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ABSTRACT
New experimental methods involving vibrational and electronic
spectroscopy of thin films and surfaces have been developed.

Optical

waveguides have been used to generate large optical field enhancements
i n thin films and on metal surfaces.

These fields have been used for

sensitive coherent Raman scattering and two photon absorption.

Surface

monolayers have been observed by the coherent Raman experiments and two
photon absorption at the ppm level has been observed.

The electronic

spectra of surface species has been examined by resonantly enhanced
surface second harmonic generation.
have been obtained.

Spectra of p-cresol and carbazole

Experimental conditions and limitations of this

method are described.

x

CHAPTER 1
INTRODUCTION
1.1 Thin Films, Surfaces and Multiphoton Spectroscopy
Thin films and surfaces have many unique and interesting
properties.

These properties make them useful in many chemical and

physical processes.

In Chemistry, the catalytic phenomena associated

with surfaces is of great concern.

Many important reactions depend on

catalysts, however a detailed understanding of catalytic behavior is not
yet known, especially with regard to surfaces.
i n a vast array of technological processes.

Thin films are important

These range from

photoconductive polymer films to semiconductor integrated circuits.
The specific properties and function of a thin film or surface
depends ultimately upon the microscopic molecular structure of these
system and their interactions with their surroundings.

A basic probe

into molecular structure, interactions and dynamics has been
spectroscopy.

In particular, electronic and vibrational spectroscopy

has given great insight into molecular stationary states and the time
evolution of molecular processes.
In this work, several new optical methods have been developed to
advance the understanding of thin films and surfaces.
1

Sensitive

2

electronic and vibrational spectroscopies have been applied to surface
monolayer studies and thin film characterization.

The methods developed

involve multiphoton interactions and utilize the special properties of
optical waveguides.

The methods examined are Thin Film Two Photon

Spectroscopy, Surface Second Harmonic Generation and Thin Film and
Surface Coherent Raman Scattering.
1.2

Review of Relevant Literature

A survey of the literature regarding thin films and surfaces
reveals the importance and growth in these areas.

The striking

diversity of experimental techniques applied to thin films and surfaces
shows that no single, or small group of methods, can properly
characterize these systems.

The new experimental methods developed in

this work provide information regarding the vibrational and electronic
states of molecules bound to surfaces or contained in thin films.

The

present techniques used to study these systems have provided important
information, but have in general lacked the sensitivity and versatility
for many thin film and surface investigations, especially in the area of
vibrational spectroscopy.

These techniques will be reviewed to give a

proper perspective for the new developments presented herein.

The

discussion shall begin with vibrational spectroscopy.
The first use of optical waveguides in the spectroscopy of thin
films and surfaces was the work done by Swalen, Rabolt and coworkers. 1
In these experiments, thin polymer films were fabricated into optical
waveguides and probed by spontaneous Raman scattering with adequate

3

sensitivity to study the bulk film.

They also probed thin polymer films

on optical waveguide surfaces by spontaneous Raman scattering using
evanescent fields.

The maximum sensitivity achieved in this experiment

could only measure films 100 A thick.
Coherent anti-Stokes Raman scattering (CARS) in a thin film,
generated by surface electromagnetic waves, was first observed by Shen
and co-workers. 2

In this experiment the spectrum of a 0.1 pm layer of

benzene was recorded above a silver surface by interaction with surface
plasmons.

Calculations showed the ultimate sensitivity for this method

could be at monolayer coverages, however the power densities required
for these experiments exceed the damage thresholds of the materials
required.

Stimulated Raman gain, another nonlinear Raman technique, was

developed for surfaces and monolayer detection.

This technique,

developed by Heritage, has yielded the Raman spectrum of a monolayer of
p-nitrobenzoic acid on sapphire. 3 Great experimental complexity and
destructively high laser powers have kept stimulated Raman gain from
becoming a versatile surface tool.

Surface CARS developed in this work

attempts to overcome the limitations of these previous methods in
surface science, as well as provide a sensitive thin film Raman probe.
Electron and photoelectron spectroscopies have provided a great
deal of information with regard to vibrations at surfaces.

The most

valuable technique perhaps has been electron energy loss spectroscopy
(EELS) which requires ultra-high vacuum conditions (10-H torr) and
unusually well characterized, single crystal surfaces. 4

There has also

4

been considerable surface vibrational work done by infra-red absorption
and Raman scattering on powders, and by surface enhanced Raman
scattering (SERS) which has been used to study roughened noble metal
surfaces. 5

These latter methods either lack site selectivity or

application'to arbitrary surfaces.
Surface second harmonic generation (SSHG) has developed into an
important tool for the study of surfaces and interfaces and has recently
been applied to the electronic spectroscopy of surface adsorbates. 6
pioneering work in this area has been done by Shen and coworkers.

The
The

original SSHG experiments were done at roughened silver surfaces where
surface field enhancements were studied.
molecule observed by SSHG./

Pyridine was the first

This was done at a roughened silver surface

- aqueous solution interface.
The electronic spectra of surface adsorbates has been obtained
by electronically resonance enhanced SSHG.

Two rhodamine dyes were

adsorbed onto optically flat silica surfaces and resonantly enhanced
spectra were recorded by scanning the input laser through the
adsorbates' two photon resonances while measuring the second harmonic
power. 8

These experiments provided the motivation to further develop

SSHG as a surface spectroscopic tool.

Electronic spectra of surface

adsorbates has also been obtained by photoelectron spectroscopy and one
photon fluorescence from powdered samples. 9
Two photon spectroscopy of thin films has been a vastly
untouched area, however the theory and experimental apparatus for two

5

photon spectroscopy have been sufficiently developed to give support to
this type of thin film research. 1 0

CHAPTER 2
THEORETICAL DESCRIPTION OF METHODS
2.1

Introduction

The experimental techniques and methods developed in this thesis
are new in their application to thin film and surface spectroscopy.

In

order to understand the experimental methodologies and results obtained
from this work, the theory governing the effects used will be reviewed
with an emphasis on the relevance to thin films and surfaces.

The

principles of thin film optical waveguides shall be reviewed f i r s t ,
followed by an explanation of waveguide two photon spectroscopy and
resonantly enhanced second harmonic generation.

Finally, coherent Raman

scattering and i t s special union with optical waveguides will be
discussed.
2.2

Optical Waveguides

The incorporation of thin film optical waveguides into molecular
spectroscopy is an important advance for the study of thin films and
surfaces.

The characteristics of optical waveguides that allow unique

spectroscopic applications can be understood from several points of
view.

Using geometrical or ray optics, with a description of the phase
b

7

of the wave associated with the ray, the eigenvalue equation describing
the allowed guided modes of the waveguide can be obtained.

However, to

obtain a complete description of the waveguide modes, including the
field intensities at all points in space, the Maxwell equations must be
solved with solutions that satisfy the boundary conditions at the
dielectric interfaces.
We begin with a schematic description of the asymmetric slab
waveguide.

In Figure 1 the three regions of the waveguide and the

associated terminology are shown.

Usually d is on the order of 0.5 to

3.0 ym and the indices of refraction are such that ni > n2, n3.

From a

geometrical optics point of view, the guiding of a light beam can be
thought of as a series of consecutive total internal reflections at the
n3/ni and ni/n2

interfaces as in Figure 1.

makes with the boundary must satisfy both

The angle that the ray

COSQ

for total internal reflection to take place.

< n3/ni and coso < n2/ni

Not all angles smaller

than the critical angle 0 C allow the propagation of a guided mode.

The

angles of mode propagation can be obtained, along with a complete
description of the fields, by solution of the Maxwell equations which is
outlined below. 1 1
In charge free materials, with magnetic permeability equal to the
free space value y 0 , the Maxwell equations read:

+
2
+
V x H = nj e 0 E

(2.1)

V x E = -no H

(2.2)

Surface
Experimental
Region n ?

Film

Substrate n

Surface Experimental Region

Substrate

Figure 1. Waveguide terminology and geometry.
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V • H = 0

-

V • E = 0.

(2.3)
(2.4)

Here H is the magnetic field, E is the electric field, nj is the
refractive index, e 0 is electric permativety and y 0 is the magnetic
permeability.

• denotes time derivatives.

We seek a wave equation that describes the fields in a waveguide.
Taking the curl of equation 2.2,

V

X

(V

X

E) =

-PO

V

X

(H) = -y 0 _4
dt

(V

X

H)

and using equation 2.1
.
=

-wo

•

2
;
( n j eo E )

••

=

2 -v
-uoGo n j E

With the vector identity V x (v x E) = v(v»E)

we

obtain the wave

equation for E:
9?
2 •>
V E - u0eonj E
I f the time dependence of the fields are assumed to be ei w t and
= oj2 p 0 e 0 , then
v2e + k 2 nj(x)E = 0

Note here the x dependence of the refractive index is explicitly
exposed.

Similar considerations yield a wave equation for H:
V 2 H + k 2 n j ( x )H = 0.

(2.5)

The solutions to these equations and thus the modes of the
waveguide can be classified as either TE - transverse electric or TM transverse magnetic.

The TE modes have electric fields confined to the

plane defined by the interfaces and have no electric field component in
the direction of propagation.

TM modes have their magnetic fields in

the plane with no components of H in the propagation direction.

Since

only TE guided modes are used i n the experiments presented here the
detailed discussion will be limited to them.
TE

and H z .

modes by definition have only three field components

Ey, Hx

I f we assume the z dependence of the guided modes to be e~i0 z

with 3 being the projection of the wave vector k onto the propagation
direction:

e = knjcose and k = 2ir/x, and assume there i s no dependence

of the fields i n the y direction, the

TE

modes will have the form:

E T E = E y (x)e 1 (wt - pz)

(2.6)

which i s a traveling wave i n the positive z direction with phase
velocity v = w/p.

