actually formed by the sum of a distribution of wave-
lengths on either side of the center wavelength. The width of the distribution is
inversely proportional to the length of the pulse. Moreover, in order to produce a
short pulse of light from the distribution, the timing or phase between each compo-
nent wavelength must be precisely correct. Otherwise the pulse will not be as short

as it could be.

When one ultrashort pulse passes through optics such as glass, its different fre-

d*n(A

quency components will experience different group velocity dispersions. i.e. =3,

which governs the rate at which the frequency components of a wave packet change
their relative phases, will be different for different frequency components. The group
velocity dispersion (GVD) will cause temporal reshaping of wave packets. This can
be a broadening or a shortening shape change depending upon the initial conditions
(chirp) of the wave packet spectrum. Fig. 3.6 shows example of positive chirp and
negative chirp. For glass material, the pulse is positively chirped. i.e. its instan-

taneous frequency increases from leading edge to trailing edge. Its blue spectral
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Figure 3.6: Chirp in a pulse. (a)Positive chirp. Red frequency components lead the
blue components. This results from positive group velocity dispersion (b)Negative
chirp. Blue frequency components lead the red components. This results from nega-
tive group velocity dispersion
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Figure 3.7: GVD compensation. The positively chirped pulse is compensated when
passing through two Brewster prisms as-positioned.

components will be retarded with respect to the red, creating a systematic variation
of phase with respect to wavelength. In addition to the group velocity dispersion,
pulses in ultrafast lasers are also affected by self-phase modulation (SPM). Due to
the optical Kerr effect, intense light pulses propagating through dense media create a
local index of refraction that is dependent on the light field intensity. Therefore, the
leading and trailing edges of the pulse will cause less change in the index than the
center where the intensity is highest. Frequency components propagating through

the material are thus phase shifted differently depending upon when they occur in
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the pulse. These frequency components are inherently chirped and can broaden the
pulse unless the chirp is compensated. It is known that for normal optical material
such as glass, the chirp which results from SPM has the same sign of the chirp as
that introduced by GVD.

Because there are many dispersive optical elements within the laser cavity, and
because the pulse will bounce back and forth many times within the cavity, the
cumulative effect of even a very small chirp per round trip would create significant
broadening and pulse substructure. Therefore, some method must be employed to
allow the slow frequencies or wavelengths to catch up with the faster ones. Ti:Al,O3
system uses a pair of Brewster prisms to compensate this (BP1 and BP2 in Fig. 3.4).
These two prisms are separated by a distance and oriented in a specific way with
respect to each other. The net GVD of this prism pair is negative as shown in Fig.
3.7.

The advantage of the prism pairs is that it is very easy to adjust the GVD com-
pensation by simply changing the amount of prism glass within the cavity. One
achieves this by just translating the prism into or out of the beam path more or less.
Moreover, experience shows that this GVD has big impact on the stable operation
of laser mode-locking. Therefore. adjustment of prism pairs is sometimes very useful

for trouble-shooting the mode-locking problem.
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3.3 Autocorrelation

Ultrashort pulse is essential in performing nonlinear optical experiment. To quan-
titatively have idea of the peak power intensity, upon which SHG is quadratically
dependent, is also very critical. Autocorrelation is the technique we use to measure
the width for our ultrashort pulse. We built the autocorrelation apparatus as shown
in Fig. 3.8. The autocorrelator is essentially a nonlinear optical interferometer, it

detects the autocorrelation function [61, 62, 63, 64).

S(t) = / E;(£)E.(f — A(t))dt . (3.1)
Here E(t) is the electric field envelop function for the pulse. Subscripts “f” and “v”
indicate the copies of pulse at the “fixed” and “variable” arms respectively (explained
below), and A(t) is the time difference introduced by the autocorrelator between the
fixed and the variable copies of the pulse.

