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ABSTRACf 

Brillouin light scattering (BLS) experiments have been performed on polymeric 

uniaxial Langmuir-Blogett (LB) films. whose preferred axes are in the plane of the film. to 

investigate their elastic properties. By assigning the spectral signals unambiguously. the 

whole set of the elastic constants and the indices of refraction were determined. As the 

o 
monolayer thickness increased from 16.5 to 20.5 A, the elastic constants decreased and the 

refractive indices were not changed. These decreasing elastic constants were interpreted in 

terms of a superlattice model of the polymeric LB films. 

BLS coupled with surface-plasmon-polaritons was studied to not only enhance the 

Brillouin signal by more than a factor of 15. but also to study the hybridization of the 

dispersion relations between the guided modes of a CdA LB film and the Rayleigh-Sezawa 

modes of the supported Ag film coated on a prism. The Kretschmann A 1R geometry was 

used. The angular dependence of the intensity of the surface-plasmon-polariton-enhanced 

BLS for a prism-metaI-dielectric system was also studied. 
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CHAPTER I 

INTRODUCTION 

Langmuir-Blodgett (LB) films are stacks of organic molecules that are deposited 

monolayer by monolayer by a successive dipping technique developed by Katherine Blodgett 

and Irving Langmuir (1917. 1935. 1937). The successive dipping of a substrate into water 

covered with an insoluable monomolecular film creates a multilayer assembly of LB 

molecules on the substrate. As the applications of LB films have become more imminent 

(Swalen et ai. 1987). progressively larger numbers of their physical properties have been 

investigated accordingly. Furthermore, the film properties can be varied by molecular 

chemistry or by changing the film deposition parameters. Therefore. it is essential to 

provide appropriate characterization tools. first of all to allow for sufficient preparation 

reproducibility. and second. for investigating specific film properties. Because LB films are 

in general soft. measurement and subsequent increase of their mechanical properties are 

very important. 

Brillouin light scattering (BLS). which is the inelastic scattering of light from 

thermally excited acoustic phonons. has been known for 60 years to be a successful 

technique for measuring acoustic phonons and therefore elastic properties. The sound 

velocity V of acoustic phonons inside elastic media is given by 

V ... if J p • 
(I-I) 

where c is the appropriate elastic constant and p is the density of the medium. The elastic 

constant is a macroscopic measure of stiffness of the medium and it depends on the 

microscopic force constants betwen atoms inside the medium. Thus measurements of the 
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elastic properties can give some insight into the microscopic details of a medium. Once the 

sound velocity of an acoustic mode is measured. the elastic constant is determined using 

equation I-I. provided that the density is also known. There have been numerous 

applications of Brillouin spectroscopy to the measurement of elastic properties. Examples 

range over transparent single crystal materials (Lee et al. I 989a). semiconductor wafers 

(Sandercock 1972) and metallic superlattice films on sapphire substrates (Dutcher et al 1990). 

From BLS experiments. the sound velocity of an acoustic mode can be determined 

from two physical observable quantities: the wavevector and the frequency of the mode. In 

a bulk medium. the conservation law of momentum gives the wave vector of a scattering 

phonon q as (Ashcroft and Mermin 1976) 

± q .. nks - nk; • (1-2) 

where nk; (nks) is the wave vector of the incident (scattered) light in the medium and n is 

the index of refraction. In addition. the corresponding frequency of the phonon n is 

governed by the conservation law of energy as 

± n .. Ws - Wi • (1-3) 

where Wi (ws) is the frequency of the incident (scattered) light. The + sign is for scattering 

from an acoustic wave propagating in such a direction that the acoustic phonon mode is 

annihilated (Stokes) whereas the - sign mode corresponds to another phonon propagating in 

the opposite direction that is created (Anti-Stokes). These two types of scattering are shown 

in figure I-I. Light scattered from an acoustic wave is Doppler shifted in frequency and 

the frequency shift is related directly to the sound velocity of the acoustic mode and to the 

scattering geometry. If the phonon is interacting with photons of visible light, which is the 

case in this dissertation. i.e .• kphonon :!!: klight « kBrillouin zone. information is provided 

only about the phonons in the immediate neighborhood of k .. O. where the energy of the 

mode is linearly proportional to the wavevector. The sound velocity V of the mode is then 

determined as 
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(0.) 