Introducing E je into equation 2.5 and omitting the

common factor e ^ ^ ~

Pz)

the equation for

E y (x)

i s obtained:

(8 2 E y /3x 2 ) + (nj(x)k 2 - f ? 2 ) E y = 0.

(2.7)

The field distributions for the TE modes i s then given by
solutions of equation 2.7 incorporated into equation 2.6.

The

solutions of 2.7 must satisfy the boundary conditions at the two
interfaces x = o and x = -d and the physically reasonable constraint
that

E y (x)

vanishes at x = ± ».

The boundary conditions for dielectrics

require that the tangential components of H and E be continuous across

11

the boundary.

For the TE mode case, this means that Ey and H z are

continuous at both -d and 0.

With these requirements the solutions for

Ey are
Ey

= Ae - ( S x

nj(x)
n3

x>o
+ Bsincx

= ACOSKX

= (Acosicd - BsinKd)eT(x + d)

o>x>-d

ni

x<-d

n2

The parameters 6, k, and y, which are functions of the refractive
indices, k and 0 are given below:
6 = ($2 - n g2|<2)l/?
K = (ni 2 k 2 - e 2 ) 1 ^
Y
The solutions
at x = ±».

Ey

=

(8 2 - n2 2 k 2 )^ 2

immediately satisfy the boundary conditions and vanish

The fields H x and H z can be obtained from equation 2.2 and H z

i s explicitly evaluated to check the boundary requirements.
Equation 2.2 shows that
n o 3 H x /at

=

3 E y /3z

and

y 0 3 H z /st

=

9 E y /8x

which can be simplified to
Hx

=

-(e / i i ) y 0 ) E y and H z = (i/tovio)3^y/3x.

From the last relationship
H z = ( - i 6/(Dp 0 )Ae" 6 x
= ( i K /( JOP 0 ) (Asin<x -

x>o
BCOSKX)

= (iy/Wo) (Acos<d - Bsimcd)eY( x + c | )

o>x>-d
x<-d

These solutions do not obey the boundary condition for ft, but i f we
require H z to be continuous at x = 0 and x = -d we obtain

12

6A + «B = 0

and

(icsinicd - ycosicd)A + (KCOS<d + ysin<d)B = 0
This system of equations only has solutions for A and B i f the
determinant of coefficients is zero.

Thus

6(<cosicd + ysin<d) - K(<sinicd - ycos<d) = 0,
which can be written as
tanicd =

K(Y

+ d)

( I C ^ - Y<S)

This i s the important eigenvalue equation that i s satisfied by the
proper 3 values, which give the allowed angles for the guide modes.

We

also have obtained the field solutions in the film, substrate and
experimental region.

The solution i n the experimental region represents

the important evanescent field that i s useful for surface spectroscopy.
For the experiments presented here, the 1/e points of the fields are
about 100-300 A above the waveguide surface.
Finally, the constants A and B must be evaluated.

These

constants can be related to the power carried by a particular mode.
the waveguide, the power i s carried i n the z direction, so that the z
component of the Poynting vector i s required.
S z = l/2Re(E x H*) -e z
S z i s integrated over the infinite dimension of the guide wave
solutions:
p

1/2 / EyH x * dx = l/2wp 0 / f Ey | 2 d x >
— OO

—00

In

with P being the power transported.

Evaluation of the integral gives

the power flow per unit length y and allows the evaluation of A.
= 4 K 2 U ) IJ 0 P/ | 3 | [d + (1/ Y ) + (1/y)3

+

<S^)

Thus i f P i s given for a particular mode, then the complete description
of the fields can be calculated.

A diagram of the modes TEo, TEj and

TE2 i s given i n Figure 2.
The modes of a waveguide can be excited by a number of
methods. 1 2
couplers.

These include "head on" or direct, grating, taper, and prism
The experiments reported here have exclusively used prism

coupling, which has given coupling efficiencies up to 30%.

The theory

behind the prism coupler has been developed extensively and requires the
use of coupled mode theory.

Presented below are some simple ideas to

guide the experimentalist.
The prism coupler consist of a right angle prism with a 45° apex
angle.

Prism and waveguide surfaces that are scrupulously clean are

joined together by a clamping mechanism.

Theoretically the prism-

waveguide interface requires a small air gap of about one half the
wavelength of light used, however this i s usually beyond experimental
control and i s adjusted empirically.

The important condition for

efficient coupling i s
kpsin© =

3,

where kp i s the beam wavevector i n the prism,
and the waveguide normal, and

3

0

i s the angle between k p

i s the wavevector in the waveguide.

Thus, for coupling, each guided mode will have a particular "coupling

Coupling
Prism
Film
Substrate

TE,

Figure 2. Prism coupling and field distributions.
(a) Thin film optical waveguide with coupling prism
(b) Electric field distributions for TE , n = 0,1 and 2
n

15

angle" with respect to the prism face normal.
calculated from the 0 values.

These angles are easily

The prism coupling geometry i s shown in

Fi gure 2.
2.3

Two Photon Spectroscopy

Two photon spectroscopy i s an important technique for
understanding the electronic structure of molecules.

The spectral

information gained by this technique i s complemented by one photon
spectroscopy, and together the understanding of molecular excited states
i s greatly increased.

The primary reason that two photon absorption is

important i s that many molecular excited states are not accessible by
single photon optical transitions.

This i s so because of the symmetry

restrictions on the electric dipole matrix elements.

These states

may, however, be allowed by two photon absorption, which possesses a
different set of selection rules.

An additional and important feature

of the two photon process is i t s unique polarization dependence.

The

polarization dependence can be used to determine the symmetry of the
excited state entered by the two photon absorption. 1 2

This has

applications for understanding the interactions of molecules with each
other and there surroundings in dense media.
The quantum mechanical expression governing the two photon
transition rate was f i r s t given i n 1929 by Maria Goppert-Mayer, who used
an extension of Dirac's dispersion theory. 1 4
present here i s from Lin: 1 5

The modern expression

wi-f

=

hL (2.1®.-) 2 I oj£ I to£' a ) £ t u £' I
-fi 2
c

sif

I

2

with the molecular scattering tensor
^if

=

1

| e£"R| m><m| e£»R | i> +

m

<f |

^mi ~

• R | m><m | e£"R| i>
u i ~ wfm

Here R = I er-j , where r-j i s the i t h electron coordinate,
i s the unit
i
polarization vector, I-j i s the intensity of the i t h beam, o)£' = u f i - uj£
and <f | , <m |

and | i> are the final, intermediate and i n i t i a l states

respectively.

A photon diagram of this process i s given in Figure 3.

From these expressions, the important features of two photon
absorption can be seen.

First the transition rate depends on the

product of the two input intensities I i and I2, and in the case of
degenerate beams, I i = 12» depends on the square of the input
intensity.

The two photon scattering tensor contains all the

molecular information:
resonance conditions.

electronic states, polarization dependences, and
The summation over the states m, called virtual

states, i s a sum over the complete set of eigenstates of the unperturbed
•

Hamiltonian.

A

+

-

The matrix elements <m | e £* R | i> are the transition

amplitudes for transitions) i> to | m>, however they should not be viewed
as transitions to real intermediate states.

The intermediate states are

a result of time dependent perturbation theory.
The fact that states unaccessible to one photon transitions can
be entered by a two photon absorption can be understood by symmetry
considerations.

For example, i n the C2h point group, a molecule will
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(b)
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2
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1
<

<
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1

(c)
Figure 3. Photon Diagrams.
(a) Two photon absorption, (b) Second harmonic generation
(c) Coherent anti-stokes Raman scattering

have i t s electronic states labeled by the irreducible representations
Ag, Au, Bg and Bu.

A single photon transition from the Ag ground state

to the states labeled by Au and Bu are electric dipole allowed, while
the Bg and Ag states are forbidden.

However, a two photon absorption

with photons polarized in the z (Au) and x or y (Bu) directions is
dipole allowed, and hence new Ag and Bg states are accessible.

These

conclusions can be verified by evaluation of the direct products of
irreducible representations for the one and two photon transition
moments:
One photon absorption

Two photon absorption

<f | e* R | i>
The polarization dependence of the two photon process can yield
important information by considering the scattering tensor i n the
laboratory frame of reference for a large collection of independent
randomly oriented molecules.

This approach and the beautiful results

that can be obtained are contained i n a series of papers by
W. M. McClain. 1 6
Experimentally the two photon absorption event i s rarely
observed.

This i s because the two photon absorption crossections are

very small, typically 10~48

cm4 sec>

which result i n an intensity change

Al of 0.1% for a 1 cm cell and intensity of 1 MW/cm^.
change i s difficult to observe.

This small

Usually the two photon spectrum i s

recorded by measuring the fluorescence intensity from the two photon
excited state.

This method i s quite sensitive when high peak power dye

19

lasers are used (1 MW/cm), but requires the absorbing molecules to have
large fluorescence quantum yields.

For molecules with small

fluorescence yields, two photon spectra can be taken with adequate
sensitivity by either thermal lens or photoacoustic detection. w
For two photon spectroscopy in thin film optical waveguides
there are additional considerations.

First, using the guided wave

geometry, large optical field enhancements are available with modest
input powers.

For a pulsed laser delivering 2yJ/pulse in 100 psec with

a 1 mm beam waist coupled into a 2.0 ym waveguide, the peak power
density i s 1 GW/cm^.

This power density can be maintained over

several cm, and thus over a large sample volume.

Secondly, since there

are two types of solutions for fields in the waveguide:

TE and TM,

there i s the ability to choose unique polarization experiments including circularly and elliptically polarized light in some cases.
Finally, the field distribution for a given mode number could influence
the spectra obtained.

I f the absorbing molecules are not uniformly

dispersed i n the film, the signal levels from the modes TE 0 and TE2
could be very different.
2.4

See Figure 2.