The Ti:Al;O3 ultrashort pulse enters the autocorrelator and is split by a 50/50
beam splitter. One copy of the pulse travel along the “fixed” arm which has two high
reflective mirrors mounted on a speaker which is vibrating at 60Hz. Another copy
of the pulse travel along the “variable” arm on which two mirrors are mounted on a
translation stage and can move the beam at directions shown in the Fig. 3.8. The
two copies of pulse meet at the lens but separated at a distance ~1lcm. The lens has
a focal length of 100mm and it focuses the two beams to a point inside a nonlinear

crystal. We used a 0.4mm thick KDP crystal cut for type I phase matching. i.e. the
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Speaker

PMT MA

Figure 3.8: Schematic of autocorrelator. Notations: M:mirror, BS:beam splitter,
L:lens, KDP:nonlinear crystal, IL:iris, F:filter, PMT:photomultiplier. The thick line
represents autocorrelated SHG signal.
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Figure 3.9: Diagram showing type-I phase matching. The direction of ksy¢ is differ-
ent from ky and k, .

phase matching condition requires that
ks +ky = ksne- (3.2)

As shown in Fig. 3.9, this non-collinear phase matching separated the fundamental
beams from the generated SHG, it is therefore well suited to detect the SHG with
considerably less background noise. After careful alignment with both copies of pulse
overlaying both spatially and temporally, we can observe the autocorrelated signal

on an oscilloscope. We use following methods to decide the pulse width. We first
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measure the width of the autocorrelated function, say Atinitiai, then the translation
stage with the reflecting mirrors is moved ~ 50um. This changes the round trip
distance for the variable arm by 100um, corresponding to 300fs. (speed of light has
a value of 0.3um/fs). The corresponding autocorrelation function envelop on the
oscilloscope will shift by some amount of ms, denoted by At,iy:, then the width of

the Ti:Al,O3 pulse is obtained:

2L Abinitial

. 3.3
cQtshife (33)

Atri:ao; = 0c

Here L is the distance translation stage moved, . = 0.648 is a factor that relates the
autocorrelation envelop function width of S(t) to the true pulse width of E(t). For
Mira pulses, the S(t) trace is described by a sech? and the appropriate conversion
factor is 0.648 [65].

Our measurements of Ti:Al;O3 laser pulse width at A=840nm is ~ 106fs.

3.4 Signal Detection

In this section we discuss the detection part of the experiment. We design our detec-
tion system such that they will be optimized for our SHG collection while filtering
out the fundamental light. Also, the ability to detect small signal while maintaining
decent signal to noise ratio is also our concern.

The monochromator we use is Thermo Vision MonoSpec 18. The grating has

a groove of 1200 g/mm blazed at 300nm. We use lmm slit at both the entrance
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and exit window to block scattering background noise while maintain decent signal
throughput. Before the entrance window, there is always a BG39 filter to cut off
the fundamental beam. We use a cooled Hamamatsu side-on PMT model R4220P
to collect the SHG signal exiting from the Monochromator. This PMT has a bialkali
photocathode with a gain of 1.2 x 107 at a bias voltage of 1150V, a rise time of 2.2ns,
and a quantum efficiency of ~ 20% at a wavelength 420nm (see Fig. 3.10). The PMT
is cooled to —20°C by a Products For Research liquid heat exchanged, thermoelectric
cooled housing model TE177RF. This configuration greatly reduce the thermal noise
in the detection system. We also cover the whole experimental setup by a black cloth
to well shield the setup from room scattering light. Our detection system thus built
has less than 1 count/second noise.

One important characteristic about PMT is the pulse height distribution. This
characteristic is critical to the discriminator level setting on the photoncounter. Usu-
ally, the PMT output exhibits fluctuations in the pulse height and one has to set
the discriminator level such that we discard most of the noise while pick up as many
as signal photons as possible. We measured the pulse height distribution curve for
our model PMT and it is shown in Fig. 3.11. From that curve we can decide the
correct level to set the discriminator level (shown as vertical line in the Figure) is
30mV. The photoncounter we use is Stanford Research System Model SR400 gated

photon counter. The gated photon counter is an integrated photon counting system
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Figure 3.10: Quantum Efficiency for Hamamatsu PMT model R4220P. The efficiency
at A = 420nm is ~ 20%
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that consists of amplifiers, discriminators, gate generators, and counters. It has dual
channel photon counter and a variety of counting modes to match different needs. In
the SHG scattering from colloid suspension experiment, we use single channel photon
counting. In Chapter 6, we will discuss one technique to use dual channel photon

counting.