(b) 

Figure 1-1. Scattering of light from acoustic phonons. The scattering of light from acoustic 
phonons which were annihilated (anti-Stokes: a) and were created (Stokes: b) inside a 
medium. ki and ks are the wavevector of incident and scattered light in free space, and q 
is the wavevector of the phonon. The n is the index of refraction of the medium. The 
scattering angle is shown as O. 
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n V = - • q 
(1-4) 

where the frequency shift n is analyzed by a high precision interferometer and the 

magnitude of the wavevector q of the mode is determined from the scattering geometry 

(equation 1-2). It follows immediately that the q is related to the scattering angle e (figure 

1-1) by 

q - (2nk)sin[ ~] • (1-5) 

where k is the magnitude of the incident light wavevector. Therefore. the elastic properties 

of the materials can be deduced from the sound velocities of various acoustic phonon 

modes. 

In general. there are two mechanisms by which light is scattered. One is elasto-

optic coupling in which the incident light is scattered from the fluctuating dielectric 

function created by the acoustic wave. The second is ripple scattering in which 

corrugations are produced at the surface due to the displacement created by surface 

acoustic waves or by bulk acoustic waves reflecting off the surface. They are depicted in 

figure 1-2. Bortolani et al. (1983) have developed a total field analysis for the acoustic 

normal modes of a film on a substrate. Although there have been other approaches (Mills 

and Subasamy 1981: Rowell and Stegeman 1982). the method deveoloped by Bortolani et al. 

(1983) is used here. 

For a sample whose thickness is comparable to the wavelength of the acoustic 

wave. like a film on a substrate. the acoustic modes are no longer those associated with an 

"infinite" medium. Instead there are surface acoustic waves. On the surface of a semi-

infinite medium. there is always a surface wave. called a Rayleigh wave. For a film on a 

substrate. a set of guided acoustic modes (Sezawa modes and Love modes) also exist inside 

the film if the sound velocity of the transverse bulk acoustic wave for the film is lower 

than that of the substrate. Furthermore. only the conservation of momentum parallel to the 
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Figure 1-2. Two scattering mechanisms. (a) Eiasto-optic coupling in which the incident light 
is scattered fromthe fluctuating dielectric function created by the acoustic wave. The 
wavelength of the acoustic wave is depicted by Xq. (b) Ripple scattering in which 
corrugations are produced at the surface due to the displacement created by surface 
acoustic waves or by bulk acoustic waves reflecting off the surface. 
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± qp ... ks,p - ki,p , 
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(1-6) 

where the subscript p indicates the wavevector component parallel to the surface. Because 

of the boundary condition of electromagnetic waves, the index of refraction n is no longer 

necessary. 

Surface acoustic modes usually have scattering cross sections many orders of 

magnitude lower than bulk acoustic modes in a transparent medium due to the limited 

scattering volume which is equal to the thickness of the film. Further, the elastically 

scattered light may be orders of magnitude more intense than the light scattered from the 

acoustic modes. Typically, a Fabry-Perot interferometer is used to frequency-analyze the 

scattered light. Since Sandercock (1971) developed innovative improvements in the Fabry

Perot interferometer by passing the scattered light through one interferometer multiple times 

or even by using synchronized interferometers. it is now possible to observe all of these 

modes. Consequently, BLS has been the only nondestructive experimental technique for 

observing the surface acoustic modes. 

This powerful technique was directed in this thesis at studying LB films. LB films 

are layered structures which have a high degree of molecular orientation making them 

elastically anisotropic. The elastic properties of LB films are very difficult to measure, 

principally due to their fragile nature. There were a few studies of the elastic properties of 

monomolecular films (O'Brien et ai. 1985; Abraham et ai. 1982. Briscoe et ai. 1982), but 

the full analysis in terms of all of the elastic constants of LB films is only beginning. 