Surface Second Harmonic Generation

The study of surfaces by optical second harmonic generation has
been properly described theoretically by Bloembergen and Pershan. 1 8
Within semiclassical radiation theory, the intensity of radiation from a
surface that contains molecules which can generate a nonlinear
polarization i s given by 1 9

I 2 a ) = 32ir 3 (w 2 /c 3 ) sec 2 © | e 2 u ) • xs^ 2 ^ $ I A J |

2 l ls

Here ^ is t h e intensity of the reflected or transmitted wave at 2 u , 1^
i s the incident intensity at &o, §2 uj and § w are the polarization vectors
of the scattered and incident radiation, and x s ^ i s

tlie

susceptibility tensor for second harmonic generation,

surface

x s ^ contains

a l l the interesting molecular information regarding the intensity,
frequency dependence, and polarization dependence of the signal.

From

the macroscopic expression, the signal i s seen to dependent on the
square of the input intensity, and has a geometrical sec 2 e factor, where
O is the angle the incident wave makes with the surface normal.
A

term)

.

e2 w • xs' '

A

The

A

: ew ew

I ^

can

best be viewed as the square of the
•f
projection of the nonlinear polarization P^[_ onto the direction of the
A

observer's polarization analyzer 62^,.
P NL

Thus

= I e2o, PNL where P N L = ? J
i
j k

Xijk

eje k

**(2)

Xijk

1S a

ran'<

3

cartesian tensor that represents the nonlinear response

of the surface species to the input fields.

Neglecting the local field

~(2)

corrections, x ^ i s the sum of the orientation averaged second order
molecular scattering tensors over a unit area.
An explicit form for the second order molecular polarizability
can be obtained from time dependent perturbation theory.
possible in two ways:

This i s

calculation of the expectation value of a dipole

oscillating at 2w when driven at w, and evaluation of the transition
rate for the simultaneous creation of a photon at 2tu and annihilation

of two photons at m.

The expression given here i s from the calculation

of a time dependent dipole moment.

The complete expression i s given in

Appendix A, and i t shows that each term i s characterized by a unique
resonance denominator. 2 0

The most important term for resonantly

enhanced harmonic generation i s
~(2)
Xn- j k = 1 1
<9 1 Mj | nxn | Mj | m><m | Mfc | g>
n m (2fioj - Epg + iTngH'fia) - E^g + iTmg)
Here,

(2.8)

M-j = M j (R,r)

= I e r i a + £ eg Rjg
where r- j and Rj are the
a
6
coordinates of the i t h electron and jth nuclei respectively, to is the

frequency of the driving field.

For molecular spectroscopy, the states

| g>, | n>, | m> must be written in the Born-Oppenheimer approximation:
| g> = <(>gX^
g
Xa i s

the

here <t>g i s the electronic wave function and

vibrational level of the state g.

The summation over n

and m then includes a l l intermediate vibrational functions.

This

process i s shown in a photon diagram in Figure 3.
The denominator shown in equation 2.8 i s the most important
for resonantly enhanced second harmonic generation.

From the form of

the denominator two resonance conditions can be obtained.
energy of the incident photons satisfies

Em - Eg

= fito

First, i f the

then the

denominator becomes very small and the microscopic polarization grows.
This resonance requires that a real molecular state of proper symmetry
be at energy

Em - Eg.

A second resonance, and one exploited in the

experiments present here i s a two photon resonance that requires
En - E0

= fi2(o.

When a real molecular state satisfies this energy
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requirement and possesses the correct symmetry the polarization i s again
enhanced by the electronic resonance.

By this mechanism the electronic

states of molecules in the ultraviolet can be probed by visible dye
lasers.

The selection rules for the enhancement follow from the

symmetry requirements of the matrix elements in equation 2.8.
A special and unique aspect of second harmonic generation i s the
requirement that the scattering molecules be in an anisotropic
environment or not have inversion symmetry.

These requirements make

second harmonic generation a spectroscopic tool that i s sensitive to
surfaces and interfaces because of the asymmetry at these regions.

This

can easily be seen for molecules with inversion symmetry in that the
intermediate states|

n> must be of g symmetry and the "g to g" matrix

element <g | M-j | n> i s strictly zero.
2.5

Coherent Raman Spectroscopy

Coherent anti- Stokes Raman scattering has developed into an
important technique for the study of molecular vibrational states.

From

a spectroscopic point of view CARS contains the same information that
spontaneous Raman scattering does.

However, increased signal levels,

high collimation and increased resolution make i t an excellent
alternative when spontaneous Raman experiments are difficult or
impossible.

(The application of CARS to surfaces presented here is a

case where spontaneous Raman lacks the sensitivity that CARS affords.)
Presented here i s a review of the essential results describing CARS and
the new applications to the study of thin films and surfaces.
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The CARS process involves the mixing of two optical beams at
frequencies
cog, where

and

to produce a collimated, coherent signal beam at

= 2io^ -

The signal intensity at tog is a function of

A = tuj - 0)2, and i s greatly enhanced when A = oj r , where w r is the
frequency of a Raman resonance.
by recording the power at

The coherent Raman spectrum i s obtained

as a function of A (usually holding

fixed and scanning u^).
The CARS intensity can be calculated from the macroscopic field
equations of Maxwell. 2 6

In dielectric media, such as liquids and gases,

there are no currents due to free charges and the magnetization i s zero.
Under these conditions, the Maxwell equations can be written as a wave
equation in the electric field E(r,t):
V x V x E + l / c 2 E = -4 tt / c 2 P
where P(r,t) i s the polarization.

I f the field and polarization are

assumed to be oscillatory in time at frequency oj , they can be written as
E(r,t) = 1/2 J E(r,i ) e " l a i i t
i

P(r,t) = 1/2 j P(r, i )e" i ( 1 ) i t
i

and the wave equation becomes
v x v x E ( r , i ) - (oji/c) 2 E(r,i) = M w i / c ) 2 P(r,i)
for each i .
The polarization i n the material i s related to the electric
field by a constitutive relationship, which in general can be written as
a power series i n the electric field
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P( r , i ) = P( r , i S H P( r ,ij2i P( r ,ij3^+ . . .

where P( n )(r,i) = x ^ (cu-^--^n) E(r,l) E(r,2) . . . E(r,n)
and

x(

p)

i s the macroscopic susceptibility tensor which represents the
•V
response of the material to E. Since CARS i s a 3 wave interaction i t

will have to be described by the x ^ ) term.
In isotropic media x ^ i s zero and defining the dielectric
wave

constant by ej = 1 + 4ir x - j ^

equation reads for E(r,3), the

signal wave:
V

x

V

x E(r,3) - ( O J 3 / C ) 2 E(r,3)

E3

= 4ir(oJ3/c)2 J O ) E ( l f E(2)

ei(

2kl

- k2)-r

here E(l) e i ^ l " r and f(2) ei^2* r are the waves propogating through the
material by linear polarizations.

The solution of this equation in the

SVEA approximation yields the signal wave
(3)
2
*
E ( r ,3) = (2 ™ 3 / n 3 C) x c a r s E ( l ) E(2) e x p ( i ( A k £ ) - 1 ) / A k
where A k = 2 k \ - k 2 - k 3 and z is the interaction length for the 3 waves.
~(3)
x cars n o w c o n ' f c a i n s i^e polarization dependence of the 3 waves:
(3)
X c a rs

«i0i
=

' ^ieie2

The intensity of the signal or anti-Stokes wave i s thus
Io = 256^4(1]_2 I
— '

xcars

ni^n2n3C^
i n the plane wave approximation.

1 2
I

j_2j P o2
12*

.

.9

( s i n ( A k l /2)) 2

(Akl /2)^'
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This important result shows the unique and important features of
CARS.

First, the signal intensity depends on I i ^ i 2 and the use of high

peak power laser will result in increased signals.

Secondly, the signal

depends on the phase matching term Ak = 2k^ - k2 - k3.

When this

condition i s met, the signal grows as the square at the interaction
(3)
distance. Finally since the signal depends on | x c a r s I 2 > ^ will depend
on the square of the density of scatters.

The theoretical expression

for x ^ ) i s given next.
The third-order susceptibility tensor $(3) -j s

a

coefficient of

proportionality between the induced dipole moment per unit volume and
the third power of the microscopic electric field of the radiation.
correct relationship between

and

The

the microscopic or molecular

susceptibility i s in general very complicated due to molecular
orientations and intermolecular interactions.

The intermolecular

interactions are generally weak enough however, to leave essentially
uncoupled each molecule's electronic and vibrational degrees of freedom,
which are important in the CARS process.

This will be assumed for

molecules i n thin films and on surfaces.

The macroscopic susceptibility

can then be written as
-/ox
* ( ]

~(3)
W
~(3)
where p i s the molecular number density, x m o -| i s the molecular
= < p

susceptibility and < > is an orientation average.
-(3)
X m o i i s a microscopic property that must be evaluated quantum
mechanically, and as defined above represents the coefficient of
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proportionality between the single molecular dipole moment and the cube
of the incident radiation.

x(3) molecular can be evaluated by the

methods of time dependent perturbation theory.

The expectation value of

the molecular dipole i s evaluated for a system perturbed by an external
field taken to high enough order to obtain all the terms that depend on
the cube of the perturbation.

This i s usually done by writing a

perturbative expansion for the time evolution of the density matrix and
calculating the dipole through <u(t)> = Tr[p(t)y].