Chapter 4

Angle-resolved SHG Scattering From Colloidal Suspension: Sample

In this chapter we discuss the samples we used in our angle-resolved SHG scatter-
ing experiments. We discuss sample preparation, sample characteristics, and some

characterizations relevant to our SHG scattering experiment.

4.1 Malachite Green

Malachite Green (MG) is a water-soluble triphenylmethane dye [66]. Our MG sam-
ple was purchased from Sigma Chemical Company [67]. The basic specifications of
Malachite Green are tabulated in Table 4.1. The molecular structure is shown in Fig.
4.1.

Malachite Green is very easy to dissolve in the water. When in water solution,
Malachite Green usually takes on different ionized forms depending upon the solution
pH [66, 68]. When solution pH is below ~ 1.5, MG will take the form of MG*+. If
solution pH value is between 2 and 7, MG will take the MG* form. When the
solution pH value is larger than 7, MG will react with hydroxyl ions of the water to

51



52

N(CHs),

N(CHs;),

Figure 4.1: Molecular structure of Malachite Green hydrochloride. Three phenyl
groups are attached to the central carbon atom. But only two amine groups N(CHj3),
present.
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Table 4.1: Specifications of Malachite Green Dye

item specifications

Aldrich Catalogue No. 21,302-0

Sigma Product No. M9636
Molecular Form Cy3Ho¢N2O-HCI
Formula Weight 382.94

Adsorption peak in water 615 nm

Solubility H,O

form color white MGOH. In reality, all three ionized forms exist in the solution and
one particular form dominates within the specific pH value range.

For Malachite Green to actively react with negative charges such as the negative
surface charges on colloidal Polystyrene particles, MG™* has to be the major form
of MG. This MG is also the stable stock solution form. Therefore, in our experi-
ment, we keep the solution pH value at ~5.7. We achieve this by adding appropriate

hydrochloric acid (HCI) to control the ionic strength.

4.2 Polystyrene Particle

Our Polystyrene particles were purchased from Bangs Laboratories, Inc. We used 3

different particle sizes. The specifications of the microspheres are summarized in Table
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Table 4.2: Specifications of Polystyrene Microparticles

item D=0.98um D=0.70um D=0.51pm
Catalog Code PCO3N PCO3N PCO3N
Bangs Lot Number 987 860 2164
Standard Deviation(um) 0.04 0.04 0.03
Surface Functional Group COOH/1 COOH/1 COOH/1
Density of Solid Polymer(g/ml) 1.060 1.060 1.060
Parking Area (A?/Surface Group) 63.9 32.0 52.5
number of surface charges (x10%/particle) 4.72 4.8'1 1.56
Inorganic salts ~0.05% ~0.05% ~0.05%

4.2. Note that D is the particle diameter, the surface charge number is calculated
based upon the parking area. The inorganic salt concentration is the value that came
with the source solution. We usually dilute the solution about 1000 times when we
prepare our experimental samples, therefore, in our experimental sample solution, the
inorganic salt solution was about 10uM. All source samples have 10% solids content.

All three particles have negative surface charges due to the surface functional
group —COO~. These carboxyl groups provide an attractive electrostatic interaction
for the positive MG*. Also, the negative charges provide a hydrophilic surface and

provide colloidal stability.
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4.3 Sample Preparation

We prepare our samples by mixing Malachite Green and PS particles using Deion-
ized Ultra Filtered (DIUF) water at varying concentrations. To illustrate, we give
the process for preparing one sample of PS+MG suspension, with PS particle size of

0.70um and density of 6.3 x 10®/e¢m3, MG concentration at 7uM.

(1)Prepare 500ml DIUF water, add proper HCI to make the solution pH at about

5.7.

(2)Weigh 22.5mg of Malachite Green source sample, mix them with 50ml water
from (1).