Zanoni et ai (1986) determined for the first time the elastic constants for cadmium 

arachidate (CdA) LB films deposited on Mo substrates by measuring the long-wavelength 

surface acoustic modes using Brillouin spectroscopy. For these CdA LB films, which 

typically form a hexagonal crystal with the c-axis normal to the surface. three elastic 

constants were measured and upper limits were found for the other three elastic constants. 
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Gleed et ai. (l989a) also measured four elastic constants for 22-tricosenoic acid LB films 

grown on a Si wafer substrate and studied the sound velocity of the Rayleigh surface 

acoustic phonon mode as a function of the surface pressure on the molecules during film 

deposition. In both of these measurements the measured transverse elastic constants of these 

films were as much as a factor of 10 smaller than those of metallic films. This indicated 

that there are weak interlayer interactions in the LB films and that LB films are in a 

transition regime between a solid and a liquid. 

In the present work. we are concerned with ways to increase the mechanical 

stability of LB films. Previously we studied the elastic properties of several kinds of 

cadmium octadecylfumarate LB films using Brillouin light scattering experiments (Lee et ai, 

1 989b). These films were deposited on a Mo substrate by the usua1 dipping technique 

(Gaines 1966) and they were polymerized by exposure to UV radiation. This radiation 

gives molecules enough energy to form the extra links between adjacent molecules. so that 

their mechanical strength parallel to the film surface can increase. We measured the sound 

velocities of the Rayleigh wave for the polymerized and unpolymerized films and observed 

that the sound velocity of the mode for the polymerized films was in some cases higher 

than that for the unpolymerized. indicating that the elastic constant Css becomes larger by 

polymerization. However. in other cases we also observed that this polymerization could 

cause the formation of cracks and micro-cracks on the films because the linkages between 

molecules led to a volume change. i.e .• shrinkage. Consequently the formation of the cracks 

lowered the sound velocities of the surface acoustic modes contrary to our expectations. 

Further study showed that the elastic constants for polymerized films with cracks were as 

much as a factor of one half smaller than those of unpolymerized films (Lee et ai. I 989b). 

Another way to increase the mechanical stability of the LB film is to transfer 

chemically preformed polymeric LB films onto the substrates. Newly synthesized polymeric 

LB films (Duda et ai. 1988) were used for this purpose. These polymeric LB films are of 
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particular interest because of their special molecular structure as well as their mechanical 

stability. Unlike typical LB films like CdA LB films. the polymeric LB films have a 

hexagonal crystal symmetry with the c-axis in the plane. Therefore. it is our purpose to 

study the elastic properties of these polymeric LB films using Brillouin spectroscopy. In 

addition measurements via BLS of the structural dependence of the elastic constants are also 

presented. 

Many interesting acoustic phenomena occur due to the softness of the films relative 

to the substrate. Due to large mismatch of the acoustic impedances of the film and the 

substrate, the dispersion relations exhibit several "cross-overs" which are characteristic of 

the coexistence of guided modes of the film with modes a'>SOCiated with the substrate. In 

several Brillouin spectra of thick polymeric LB films on a Mo substrate, we observed peaks 

with a velocity of propagation close to that of the Rayleigh wave of the bare substrate. 

Conventional surface BLS. where the incident light impinges onto the free surface 

from air. is not particularly useful in this case. because the scattering strength of the 

various modes (Rayleigh and Sezawa) in transparent films on opaque substrates is affected 

by strong interference effects between the ripple and the elasto-optic scattering mechanisms 

(Bortolani et al. 1982). When the elasto-optic coefficients of the film are unknown. as in 

the present case. the spectra can be difficult to interpret. For this reason the technique of 

surface-plasmon-polariton-enhanced Brillouin spectroscopy was adopted. 