The details of this

calculation and the complete result i s given in Butcher 2 2 and by
Anderson. 2 3
The expression can be reduced to a form describing CARS by
•(3)
grouping the single resonant terms at aij-ug together as x r e s o n a n t » with
~(3)
the remaining terms as x n o n r e s o n a n t . 2 " Thus
~(3) ~(3) „(3)
Xm ~ Xr + X n r
-(3)
X n _ i s independent of the frequencies uij and
-(3)
interest. xr 1S given by
~(3)
[ x r U 3 = 2( d 1 - «o 2 )]ijki =
W it h

in the spectral range of

a

*
s
i.i ( M g'g)ki
-h(tu 1 -oj 2 -aj g > g ' - i r g ' g )

(Mg'g)kl = I pg' 1 erk I nxn I er£ | g> _ <g' | er£| n><n | erk [ g>~j
n 1— fi (w j~u)ng)
*fi( to2^"t')ng)
a
1
(Mg g)i j

= I pg' [ erj I nxn | er | g> _ <g' | erj | nxn | erj | g>-|
n L f\((ij^-copg)
fi(aj^+cong)
—1

s
a
Here (M g 'g)kl and ( M g ' g )-jj are the familiar Raman transition
anplitudes.
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The CARS process i s represented schematically as

1
1

3

2
g'>
g>

with | g> and | g'> being vibrational states of the molecule belonging to
the same electronic state.
a
By setting a =

s

n)
can be written as

-N(Mg'g)* (Mg'g)/h,
Yr =

yp

a

(to 1 - (o 2 - nip) + ir

The CARS spectrum i s then given by
j **(3)
*

I

2 =

X nr +

a((0rM2" a i r )

(wj-u^-Wp) 2

+

2

r2

+

a2r2
(u^-o^-wr)^

+

T2

From the preceeding expression the selection rules and polarization
«(3)
dependences for CARS can be obtained and the effect of x n r in the
spectral shape i s given.

The strength of the transition or resonance i s

contained i n a and the width i s i n
2.5.1

the damping term.

Waveguide CARS
The formal development of the CARS intensity for species in and

on optical waveguides i s quite involved, and the discussion presented
here only outlines the important features.
discussion i s given by Stegeman et a l . 2 5

The complete, detailed

The electric fields associated with guided waves can be used to
drive a nonlinear polarization as in the CARS process.

Of particular

interest for spectroscopic purposes are the fields in the film and
experimental region, which permits the probing of the film and the
surface region above i t .

The field i n the surface or cladding region i s

known as an evanescent field.

For a polarization at tug via the CARS

process two distinct guided modes of frequency 101 and uz must be excited
i n the waveguide.

Using the previous notation the polarization is

written as
PU3)

=

X^ 3 ^

ETE n (w x ) ETE m (w 2 )

Here only TE modes are considered with the subscripts n,m showing that
the interaction can take place with any mode combination. For example,
*2
*
for reasons to be given later, the fields E je 1 (oji) and E te 2 (o)2) m a y h e
used.
The nonlinear polarization P(003) w i l l radiate at frequency 033
and the resulting field distributions can be evaluated by coupled mode
theory for optical waveguides.

The results show that the new field is

given by a summation over the guided field modes for a wave at 013.

This

means that the generated CARS signal i s propagating in the waveguide and
will couple out as any ordinary mode.

The power i n the signal beam can

be written as
P 3 = DNL (L/H)2

P 1 2p 2

where Pi and P2 are the powers in beam one and beam two respectively, L
i s the interaction distance, and H i s the beam width i n the waveguide.
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dNL contains a l l the details of the guided waves, their interaction, and

the material nonlinearity that i s due to the Raman resonance.

I)NL i s

directly proportional to the factor F which ultimately determines the
CARS signal.
oo
F =J

(3)
2
*
xyyyy (x) fl(x) f2(x) f3(x) dx

with f ( x ) = Ey(x)
From the integral the extreme dependence of the signal on the particular
mode combination chosen for the experiment i s seen along with the
spacial dependence of the susceptibility.

This dependence i s explicitly

evaluated by Stegeman for a semi-infinite layer and monolayer at benzene
i n the experimental region.

Also due to the symmetry of the field

distributions, the contribution to the signal from the film and
substrate can be eliminated by proper choice of modes and waveguide
thickness.

CHAPTER 3
EXPERIMENTAL PROCEDURES
3.1

Introduction

The experimental design and equipment for the study of thin
films and surfaces by nonlinear and integrated optics techniques i s a
result of the formal theory governing these effects.

In this chapter,

the experimental apparatus and procedures for waveguide two photon
absorption, surface second harmonic generation and thin film and surface
coherent anti- Stokes Raman scattering will be described.

The

discussion shall begin with the procedures and equipment common to these
techniques.

Then a detailed account of each experiment will be given.
3.2

Laser System

Nonlinear optical or multiphoton effects are characterized by
their weak response to input light intensity.

In order for these

effects to be useful as sensitive spectroscopic probes, their nonlinear
dependence on intensity must be exploited by the use of very high peak
power tunable laser sources.

In the work described here, two dye lasers

- synchronously pumped by a frequency doubled YAG laser - capable of
70 kW peak powers are utilized to drive the nonlinear processes given
above.
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The YAG laser employed i n these experiments i s a Quantronix 116
NdrYAG operating in a continuous wave, TEM 0 0 configuration.

Intracavity

acousto-optic Q-switching and mode locking produce short, high peak
power pulses.

A Q-switching rate of 500 Hz produces pulses

400 nanoseconds i n duration each separated by two milliseconds.

Each

Q-switched pulse contains 40 mode locked pulses 100 picoseconds in
duration separated by 10 nanoseconds.

These pulses achieve peak powers

of 500 kW, which leads to an average power of 1.3 W at 1.064 pm.
In order to efficiently pump visible dye lasers, the power from
the YAG laser i s focused through a 350 mm lens into a temperature
tuned, 90° phase-matched, type I , cesium dideuterium arsenate (CD*A)
frequency doubling crystal.

Under these conditions, the second harmonic

conversion efficiency i s probably 50%, which results i n 400 mW average
power at 532 nm.

The doubled pulses have peak powers of 200 kW and have

a temporal profile identical to the pumping YAG pulses.

This power at

532 nm i s used for pumping one or two dye lasers.
The dye lasers used i n these experiments were designed and built
for nonlinear spectroscopy.

Two similar cavities with different dyes,

Rhodamine 610 and Rhodamine 590, are pumped for the two color CARS
experiment; while for the single color TPA and SSHG work a single laser
i s used.

A schematic of the lasers i s given in Figure 4, and their

specifications are presented i n Table 1.
The distinct folded cavity design produces a collimated beam in
the region between M 0 and Mf, while i n the region between M r and Mf the

Output Mirror M

Pump Focusing Lens
Etalon

Rear
Mirror
Mj.

Dye Jet

Tuning Prism

Folding Mi
Mf

Figure 4„ Dye laser cavity configuration
Table 1. Dye laser specifications
R610

R590

Average Power^

38 mW

65 mW

Pulse Energy#

7.6 uJ

13 uJ

Average Power*

8.0 mW

25 mW

Pulse Energy*

1.6 uJ

5.0 uJ

Pulse Width

100 ps

100 ps

cm" 1

2 cm" 1

15,870 -

16,940

17,450

18,340

Line Width

2

Tuning Range
Tuning Range

# SSHG and TPA experiments, * CARS
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beam focuses at the dye jet.

This design serves two purposes.

First,

the perfect collimation in the M 0 Mf region allows the introduction of
intracavity tuning elements with minimal beam distortion.
the

Mr Mf

Second, in

region, the pumping volume and hence the power density at the

jet, can be controlled by choosing the radius of curvature of mirrors M r
and

Mf.

To establish proper laser line width for electronic and
vibrational spectroscopy intracavity prisms and etalons have been
installed in the distortionless, collimated leg of each laser.

A fused

silica prism, with angle tuning capabilities, is set in the beam
resulting in a crude 200 cm - * line width.

Then an etalon possessing a

100 cm" 1 free spectral range and 2 cm - 1 bandpass is placed in the
cavity.

The transmission function of the etalon is superimposed on the

prism bandpass and allows only a single 2 cm" 1 line to have enough gain
in the cavity to lase.

The situation is shown in Figure 5.

A schematic of the etalon is given in Figure 5, and the
appropriate formulae describing i t s transmission characteristics are
presented below: 2 6
u m = mc/2n£cos©

m = 1,2,3

(3.1)

where u m is the transmitted frequency, m is any integer, £ is the
etalon spacing and n is the index of refraction,
A u = c/2n£cos©

(3.2)

where A u is the free spectral range, and
F = pten/2

(3.3)

100 cm

100 cm

2 cm
Elaton

Prism

(a)

1

(b)

Figure 5. Laser cavity prism and etalon.
(a) Prism and etalon bandpass in laser cavity
(b) Etalon: 1 is the distance between the reflective
surfaces and e is angle between the surface normal
and input beam

where F is the finesse, defined by the free spectral range divided by
the half intensity width of a transmission peak, and P = 4R/( 1 -R )2 with
R the mirror reflectivities.
The finesse of the elaton is a very important factor.

For a set

free spectral range, the mirror reflectivities must be calculated by
Equation 3.3 to achieve the desired linewidth.

The etalons built for

these experiments use z = 50 ym and R = 85%.
The basic scanning algorithm for these lasers is contained in
Equation 3.1.

The frequency is tuned by changing the angle 0, resulting

in a new transmission frequency v' :
v' = mc/2n£cos©'
The power at this frequency is maximized by readjusting the prism's
bandpass peak.

This process then is stepped in intervals of 2 to

30 cm" 1 - depending on the desired resolution - for 100 cm" 1 .

At

100 cm - 1 the elaton angle is returned to i t s original position to scan
the next free spectral range.

The frequency is continuously monitored

by a 1.5 meter Czerny-Turner monochromator, and the bandpass peak of the
prism is set by maximizing a nonlinear reference signal at the new
frequency.
3.3

Normalization

Laser power density fluctuations in spectroscopic experiments
must be removed by proper signal normalization.

This is especially true

in nonlinear spectroscopy where signal levels depend quadratically or
cubically on the input intensity and the small duty cycles (pulse width

X repitition rate) make time averaging impossible.

Fluctuations in

pulsed laser systems arise from changes in pulse energy, pulse width,
and beam quality.