(3)Get 0.5ml solution from (2) and mixed it with 50ml water from (1). Now we
get MG solution of ~ 10uM.

(4)Get 7.0ml MG solution of (3) and mixed it with 3.0ml water of (1). Now we
get MG solution of ~ TuM.

(5)Get 11.3ul source solution of D=0.70um PS microsphere and mixed it with the
10ml solution of (4). Now We obtain the suspension with PS particle density about
~ 6.3 x 10® particles/cm?.

(6)Double check the solution pH value and adjust if necessary.

The sample made this way looks light green in color and transparent. And it
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is found that after 2 or 3 days idle, particles settle at the bottom of sample cell.
Therefore, all our measurements are performed with fresh-made sample and they are

quite uniform within the time period of our measurements (which is typically about

2 hours).

4.4 Adsorption Isotherm of Malachite Green on Polystyrene Particles

As a popular dye, Malachite Green has been extensively studied in a variety of fields.
Mostly, the interest has been focused on the internal conversion mechanism of this dye
that involves the twisting of molecular constituents around single or double bonds in
the excite state (69, 70, 71]. These studies can provide ultrafast dynamics about the
barrierless isomerization of the excited state [72, 73, 74, 75|, and these in turn provide
insights about the fluorescence quantum yield of these dyes on solvent viscosity [76, 77,
78, 79]. Recently, the SHG technique has been used in studying these processes (80,
81, 82, 83]. In addition, polarization spectroscopy was also used to obtain quantitative
values of the nonlinear susceptibility of dye solutions [84, 85].

In our work, we use SHG to study the adsorption isotherm of Malachite Green
on Polystyrene particles. As we show in Chapter 2, SHG is unique in studying the
surface process. Also, the studies of the MG adsorption isotherm will better serve
our goal to study SHG light scattering from particles. The adsorption isotherm can

serve as one characteristic of our sample.
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Table 4.3: Geometrical parameters of lens used in Fig. 4.2

lens focal length (mm) diameter (in.)

f, 100 1
f,b, 70 21
f 200 3
f, 50 1
fs 50 1

4.4.1 Experimental Setup for Adsorption Isotherm

Fig. 4.2 is the schematic view of the experimental setup for MG adsorption isotherm
measurement. This setup is different from the angle-resolved light scattering setup
(Fig. 3.1). We don’t use the goniometer here. Moreover, instead of using an optic
fiber to collect signal, we use large diameter lens to collect the SHG signal. This
configuration increases the signal. Table 4.3 lists the geometry of lens used. In this
way, we collect SHG signal over a large solid angle, and obtain a better signal-to-noise

ratio. The laser source and detection system are as described previously (Chapter 3).
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Figure 4.2: Schematic of experimental setup for adsorption isotherm. Nota-
tions: M:mirror; F:filter; Liris; f1-f5:lens; S:sample; P:polarizer; M:monochromator;
PMT:photomultiplier; C:photon counter.
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4.4.2 Results of Adsorption Isotherms and Discussions

The SHG signal we detect is due to MG molecules adsorbed onto the surface of
microspheres as described in Chapter 2, and from MG molecules mainly in bulk
solution. The signal from the bulk solution is actually two-photon excited fluorescence
(discussed in Chapter 5). This two-photon excited fluorescence signal was found to
be about 200 times smaller than the SHG from particle surfaces in the systems we
studied. The detected SHG intensity was therefore approximately proportional to

square of the coverage of MG molecules on the particle surface, i.e.

), (4.1)

where Ij is a constant to be decided by fitting, Ny,,; is the maximum number of sites
per unit volume and N is the number of adsorbed molecules per unit volume. By
measuring the SHG intensity versus the added Malachite Green concentration, we
obtain adsorption information about the Malachite Green of the particles, i.e. the
adsorption isotherm. We show the adsorption isotherm for MG on three PS particles
in Fig. 4.3. We fit the data using the following expression derived from modified

Langmuir model (see Appendix A).