Surface-plasmon-polaritons (SPPs) are transverse magnetic electromagnetic waves. 

propagating along the interface of a metal and a dielectric. By using the Kretschmann 

attenuated total reflection configuration (Kretschmann 1971). incident lights couple to the 

SPPs. enhancing the electric field at the interface. Consequently. the Brillouin scattering 

intensity is highly enhanced. In addition. this technique makes BLS sensitive primary to 

localized phonons at the interface. The SPPs are confined to this interface. removing 

interference effects originating from the dielectric film's free surface and reducing the 
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elasto-optic scattering in the dielectric film with respect to the ripple scattering at the 

interface. 

There was also another advantage in using enhanced BLS: the increased value of 

the parallel momentum. which is proportional to the index of refraction of the prism used 

in coupling to the SPPs, allows us to reach a particularly interesting region of the 

dispersion relations of the guided acoustic modes of the system. Therefore. results on the 

character and localization of guided acoustic modes in thin LB films deposited on an Ag 

film are presented in this dissertation. 

This dissertation is organized as follows. In chapter 2. the theory of bulk acoustic 

modes and surface acoustic modes is discussed and the elasto-optic and ripple effects which 

give rise to Brillouin light scattering will be outlined. A brief summary of the multipassed 

tandem Fabry-Perot interferometer and several experimental improvements are presented in 

chapter 3. Having provided a brief summary of LB film fabrication and properties at the 

beginning of chapter 4. analysis of the Brillouin spectra obtained for polymeric LB films 

and the evaluation of the whole set of elastic constants from them are discussed in chapter 

4. The structural dependence of the elastic constants of these polymeric LB films and the 

interpretation of the dependence as a composited layer structure are reported in chapter 5. 

Measurements of surface-plasmon-polariton-enhanced Brillouin light scattering in conjunction 

with the dispersion and localization of guided acoustic modes in a CdA LB film are 

presented in chapter 6. Chapter 7 summarizes the important conclusions of this study. The 

appendix contains a detailed calculation of the frequency shift of the acoustic modes for a 

1.0 /lm thick polymeric LB film that has hexagonal crystal symmetry with the c-axis in 

plane. 
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In order to interpret correctly the spectra measured using Brillouin spectroscopy 

(Brillouin 1922) which probes the thermally excited acoustic modes of a medium via 

inelastically scattered light, it is necessary not only to understand the various acoustic modes 

of the system. but also to understand how light scatters from these acoustic modes. This 

chapter basically consists of two parts which address these issues. 

In the first part, the types of acoustic modes involved in our Brillouin light 

scattering (BLS) measurements and the calculation of the sound velocities of these modes in 

terms of elastic constants and densities of the materials are described. The simplest modes. 

bulk acoustic phonons of an infinite medium are discussed first. When a boundary is 

introduced surface acoustic phonon modes can exist on the surface of a semi-infinite 

medium. A method of calculating the velocity of the Rayleigh mode and its displacement 

field for simple crystal symmetries up to the orthorhombic crystal class is discussed. The 

additional boundary conditions associated with a film deposited on a substrate generate a 

discrete set of film guided acoustic modes. called generalized Lamb modes (Sezawa modes) 

and Love modes. For the purpose of this dissertaion. the Love modes are not discussed 

since they are not measured experimentally. 

In the second part, the scattering of light from these acoustic modes is described. 

There are two mechanisms by which light scatters from a medium: elasto-optic scattering 

due to the acoustic modulation of the dielectric constant of the medium and ripple 

scattering from the corrugated surface caused by the displacement of the surface acoustic 

waves similar to scattering by a moving diffraction grating. Numerous papers have been 
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published detailing these processes (Bortolani et ai. 1980, 1983; Rowell et ai. 1978; 

Subbaswamy et ai. 1978). The theory developed by Bortolani et ai. (1983) is most 

appropriate for the work in this dissertation and is briefly outlined. 