These changes arise from noise on a pulse to pulse

basis or are due to normal variations such as pulse energy changes in
scanning through the tuning curve of a dye laser.

In these nonlinear

spectroscopic experiments, the signal intensities depend on the square
of the input power density, and to account for fluctuations a
continuously phase matched, second harmonic generating crystal system
was developed.
The crystal used for normalization was KDP (Potassium Dihydrogen
Phosphate) which is a negative uniaxial.

The power created at 2<o from

an input at to by second harmonic generation is give by 2 /
P2 OJ

a|

x(w)( 2 ) |

Iu * 2 sin 2 |Ak£/2) 2

where 1^ is the intensity of the fundamental, £ is the interaction
length and Ak = k2 (j0 - 2k w .

The power at 2 OJ properly depends on the

intensity squared, but contains additional terms that are in general
frequency dependent.
For KDP, x(<»>)( 2 ) i s independent of frequency over the optical
region used here.

The dependence due to the Ak£ term can be removed by

requiring Ak = 0.

This sets sin 2 (Ak £/2) /(Ak £/2) 2 equal to a constant.

Ak = 0 requires that the index of refraction in the crystal be equal for

the fundamental and the harmonic beams, so that
n 2(jo

~ ^(o*
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This condition can be obtained in KDP because of i t s birefrequence. 2 8
Here the fundamental beam is launched as an ordinary ray, while the
harmonic i s generated as an extraordinary ray:

type 1, ooe.

Since the

extraordinary wave's index depends on the angle between the direction of
propogation and the optic axis, the phase matching condition can be met
by angle tuning the crystal.
The optical arrangement for this normalization system is given
in Figure 6.

0.1% of the fundamental dye laser beam is focused into

the crystal by a 300 mm lens.

The second harmonic and fundamental,

traveling colinearly are passed through 3 Schott UG-5 U.V. bandpass
filters to completely remove the fundamental.

The harmonic is detected

by a photomultiplier and processed by pulse detection electronics.
The phase-matching is maintained as a function of frequency by
computer control of the crystal angle.

The proper angle is found by

changing the crystal angle at each new frequency to maximize the output
power of the crystal.
3.4

Signal Detection and Processing

The pulsed nature of the signals in these experiments required
specialized detection electronics.

All signals either from the

experimental sample or normalization/calibration sources are collected
by a photomultiplier (Hammamatsu R372) or reversed biased P-I-N diode
(Texas Instruments TIED98).

Currents resulting from each 0.4 ps laser

pulse train are capacitively integrated and stored with a 100 ys decay
time.

The potential developed across the capacitor is amplified by a
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KDP Crystal
Focusing
Lens

Filters

From
Dye Laser

Photomultiplier
Optic
Axis
Stepping
Motor
Computer

Figure 6. KDP normalization system.
KDP is continuously phase matched under computer control
to achieve frequency independent, intensity squared
normalization.

gain of 100.

Triggered by the Q-switch electronics and delayed by a

preset monostable multivibrator, sample and hold amplifiers of unity
gain measure the peak signal from the amplifiers and hold that signal
for 2 ms.

These signals are then read by an A/D converter and digitized

for computer manipulation.
For the sample signal a special gated integrator is used to
reduce the dark current from the photomultiplier when operated at
extreme voltages (1150 V).
The laser scanning control and data acquisition system are
controlled by a Z-80 based microcomputer.

The computer controls the

four motors involved in scanning and calibration, and collects and
processes (normalization, standard deviation, etc.) all experimental
data.

A schematic of the system is given in Figure 7.
3.5

3.5.1

Specific Experimental Designs

Waveguide Two Photon Spectroscopy
Two photon absorption spectroscopy in thin films requires

special experimental considerations regarding the fabrication and
optical properties of polymer waveguides.

Fluorene doped polystyrene

waveguides were prepared by spin coating 10% w/w solutions of
polystyrene (M.W. ~ 10,000 amu) in chlorobenzene onto glass substrates
(n s = 1.50).

The concentration of fluorene was adjusted to 5000, 500,

and 50 ppm with respect to polystyrene, and spin rates were set to
produce films 2.5 pm in thickness.

These films supported 5 guided modes
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•j Gated Integrator

Sample Signal
Normalization 1

PMT

Monochromator

P-I-N

Normalization 2

PMT

Pulse

.

ntegrator

A/D
Converter

Computer

Storage

Plotter
Q-Switch
Sync Pulse

Etalon Motor

Prism Motor

Normalization Motor

Monochromator Motor

Figure 7. Detection and laser scanning system.
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and had a refractive index of 1.60.

Waveguide modes were excited by

prism coupling with a 45° apex angle sapphire prism of index 1.8 and 30%
coupling efficiencies were obtained.
Excessive power densities in the film resulted in absorptive
heating and destruction of the polymer.

Power densities were controlled

by the input power and the beam's crossectional area.

A cylindrical

lens provided a 5 mm wide beam in the waveguide which reduced the power
density while i t increased the sample volume, and thus increased the
sensitivity.

The fluorene spectrum was recorded from 16,000 to

17,500 cm"l using the rhodamine 610 dye laser operating at an average
power of 5 mW at 10 cm resolution.
The isotropically radiated two photon fluorescence signal was
analyzed by a polarizer, collected by a photomultiplier, and processed
by the gated integrator and computer.

Scattered visible light was

rejected with visible filters (H0YA U-340) which passed the total
fluorescence signal.
reference system.
3.5.2

Signal normalization was accomplished by the KDP

Figure 8 shows the experimental geometry.

Surface Second Harmonic Generation
There are two basic geometries for surface second harmonic

generation:

transmission and reflection.

These are shown in Figure 9.

For clarity the essentially collinear fundamental beam is omitted from
the signal beams.

The signal taken in transmission is greater than the

reflected signal.

All experiments described here were done in the

transmission geometry.

42

Photomultiplier
Filters
Polarizer
Two Photon Fluorescence

Laser Input

Coupling
Prisms
Polystyrene Film
Glass

Figure 8. Two photon spectroscopy in a thin film
optical waveguide.
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A simple optical system is required for SSHG.

Power from one of

the two synchronously pumped dye lasers was focused through a 50 mm lens
to achieve a 100 pm diameter beam waist at the sample and a maximum
power density of 400 MVJ/cm^.

(For some experiments the dye lasers were

modified by installing a single pulse selector Pockel's cell.

This

simply created single pulses from the dye lasers instead of a pulse
train.)

The sample surface was attached to micrometer driven translation

stages, which allowed different regions of the surface to be probed at
constant power densities and the selection of power density by movement
through the focal region.
The forward generated harmonic was collected and collimated by a
50 mm lens and then focused by a 200 mm lens to the photocathode of a
photomultiplier tube.

The intense collinear fundamental was removed

from the signal by ultra-violet band pass filters (Schott UG-5 and
Rolyn 65.1005).

These filters have 95% transmission from 330 to 275 nm

and have optical densities exceeding 4 from 650 to 450 nm.

Five filters

completely removed the fundamental, while passing 60% of the harmonic.
The signal could also be separated from the fundamental by a
diffraction grating.

The collimated beam containing the fundamental,

second harmonic and any two photon fluorescence is diffracted off a high
efficiency grating (85%) that is blazed at 330 nm.
signal is collected and focused onto a 100 ym s l i t .

The diffracted
This system

completely removed all frequencies other than the fundamental, which was
again collected by a photomultiplier tube.
system is given in Figure 9.

A diagram of the optical

Reflected Signal

Laser Input

Transmitted Signal

Transparent Surface
Sample
Surface
Input Lens
PMT
Collimating Lens

Filters

Translation
Directions
Grating

Filters
Slit

100 um

PMT
Figure 9. SSHG experimental geometries.

The surfaces studied were optically flat, ultrapure silica
(SiO2) in the form of one inch diameter, 1/4 inch thick optical flats
(ESCO) or the inner wall of a one cm^ by 2.5 cm gas cell.

These

surfaces were cleaned and prepared under a variety of conditions.
For spectroscopy in the gas cell two methods were employed to
modify surfaces: vapor deposition and covalent chemical modification.
For vapor deposition, the cell was cleaned in concentrated KOH (4
hours), concentrated
water.

HNO3

(4 hours) and rinsed with triply distilled

The cell was then pumped down to 10"^ torr and heated at 400°C

for 12 hours.

The clean surface was exposed to cresol or phenol at

their room temperature vapor pressures for 1-10 seconds and evacuated.
The vacuum chemistry began with clean surfaces being exposed to
H20/HC1 vapor for 3-4 hours.

The system was pumped out and SiC14 was

introduced at i t s vapor pressure for reaction with the surface silanol
groups.

The chlorosilane surface was reacted with gaseous cresol to

form a covalently modified surface.

The reaction sequence is as

follows:

\

\

Si. — OH

^

/

5; CI.,

3

/

HO-<C£>— CH3

^-5i — O—SiCI*

-

/

o - S.L— O — c * 3
\

Chemistry on the optical flats was performed to covalently
attach molecules to create a chemically well defined surface.

Solution
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depositions were also attempted after the work of Shen. 2 9

Optical flats

were chemically cleaned as above and then plasma etched in O2.
Carbazole was attached to the surfaces by first reacting the
clean optical flats under vacuum with S0C12 for 2 hours.

The system

was evacuated and carbazole heated to 150°C was introduced into the
vacuum for 12 hours.
reaction time.

The surface was heated to 200°C during the

The flat was removed and spectra were taken in air at

room temperature.

Surfaces were also modified in vacuum by chlorination

i n a CI2 plasma with subsequent reaction with carbazole as before.
Solution depositions were done by spin coating.
3.5.3

Thin Films CARS
The scattering geometry for thin film CARS is shown in

Figure 10.

Light is injected into and removed from thin polystyrene

films through coupling prisms.