N (C+ Npor +55.5/K) — \/(C + Npagz +55.5/K)? — 4CNpnoz
~'Vma:r - 2Nma:: '

(4.2)

The best fits are shown as lines in Fig. 4.3. Here C is the MG concentration in uM, K

is the equilibrium constant of the adsorption reaction in unit of (uM)~!. Our result
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Figure 4.3: Adsorption isotherm for Malachite Green on polystyrene particles. The
solid lines are fittings to the modified Langmuir model. The Polystyrene particle
concentration is 6.3 x 10%/cm3.
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Table 4.4: Fitting parameters for MG Adsorption Isotherm

diameter(um) I Nioz(uM) K((pM)™!)
0.98 193227.39 0.99 851.72

0.70 105261.69 1.06 1123.13
0.51 7297.03 0.35 1214.79

fits pretty well with theory. The fitting parameters for 3 particles are tabulated in
Table 4.4.
In the limit where the Malachite Green concentration is very smali, it is easy to

show that

N K
ml“m " NmazK + 55 (43)

That is, when Malachite Green concentration is very small, the adsorption of MG on
PS particles is linearly proportional to the MG concentration. The observed SHG is
therefore quadratically dependent on the solution concentration within this region.
Fig. 4.4 shows the observed SHG versus the MG concentration. The solid line is the
fit to equation (4.3), a straight line with slope 1.9 on a log-log plot suggests that the

MG adsorption on particles is indeed linear when MG concentration is low.
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Figure 4.4: SHG intensity versus Malachite Green concentration when MG concen-
tration is low. The solid line is fitting to equation (4.3). The fitting slope is 1.9
suggesting the linear adsorption of MG on PS particles when MG concentration is
low. The particle concentration is 6.3 x 108/cm?® and of size of 0.98um in diameter.
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4.5 SHG Dependence on Particle Concentration

We have also characterized our samples by measuring the SHG signal versus the
particle concentration in the saturated MG adsorption regime. The result is shown
in Fig. 4.5. A slope of 0.91 from fitting suggests that the SHG is linearly dependent
upon the particle concentration, i.e. the signal is due to an incoherent sum of each
particle. Note also that the average interparticle distance in our samples is > 15um,
much larger than any coherence length associated with the process. This result will
be important when we try to understand the angle-resolved SHG scattering from

particles in chapter 5.

4.6 Effect of Electrolyte on SH Generation

We have described the simple SHG theory in Chapter 2. However, for charged sur-
face, there is another possible SHG source, due to static electric field in the bulk
solution just outside the charged particle surfaces [86, 87, 35]. We next consider the
contributions to SHG from this source.

The SH Generation from solvent molecules polarized by the charged interface is

decided by third-order nonlinear polarization
P{)(2) = XV Euy Buo Ei(2). (44)

where x(® is the third-order nonlinear susceptibility and E; is the static field near
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Figure 4.5: SHG Intensity versus particle density. The Malachite Green concentration
is TuM, which is enough to saturate PS particles. The solid line is linear fitting with
a slope of 0.91 which suggests that particles contribute to SHG incoherently.
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the particle surface. We choose z as the distance from the interface. 2 is normal to

interface.

The total induced third-order polarization is obtained by integrating from the

interface, z=0, to z=oo where the electric field decays to zero, i.e.
3) *
P2wo =/ X(S)EuoEoni(Z)dz' (45)
0

Assuming that the water density doesn’t change much, such that x(®) can be viewed

as z-independent, carrying out the integration we get
Py = xWE, E, $(0), (4.6)

where ®(0) is the surface potential. ®(oo) is the potential in the bulk and is set to

zero. $(0) can be calculated (Appendix B) and obtained as following

®(0) = ?;—Zsinh"l (o

T

2¢kTC )

(4.7)

where C is the total bulk electrolyte concentration, k is the Boltzmann constant, T is
the temperature, Z is the valency of electrolyte ions, o is the surface charge density
and e is the dielectric constant of the bulk solution.