Bulk Acoustic Modes 

The elastic constants of a material, along with its density, determine the sound 

velocity of the three orthogonal bulk acoustic waves which propagate along any direction 

inside a material. For isotropic materials, the waves consist of one longitudinal 

(compressional), and two degenerate orthogonally polarized transverse (shear) waves. Their 

velocities are determined by the two independent elastic constants Cu and C44' For lower-

symmetry crystal structures, the number of independent elastic constants increases. For 

example for hexagonal crystals, such as cadmium arachidate (CdA) LB films, there are 5 

independent constants, cu, C12' Cl3' ~ and Css. No matter how low the crystal symmetry is, 

there are always three bulk acoustic modes, one quasi-longitudinal, whose compressional 

vibration is predominant. and two quasi-transverse acoustic modes, whose orthogonally 

polarized shear vibrations are predominant. for an arbitrary direction of propagation. The 

sound velocities of the modes are determined by solving the equation of motion. 

Consider a homogeneous, non-piezoelectric material with no external forces applied 

to it. The acoustic wave equation is 

(2-1) 

where p is the mass density and uCi. ... uCi.(R.t) is the displacement field component along the 

Ci.-axis that is a measure of the shift of the atoms from their rest position R = (x1.Xz,xJ. 

The stress component T 0l{3 is the internal elastic force per unit area parallel to Xct acting in 

the plane normal to x{3. For small displacements in the absence of damping. Hooke's law is 

valid: the stress is proportional to the deformation or strain S~'Y of the material as defined 



by 
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t.'Y 
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(2-2) 

where cc43t'Y is the elastic constant tensor in GPa (= 109 Newton/m2). The linearized strain 

is related to the vector gradient of the displacement field u. but must not depend on rigid 

rotation if it creates no local stretching (Nye 1985). This is a property of the symmetric 

gradient operator and leads to 

S = - - + ---1:!.. 1 [0uCi. OuR] 
c43 2 8xf3 8xet.· 

(2-3) 

Having introduced the essential terminology. the solutions of the equation of motion 

can now be discussed sensibly. Upon combining equations 2-1. 2-2 and 2-3 to elimininate 

T and S. one obtains a wave equation for the displacement in a perfectly elastic. 

anisotropic medium as 

O'uet. '" O'ur 
p 8P ... L cc43t'Y 8xf3DXy . 

f3.t.'Y 

(2-4) 

If the medium is infinite in all directions. then the simplest solutions to the wave equation 

are plane waves given by the real part of 

A ik/,x.. + ~ + l;r, - VI) u = e • (2-5) 

with A = xjA} where Xj is a unit vector along the Xj axis. The sound (or phase) velocity 

V of the wave is measured along the propagation vector k. whose direction cosines are 

given by the Ii' Homogeneous plane waves of this form will be referred to here as bulk 

acoustic waves. 

The solution for the sound velocity and the corresponding eigenvector Ai of the 

displacement in the infinite-medium or bulk acoustic wave problem can be determined 

explicitly by substituting the plane wave of equation 2-5 into the wave equation 2-4. The 

eigenvectors of the three solutions form a mutually perpendicular triad. one displacement 
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vector being quasi-longitudinal and the other two being quasi-transverse in general. This 

substitution gives the homogeneous set of equations. which are called the Christoffel 

equations. 

where 

r Olt - L cCi.f3ti,i'Y . 
{3.'Y 

(2-6) 

(2-7) 

The application of the above equations is greatly simplified by introducing abbreviated 

subscripts using the Voigt notation (Musgrave 1970). This representation replaces the two 

subscripts of the stress and strain tensors with one subscript according to: II -+ I. 22 -+ 2. 

33 -+ 3. 23 and 32 -+ 4. 13 and 31 -+ 5. and 12 and 21 -+ 6. The fourth-rank stiffness 

tensor cCi.f3t'Y can also be abbreviated with each pair of indices reducing to one to form a 

6 x 6-matrix. This resulting matrix is symmetric. and the 81 components of the original 

tensor are represented by at most 21 independent matrix elements in the most general case 

of tric1inic crystal symmetry (Musgrave 1970). 

One method for finding the sound velocities of the three bulk acoustic waves is as 

follows. In order to have nontrivial solutions of equation 2-6. the determinant of the 

coefficients must be equal to zero. which produces the secular equation 

(2-8) 

This is a cubic equation in V2. and the three roots are the squares of the velocities for the 

three bulk acoustic waves. Since the analytic solutions for a cubic equation exist (CRe 

1981). the sound velocities of the 3 bulk acoustic waves propagating in any direction can 

be solved easily. 