The relative angle between the two

incident guided-wave beams of frequency

and

is adjusted to produce

a phase-matched guided wave at the frequency 2w^-oj2»
Polystyrene waveguides, prepared as before, of 2.0 ym thickness
exhibited five modes and the experiment was done in the first TE mode
(TE 0 ).

The two input laser beams were coupled through a SrTi03 prism,

and all three beams were coupled out with a sapphire prism after
traveling 1 cm.

The optical arrangement allowed the vertical and

horizontal angles between the two beams to be varied so that waveguide
coupling and phase matching could be achieved.

The waveguide coupling

angles differed with wavelength, and the phase matching angle was about
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Coupling

Coupling
Prism

Thin Film
Substate

Figure 10. Thin film and surface CARS interaction geometry
The signal power P 3 is given by:
p 3 = D n l (L/H) 2 P 2 P 2
j

where L and H are the interaction distance and beam
width respectively, and P 1 and P 2 are the input powers.
^NL is the nonlinear coefficient that contains the
Raman resonance and field distribution terms.
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1°.

The weak

beam was focused slightly to achieve a beam width of

1 mm in the waveguide, and the

beam was focused with a cylindrical

lense to yield a beam width of 5 mm.

The interaction length under these

conditions was 2 mm and experimental coupling efficiencies was 10% and
25% for the

and

^ beams respectively.

The CSRS spectrum ( -.'3=2

was

taken instead of the CARS

simply because i t was easier to isolate the red output with one red pass
filter.

The dye lasers used were described previously and had

at 564 nm while ^ was scanned between 598.8 and 596.6 nm.
had 2 cm"-'- linewidths.

fixed

Both lasers

The output signal in the 633.2 to 638.2 nm range

was automatically spacially separated from ,j^ and
phase matching and output angular requirements.

by virtue of the
The CSRS signal was

directed onto a P-I-N diode and signal normalization was calculated from
S = P3/P1P2 2 .
3.5.4

Surface CARS
The scattering geometry for surface CARS is given in Figure 10.

A ZnO waveguide of index 1.99 was coupled into and out of by SrTi03
prisms.

The waveguide was a layered structure of 0.7 ym ZnO sputtered

on a 1.0 pm SiO2 substrate backed by pure silicon.

Waveguide losses

resulted in a 50%/cm beam attenuation and to account for this the two
prisms were separated by only 5 mm.
Both input beams were focused through a 50 mm diameter, 300 mm
focal length lens.

This resulted in waveguide beam width of 1 mm and

provided an easy way to maintain phase-matching in the film.

The phase
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matching angle was centered about 2°.

Vertical orientation of the beam

was adjusted to give mode combination TE2( OJ ^) and T E i ^ ) .

For SrTi03

on 0.7 ym ZnO the angle between modes 1 and 2 is 15.3 degrees, with mode
1 at 16.5 degrees to the prism face normal.

The signal beam at ojg was

spacially separated and collected from TE2 (003).

This mode combination

i s a "2-1-2" experiment.
The two synchronously pumped dye lasers were used for probing
fields at

and ^ (with pulse energies 6 yJ and 1 yJ, respectively).

The fixed frequency

beams was set at 567.0 nm, while the weaker tog

beam was scanned from 602.9 to 599.3 nm.

This corresponds to a scan in

Raman shift from 950 to 1048 cm"!, with the CARS output ranging from
535.2 to 537.9 nm.

The spectral scan was centered about 1000 cm"! to

record the v-^ benzene ring stretch.

For this experiment, a

semi-infinite layer of ethyl benzene was probed in the form of a drop
over the interaction region.

Ethyl benzene was chosen because of i t s

reduced vapor pressure.
The signal, removed in the

TE2(io3)

mode, was collimated and

passed through an angle tuned 100 cm" 1 bandpass interference f i l t e r .
The signal was then focused onto the slits of a 0.5 Czerny-Turner
spectrometer and collected by a photomultiplier.

High dispersion

coupling prisms and waveguides and highly selective detection required
the waveguide coupling angles, phase-matching condition, and detection
optics to be optimized every 20 cm - 1 through each spectral scan.

The experimental geometry for surfaces CARS with ^ 0 5
waveguides is identical to that of the ZnO experiment.

0.7 pm

waveguides of index 2.3 were coupled into by rutile prisms.

These 45°

apex angle prisms have a refractive index of 2.6 and are extremely
birefringent.

The amorphous Nb20s film was sputtered onto a 1.0 um SiO2

substrate that was supported by a silicon crystal. 3 0

These films were

extremely low loss, less than 5% per cm.
was coupled into TE2 and cu^ was coupled into

TE3.

A 50 mm

diameter, 300 mm lens focused the beams to give 1 mm wide beams in the
waveguide.

The phase matching angle was 1 to 2° and the interaction

length was 2 mm.

High dispersion optics and detection required

adjustments of the optical system every 20 cm - 1 during a scan.
Niobium waveguide spectra were taken over a large range,

was

fixed at 564.0 nm providing 7 pj per pulse, while u^ at 1.5 yj per pulse
was tuned from 603.0 to 581.0 nm.
1154 to 731 cm.

The resulting Raman shift was from

The output tug varied from 541.0 to 529.0 nm, and was

processed by the same optical system used for the ZnO spectra.

The

Nb205 waveguide spectra were taken to develop surface CARS as a
monolayer sensitive technique.

The waveguide thickness was set for

maximum nonresonant background suppression and surfaces were prepared to
create a monolayer.
Clean waveguide spectra were taken from plasma etched surfaces.
The surfaces were then chemically modified by titanium chemistry.

The

Nb205 film was exposed to a chlorine plasma and then H2O to create a
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large surface hydroxyl concentration.

The surface hydroxyls were

reacted, in the gas phase, with TiCI4 and then exposed to water to
create Ti-O-H like species at the surface.

These experiments were "232"

experiments as the output was taken in TEgCajg).

CHAPTER 4
RESULTS AND DISCUSSION
4.1 Waveguide Two Photon Absorption
Fluorene doped polystyrene waveguides were used to characterize
two-photon spectroscopy in thin film polymer waveguides.
were taken using the geometry in Figure 8.

The spectra

The two photon fluorescence

signals, radiated normal to the waveguide, were collected without the
polarization analyzer so that both y and z fluorescence components were
measured.

Spectra were obtained at 5000, 500 and 50 ppm fluorene with

respect to the polystyrene monomer.

No concentration dependence was

observed, which indicates that the fluorene molecules in the thin film
are monomers and not dimers or higher aggregates.

Extrapolation to

lower concentrations, given the detectability at 50 ppm, showed the
ultimate sensitivity for fluorene was as low as 5 ppb.

This extremely

high sensitivity for two photon absorption is a result of high peak
powers easily obtained in the waveguide (1 GW/cm?) and the large sample
volumes this density can be maintained in.

The mode dependence of the

two photon signal was examined by taking spectra in TE n where n = 0,1
and 2.

The resulting spectra showed no mode dependence.
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The two photon spectrum of fluorene in polystyrene taken at
500 ppm, TE 0 is given in Figure 11.

The two photon solution spectrum

taken in hexane is shown in Figure 12.

The peaks in these two spectra

are at 33,200 and 33,300 cm" 1 , respectively.

Fluorene has a

1

Ai -»•

1 B2

long axis polarized transition at 32,200 cm" 1 in the one photon
spectrum. 3 1
C2V

Transitions to the

1 B2

state are two photon allowed in the

point group, and there is excellent agreement for the

energy from both the one and two photon spectra.

1 B2

state's

The origin of the two

photon spectrum in solution is at 32,500 cm" 1 and has yet to be reported
in the literature.

The shape of the fluorene spectrum is vastly

different for the polystyrene and hexane experiments.

This is due to

the polarization dependence in two photon absorption.

More

specifically, the polystyrene and solution spectra are expected to be
different because they are measuring different molecular parameters.
From McClain, 3 2
^solution
Jfilm

=

<| *avb Sab I

= K

\ *avb Sab|

2><l

uc^c I

ucFc

I

2>

where x , u, u are the input and analyzer polarizations
S a b is the two photon transition tensor and F c is the fluorescence
vector.

<

molecules.

> denotes an orientation average for randomly orientated
The difference in the two expressions is due to the fact

that in If-jim the molecules are not rotating between the absorption and
fluorescence events, while in Isol. 'they are free to rotate.

This

results in the fluorescence from the solution to be isotropic and
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Figure 11. Waveguige TPA (z and y ) of fluorene in polystyrene.
Signal collected normal to waveguide surface: f ' = (0,0,1)
and i / = (0,1,0)
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Figure 12. Solution TPA of fluorene in hexane.
This spectrum was taken collecting the two photon
fluorescence at right angles to the input beam.

34826

independent of the polarization of the analyzer.

For the film

experiment u c has a dramatic effect on the measured intensities.
Figures 13 and 14 show the difference in the polarization analyzed
spectra for X a = pb

=

(0,1,0) and u c = (0,0,1) and u c = (0,1,0).

The

v c = (0,0,1) analyzer polarization is parallel to the electric field
vector in the waveguide, while v c = (0,1,0) is perpendicular to the
electric vector and is in the direction of beam propagation.

Each

polarization experiment measures a different set of molecular
parameters.

In general all the molecular parameters can be obtained

from a proper set of polarization experiments.

For this, the

experiments must include circularly and elliptically polarized light.
While a complete polarization study of fluorene has not been done, the
possibility of doing so is presented below.
To achieve circularly or elliptically polarized light in a
waveguide, the following conditions must be met:
1.

Phase velocities for TE and TM waves must be identical

2.

TE and TM modes must have the same coupling angle

3.

The electric vector E of the TM wave must have a large

-V

projection on the surface normal vector.
These conditions can be met for low index films that are reasonably
thick.