Plugging equation (4.7) into equation (4.6) and also including the contributions

from 2nd-order polarization, we write the measured SHG intensity as:

2kT

o T
Isyc = lx(2)Eonwo + Zx(s)EuoEuosmh Yo

2¢kTC

)2 (4.8)
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Using the fact that sinh~'z = In(z + v/z2 + 1), we can rewrite equation (4.8) as

2
Isnc = |a1 + azln(% + V 1+ % )|2, (49)

where a;,a;,a3 are fitting parameters and C is the electrolyte concentration. To exam-
ine this theory, we prepare two different samples. One is the pure PS microparticles
suspension of D=0.98um with a density of 6.3 x 108 /cm3, another one is the PS+MG
suspension with same PS as first sample but also with MG concentration of 7uM.
We add the electrolyte KCl into these two samples to make a range of solutions with
salt concentrations from 0.01M to 0.5M. We measure the SHG response. The results
are shown in Fig. 4.6 and Fig. 4.7. The solid line in Fig. 4.6 is the fitting using
equation (4.9). It is clear that for the PS only suspension, the electrolyte ions induce
a third-order polarization and the measured SHG does indeed follow equation (4.8).
The fitting results are a;=23.40, a;=-2.86 and a3=276940.7. However, for PS+MG
suspension, we didn’t observe the SHG dependence on C. Therefore, it is concluded
that in PS+MG suspension (the sample we use to do angle-resolved SHG light scat-
tering), the x® contribution to SHG is negligible (the x® contribution is less than

1073 of the signal size from PS+MG).
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Figure 4.6: SHG dependence on electrolyte concentration for PS only suspension.
The solid line is fitting to equation (4.9).
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Figure 4.7: SHG dependence on electrolyte concentration for PS+MG suspension.
The SHG doesn’t obey equation (4.9).



Chapter 5

Angle-resolved SHG Scattering From Colloid Suspension: Data and

Analysis

We discussed the experimental setup and the samples in Chapter 3 and chapter 4
respectively. In this Chapter, we will present our data from the measurements of

SHG scattering from colloidal suspensions. We also provide a corresponding data

analysis.

5.1 Two-photon Angular Profile for Malachite Green Solution Only

We first present the two-photon angular profile for MG solution only. There are some
subtle concerns we need to address first. First of all, in our previous discussion of
the MG adsorption isotherm on PS, the SHG signal dominated over the background
two-photon signal from the MG molecules in solution because we collected the signal
over a large solid angle. In our SHG angular scan experiments, however, we use an
optical fiber to collect the signal. The very small collection solid angle of the fiber
greatly reduces the overall signal intensity. Secondly, the two-photon signal from the

69
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bulk MG molecules has its biggest contribution in the forward scattering direction,
while the SHG scattering at forward direction is zero (discussed later). Meaningful
angle-resolved scattering results require that we take these background contributions
into account, especially in the forward direction.

In light of above-mentioned factors, we first report the angular scan for pure MG
solutions of the same 7uM MG concentration. Throughout this chapter, we maintain
the same excitation power and geometry for all measurements to insure consistency of
comparison (variation in peak intensity was held within 2% fluctuations). To better
illustrate the experimental geometry, we show in Fig. 5.1 the s-polarized and p-
polarized directions and the input beam and detection beam geometry. We also show
the scattering angle 8. The scattering plane is the xz plane. Note that we also show r
as the coordinates related to detector, and r’ as the coordinates related to nonlinear
source (MG molecules on the particle surface). The origin is at the particle center.

Fig. 5.2 shows the angular profile for two-photon signal from MG solution for
the polarization configuration of p-in/p-out and s-in/p-out. In Fig. 5.3, we show
the angular profile for the polarization configurations of p-in/s-out and s-in/s-out.
The most important feature is that in the forward direction (# = 0°), the signal is
strong and then quickly drops as the scattering angle increases. This big forward
scattering arises because the largest scattering volume is in the forward direction,

analogous to linear light scattering case [88]. For pure MG solution, the two-photon
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Figure 5.1: Schematic of experimental geometry for SHG scattering from colloidal
suspensions. The origin is at the particle center. 8 is scattering angle. r and r are
coordinates related to detector and source respectively.