The following calculations 3 3 were made for polystyrene:
nf = 1.60 and d = 2.7 ym
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Figure 13. Waveguide TPA(y) of fluorene in polystyrene.
This spectrum was taken collecting the two photon
fluorescence radiated normal to the waveguide surface.
The polarization analyzer was adjusted to pass only the
V = (0,1,0) component .
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Figure 14. Waveguide TPA(z) of fluorene in polystyrene.
This spectrum was taken collecting the two photon
fluorescence radiated normal to the waveguide surface.
The polarization analyzer was adjusted to pass only the
= (0,0,1).
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Table 2.
Mode

Waveguide Parameters

N = g/k effective index

coupling angle

Ej^ projection

TM

IE

IM

IE

0

1.59

1.59

37.3

37.3

.997

1

1.59

1.59

35.7

35.8

.992

2

1.57

1.57

33.3

33.5

.982

3

1.55

1.55

30.2

30.4

.968

4

1.52

1.52

26.6

26.9

.950

From these results complete polarization studies of two-photon
excited fluorescence can be made in optical wave guide.

An exciting

possibility also exist for polarization experiments from two photon
fluorescence from surface bound species using the evanescent fields.
4.2

Surface Second Harmonic Generation

The observed spectra taken by resonantly enhanced surface second
harmonic generation critically depend upon the preparation of the
surfaces.
Cresol and phenol were vapor deposited under high vacuum
conditions on chemically clean silica surfaces, and their SSHG spectra
were recorded from 31564 to 35804 cm~l and from 31570 to 34190 cm - *
respectively.

The spectra are shown in Figures 15 and 16.

The second

harmonic signals taken in transmission, resulted in 500 photons per
pulse.

These signals are very weak and difficult to detect.

The clean

surface signal is extremely weak and is at the baseline of the reported
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Figure 15. SSHG spectrum of p-cresol.
SSHG spectrum of p-cresol vapor deposited on silica
with p-cresol one photon solution spectrum (OPA).
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Figure 16. SSHG spectrum of phenol.
SSHG spectrum of phenol vapor deposited on silica
with one photon absorption spectrum.
Spectrum taken at 100 cm
resolution.

38461

spectra.

This signal is due to the nonresonant surface susceptibility

and as expected a spectrum of the clean surface showed no features.
The spectra recorded were taken at low resolution, 100 cm~l
intervals and displayed the proper intensity squared power dependence.
These SSHG spectra are unique in surface spectroscopy and the signals
obtained can not be seen any other way.
spectral features was tested in two ways.

The reproducibility of the
First, spectra were recorded

at least twice at several different surface locations.

The major

features in each spectrum were always repeated, while the signal
intensities varied from spot to spot (± 20%).

Second, the features due

to cresol and phenol were removed by chemically cleaning the cell and a
new flat baseline could be recorded.

Subsequent cresol or phenol vapor

depositions resulted in spectra showing the same characteristic
features.
Specific analysis presented here will focus on the cresol
spectrum, although similar arguments can be made for phenol which is
presented to show the molecular selectivity of SSHG.

The origin of the

SSHG spectrum of cresol at 31,800 cm~l is shifted 2400 cm~l to the red
of the one photon absorption origin in solution. 3 4

This large shift is

due to the specific interaction of cresol with the silica surface.
Hydrogen bonded cresol exists at silica surfaces, but, at the
high power densities used, these species do not remain at the surface.
This was determined by time resolved, single pulse experiments.

Upon

excitation with single pulses separated by 2 ms SSHG signals were found
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to decay rapidly from very high values.

The steady state values

achieved were 20-30 times smaller than the peak signals.

This behavior

is due to local heating of the molecules and the surface by multiphoton
absorption, which results in the loss of hydrogen bound species.

In

addition, the spectra obtained could s t i l l be recorded after heating the
surfaces at 300°C under vacuum for an hour.
Cresol molecules appear to be chemically bound to the surface.
Covalent attachment through the Si-0-tf>-CH3 linkage is unlikely due to
the large spectral shift.

An ionic binding interaction is proposed due

to the strength of the interaction and the spectral shift.

The

is shifted 3500 cm - *

absorption spectrum of the cresol ion
to the red of cresol which supports the ionic model.

The "site" that

the ion occupies is unclear and is perhaps a result of surface ionic
impurities due to preparation.
Several other molecules with transitions in the above spectral
range were vapor deposited in the gas cell and examined by SSHG.
included aniline, pyridine and pyrimidine.

These

Each of these molecules

generated signals that were above the bare surface signal, however no
meaningful spectral features were observed.

Again single pulse

experiments indicated the "blowing away" of the molecules.

I t is noted

that the power densities can not be lowered to remove these effects
because the SSHG signals become too small to detect.
To reduce the effects of heating, cresol was covalently bound to
the surface in vacuum as described before.

The spectrum recorded

between 32170 and 34790 cm~l is given in Figure 17.

This spectrum

differs dramatically from the previous cresol spectrum.

The signal is

at the baseline level until 34528 cm~l where the origin of the
transition is presumed to be.

The spectrum origin is virtually the same

as the solution spectrum as expected for a covalent linkage of this
type.

The specific bonding is thought to be

\

/
The extreme surface preparation dependence on SSHG spectra has
been demonstrated and a portion of the cresol ion spectrum has been
obtained at a silica surface.
Covalent bonding to silica was further examined by attachment of
carbazole.

Carbazole chemistry was carried out under high vacuum

conditions, while the spectra of the modified optical flats were taken
in air.

The result of this experiment is shown in Figure 18.

The

spectrum was recorded from 32000 to 35000 cm~l and gave peak signals of
300 photons per pulse.

The signals were stable in time and showed a

surface probing beam location dependence.

The peak in the carbazole

SSHG spectrum is at 33720 cm"! and correlated with the strong Aj -»•
transition in the one photon absorption spectrum at 34247 cm"l. 3 5

The

small 500 cm - * shift is due to a perturbation of the molecular
electronic states being bound to the surface.

In particular the N-H

bond has been replaced by a N-Si bond and the local environment at the
surface changes the molecular "solvent".
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Figure 17. SSHG spectrum of
to a silica surface.

p-cresol covalently bound
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Figure 18. SSHG spectrum of carbazole covalently bound to
silica.
Spectrum taken at 10 cm
resolution.
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Optical flats that were solution coated were also examined by
SSHG.

Carbazole, fluorene and 9-fluorene carboxylic acid were applied

to clean surfaces from ethanol or benzene solutions.

These experiments

did not produce any spectra, but they showed that this simple deposition
method results in the formation of small aggregates on the surface.
Very large signals were generated in rapid movements of the probing beam
across the surface.

These signals would vanish immediately as a result

of the heating of the weakly bound aggregates by two photon absorption.
4.3

Coherent Raman Spectroscopy

The results and discussion of the waveguide CARS experiments are
presented below.

The polystyrene thin film work will be presented

first, followed by the ZnO semi-infinite liquid layer and Nb205
monolayer experiments.
4.3.1

Thin Film CARS
CSRS was observed for the first time in a thin film optical

waveguide fabricated from polystyrene.

Two input laser beams at

and

tog were coupled into TE 0 modes through a SrTi03 prism, and a phase
matching angle of 2° was found to give the strongest signals.

The

output at wj was coupled out of the waveguide, spacially separated from
the input beams and collected by a P-I-N diode.
The experimentally obtained spectrum of the polystyrene
waveguide is given in Figure 19.
1000 cm"! corresponds to the

The large resonant signal at
benzene ring vibration, (ai symmetry in
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Figure 19. CSRS spectrum of polystyrene in a thin film
optical waveguide.

C2V point group) and the peak exhibits a 7 cm"* FWHM linewidth.

This

value is larger than the true value due to the 2 cm"! laser linewidths.
Another peak, smaller by a factor of 8, was found at 1030 cm"*, but is
not evident in the spectrum because of the loss of phase-matching in
that region.

The line positions are in agreement with the spontaneous

Raman spectrum of polystyrene.
2.4 x 10"10

w hich

P3/P2> of 2.4 x 10 _ 3.

The pulse energy of the signal was

results in a conversion efficiency, defined by
This -j s -j n close agreement with the calculations

resulting from the theory of Stegeman et al. 3 6

The calculated

conversion efficiency is 2.0 x 10"3.
The close agreement between the experimental and calculated
efficiencies is somewhat fortuitous.

The experimental value is probably

accurate to within a factor of two due to the uncertainties in the
values of the optical pulse powers at

and to 2 within the waveguide.

This work leads to the conclusion that CSRS in optical
waveguides is an extremely sensitive method for obtaining Raman spectra
of thin films.

Spectra of very low concentrations (in the part-in-lO^

range) of species in thin films should be obtainable when nonresonant
background reduction schemes are employed.

These measurements also lend

credence to the calculations predicting submonolayer sensitivity for
species on the surface of a thin film optical waveguide.

Finally, the

conversion efficiencies are so high that tunable upshifting or
downshifting sources can be contemplated with nonlinear materials.

4.3.2

Semi-infinite Layer
ZnO waveguides were used to study a semi-infinite layer of ethyl

benzene on a thin film optical waveguide.
Figure 10 was used.

The CARS geometry of

The coupling angles of the input beams was adjusted

to give TE2 (a^) and TEi (u^) while the signal was taken out of TE2
(013).

The phase matching angle was centered about 2° and was adjusted

every 20 cnr* during a scan.
bare waveguide.

A background signal was taken from the

The result of this "clean" waveguide, 212 spectrum is

given in Figure 20.

Signals of lO" 1 ^ Joules per pulse were measured.

The effective evanescent tail for this experiment was 100 A.

More

intense signals were generated in TE^uig), however poor background to
semi-infinite layer ratios were predicted for this mode.

The important

feature is the flat base line achieved under the very demanding
experimental conditions.

Figure 20 shows the results from a

semi-infinite layer of ethyl benzene on an optical waveguide.

This

represent the first recorded CARS spectrum of any species by the
evanscent wave technique.

The position of the peak coincides with the

benzene ring vibration in ethyl benzene and exhibits the same 7 cm~l
FWHM obtained from the polystrene film.

The signal due to the benzene

resonance is only 30% of the total signal and does not match the
theoretically predict contrast of about 1000 to 1.

The lower signal

intensities are attributed to surface contamination and the inability to
achieve a high concentration of ethyl benzene in the evanscent field
region.

However, this result combined with the polystyrene data s t i l l
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Figure 20. Surface CARS on ZnO.
Surface CARS spectrum of clean ZnO waveguide and a
semi-infinite layer of ethyl benzene on ZnO.
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gave encouragement toward the ultimate goal of monolayer surface
studies.
4.3.3

Monolayer
Surface CARS at monolayer coverages was investigated using Nb205

waveguides.

Again the CARS geometry of Figure 10 was used with a 232

mode combination.

The coherent Raman spectrum of the clean surface was

taken from 740 to 1140 cm~l at 2 cm - * resolution.
approximately 10~15 Joules per pulse.
Figure 21.

Signal levels were

The spectrum is shown in

The broad features are not real and are believed to be a

result of optical misalignment in phase-matching and coupling angles.
The sharp features, centered around 1020 cm~l are real (this spectrum is
the real raw data), however they can not be correlated to any vibrations
in amorphous Nb20s

3/,38 or

t 0 known surface adsorbates.

The spectra of the surface modified by TiCI4 and H2O is shown in
Figure 22.

This chemistry was done under vacuum on a freshly plasma

etched surface at than room temperature vapor pressures.

The surface

spectra were taken with the surface exposed to open atmosphere.

The

first, and most important observation is the drastic change in the
surface spectrum due to the monolayer chemistry.

Secondly, there is

appearance of the two peaks at 937 and 887 cm~l.

Ti02 has vibrations at

962 and 934 cm"* determined from matrix isolation experiments.39
vibrations may be the origin of the surface features.

These

The spacing

between these peaks and their absolute frequency are somewhat different
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Figure 21. Surface CARS on Nb^O^.
Surface CARS spectrum of bare
^2^5 °P t l c a ^ waveguide.
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Figure 2 2 . Surface CARS spectrum on Ti modified Nb o 0 c .
L 0
NbpOr optical waveguide surface was modified with
Ti and HgO .

from the surface values, however one would expect a significant shift in
vibration frequency for the surface bound species.
This experiment, while not definitive in detecting distinct
molecules at a surface, shows the monolayer sensitivity of Surface CARS.
Further experiments under high vacuum conditions will allow better
surface preparation and thus a greater ability to observe individual
molecules.
4.4

Summary

From the work presented here a number of conclusions can be made
regarding the spectroscopy of thin films and surfaces.

The spectroscopy

of thin films has been advanced by the development of waveguide two
photon absorption and waveguide coherent Raman scattering.

These

methods offer very high sensitivities in probing the electronic and
vibrational states of thin films and thin film impurities.

Two photon

polarization studies have been examined and are feasible under special
waveguide conditions.

Measured thin film CRS signals have supported the

current theory describing waveguide CARS, and a small portion, including
the origin, of the solution phase two photon spectrum of fluorene has
been obtained.
Surface SHG has been developed and examined as a surface
sensitive tool.

High power densities required for SSHG limits its use

in the study of weakly bound species.

Chemically bound species provide

resonantly enhanced spectra that correlate with the one photon
absorption spectra.

The cresol ion spectrum and covalently bound
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carbazole spectrum has been observed at a silica surface, and
experimental advances have been made in proper normalization for SHG
spectroscopy.
Surface CARS has been examined using thin film optical
waveguides.

The first CARS spectrum above an optical waveguide using

evanescent waves has been recorded in ethyl benzene.

Monolayer

sensitivities for surface species has been demonstrated and the ability
to recognize surface bound species is possible.

These results show the

great promise CARS gives to surface vibrational spectroscopy.
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- <9 | M|< | m><m | M-j | n><n | Mj | g>

(2ha) - E nm + ir n n 1 )

1

h (i)

+ Emg +

+

ir m g

_ <g | Mj | m><m | M-j | m><n | M|< | g>

(2huj - E nm + ir n m )

h(D - Epg + iTpg
+

hto - Epg + ir n g
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1

a) + E m g + ir m g

REFERENCES
1.

J. F. Rabolt, R. Santo and J. D. Swalen, in Proceedings of the
VHth International Conference on Raman Spectroscopy, p. 336; Appl.
Spectroscopy,
517 (1980).

2.

C. K. Chan, A. R. B. de Castro, Y. R. Sheni and F. DeMartini, Phys.
Rev. Lett., ^3, 946 (1979).

3.

J. P. Heritage and D. L. Allara, Chem. Phys. Lett., J74, 507 (1980).

4.

C. R. Brundle and H. Morowitz (editors), Vibrations at Surfaces,
(Elsevier Scientific Publishing Company, New York, 1983).

5.

Ronald L. Birke, John R. Lombardi and Luis Sanchez, "Surface
Enhanced Raman Spectroscopy", Electrochemical and Spectrochemical
Studies of Biological Redox Components, Karl M. Kadish, (editor),
Advances in Chemistry Series, (ACS, Washington, D.C. 1982) 69.

6.

T. F. Heinz, C. K. Chen, D. Ricard and Y. R. Shen, Phys. Rev.
Lett., 4_8, 478 (1982).

7.

C. K. Chen, T. F. Heinz, D. Ricard and Y. R. Shen, Phys. Rev.
Lett., 46, 1010 (1981).

8.

T. F. Heinz, C. K. Chen, D. Ricard and Y. R. Shen, Phys. Rev.
Lett., 48, 478 (1982).

9.

M. L. Hair, p. 1 in Vibrational Spectroscopies for Adsorbed
Species, A. T. Bell and M. L. Hair, Eds., (American Chemical
Society, 1980); D. L. Allara, ibid, p. 37; B. A. Marrow, ibid,
p. 119.

10.

S. H. Lin, Y. Fujimura, H. J. Neusser and E. W. Schlag, Multiphoton
Spectroscopy of Molecules, (Academic Press, New York, 1984).

11.

D. Marcuse, Theory of Dielectric Optical Waveguides, (Academic
Press, New York, 1974), Chapter 1.

12.

T. Tamir, Integrated Optics, (Springer-Verlag, New York, 1979)
p. 84.

78

79

13.

W. M. McClain, Journal Chem. Phys., j[5, 2789 (1971).

14.

Maria Goppert-Mayer, Naturwissenschaften, 1_7, 932 (1929).

15.

Li n et al. p. 21.

16.

W. M. McClain, J. Chem. Phys., .55, 2789 (1971); J. Chem. Phys., 57,
2264 (1972); J. Chem. Phys., 58, 324 (1973).

17.

Lin et al., Chapter 3.

18.

N. B1 oembergen and P. S. Pershan, Phys. Rev., 128, 606 (1961).

19.

T. F. Heinz, C. K. Chen, D. Ricard and Y. R. Shen, Phys. Rev.
Lett., 18, 478 (1982).

20.

Y. R. Shen, Principles of Nonlinear Optics, (John Wiley and Sons,
New York, 1984) p. 17.

21.

Li n et al., p. 62.

22.

Paul N. Butcher, Nonlinear Optical Phenomena, (Engineering
Experiment Station, Ohio State University, Bulletin 200, Columbus,
Ohio
1975).

23.

H. C. Anderson and B. S. Hudson, "Coherent Anti-Stokes Raman
Scattering" in Molecular Spectroscopy, D. A. Long (ed.), Vol. 5,
(Chemical Society, New York, 1977).

24.

Y. R. Shen, Principles of Nonlinear Optics, (John Wiley and Sons,
New York, 1984) p. 242.

25.

G. I . Stegeman, R. Fortenberry, C. Karaguleff, R. Moshrefzadeh,
W. M. Hetherington, I I I , N. E. Van Wyck and J. E. Sipe, Optics
Letters, jB, 295 (1983).

26.

M. Born and E. Wolf, Principles of Optics, (Pergamon Press, New
York, 1980) p. 329.

27.

Amnon Yariv, Optical Electronics, (Holt, Rinehart and Winston, New
York, 1985) p. 238.

28.

F. Zernike and J. E. Midwinter, Applied Nonlinear Optics, (John
Wiley and Sons, New York, 1983) p. 94.

29.

T. F. Heinz, C. K. Chen, D. Ricard and Y. R. Shen, Phys. Rev.
Lett., 48, 478 (1982).

80

30.

Waveguides Supplied by Hickernell, Motorola, Inc.

31.

A. Bree and R. Zwarich, J. Chem. Phys., _51, 903 (1969).

32.

W. M. McClain, J. Chem. Phys., .57, 2264 (1982).

33.

Program for this calculation written by Ranee M. Fortenberry.

34.

I . B. Berlman, Handbook of Fluorescence Spectra of Aromatic
Molecules, (Academic Press, New York, 1971) p. 157.

35.

R. P. Brucker and W. M. McClain, J. Chem. Phys., 6^, 2616 (1974).

36.

G. I . Stegeman, R. Fortenberry, C. Karaguleff, R. Moshrefzadeh,
W. M. Hetherington, I I I , N. E. Van Wyck and J. E. Sipe, Optics
Letters, 8., 295 (1983).

37.

F. L. Galeener, W. Stutius and G. T. McKinley in The Physics of MPS
Insulators, G. Lucovsky, S. T. Pantelides and F. L. Galeener, Eds.,
(Pergammon, New York, 1980) p. 77.

38.

U. Balachandran and N. G. Eror, Journal of Material Science
Letters, ! , 374 (1982).

39.

N. S. Mclntyre, K. R. Thompson and W. Weltner, Jr., J. Phys. Chem.,
75, 3243 (1971).