Since the sound velocity of a bulk acoustic mode is a function of the elastic 

constants. it is possible to deduce the elastic constants once the sound velocities of the bulk 
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acoustic modes in various directions within the crystal are known. Usually the crystal has 

been cut with the surface normal along a high symmetry plane or the propagation direction 

has been chosen as a high symmetry direction. This minimizes the number of elastic 

constants governing the sound velocity of the mode. Recently, however, the elastic constants 

for a Na+ /3"-alumina single crystal (Lee et ai, 1989a) having trigonal (r3m) symmetry have 

been determined successfully using Brillouin spectroscopy without special cutting of the 

sample. 

Once the angular frequency shift n (in cycles/second; hertz) of a bulk acoustic 

mode is obtained via a Brillouin light scattering experiment. the sound velocity V of the 

mode can be calculated from 

n V-", (2-9) 

where k is the magnitude of the wavevector of the bulk acoustic mode, which depends on 

both the scattering geometry and on the optical properties of the sample. The sound 

velocities of the bulk acoustic modes can be compared with calculated values and the 

elastic constants can be determined by minimizing the differences between calculated and 

experimental values of the sound velocities of the modes. given values of the density and 

the indices of refraction. 

Surface Acoustic Modes 

The presence of the free surface of a semi-infinite material gives rise to a localized 

acoustic phonon mode whose displacement field decays exponentially with increasing 

distance into the material from the surface. This long-wavelength surface acoustic mode is 

called the Rayleigh wave, after its discoverer (Rayleigh 1887). The free surface imposes a 

boundary condition that the stresses at the surface are zero. 

The coordinate system for the surface acoustic mode problem of interest here will 

be taken with the z-axis as the outward normal to the stress-free surface of the medium 
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which occupies the half-space z ~ O. as shown in figure 2-1. The x-axis. which is the 

propagation direction of the mode. is chosen in some convenient direction in the surface. 

Solutions of the wave equation are sought which decay with distance below the 

free surface z = 0 and there are no variations with z of any of the displacement 

components perpendicular to the sagittal plane. The sagittal plane is defined as the plane 

perpendicular to the free surface which contains the propagation wavevector. The 

propagation wavevector lies in the surface and is specified by its magnitude k and its 

projection kp along the x-axis. Its projection along the y-axis is taken to be equal to zero 

without losing generality. that is ly ... O. The trial solution of the wave equation 2-5 is 

reduced to 

U A eikp (x + ICZ - Vt) 
Ol'" Ol • (2-10) 

where the magnitude k of the wavevector is 

(2-11) 

It will be seen below that " is in general complex and it gives the variation with depth of 

the amplitude and phase of the wave measured in a plane perpendicular to the x-axis. 

Thus substituting equation 2-10 into the wave equation 2-4 gives a surface phonon version 

of the Christoffel equations for the the surface acoustic modes: 

where the r Olr are given by 

L (f Olr - 50lrpf!2)Ar = 0 • 

r 
(2-12) 

(2-13) 
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z 

Figure 2-1. Coordinate system for surface acoustic waves. The medium occupies the half
space z ~ O. 
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This set of equations is exactly same as those (equation 2-7) for bulk acoustic modes with 

ly = O. except that the value of " for the bulk acoustic modes is real and was labelled 

previously as a directional cosine associated with the z-axis. The elastic constants for the 

surface acoustic modes are specified in a reference frame which is rotated relative to the 

crystal reference frame. whereas it is not necessary to rotate the elastic constants for the 

case of the bulk acoustic modes in determining the sound velocity of the mode. 

Furthermore. we limit the crystal symmetry of the sample to symmetries equal to or 

higher than orthorhombic. This simplifies the calculation. since r l2 = r 23 =- O. This means 

that A2 can be set equal to zero. so that the secular equation 2-8 for the surface modes 

can now be regarded as a quartic equation in " with CR. (... pJl2) as a parameter: 

,,4_p,,2+Q=O. 

where 

and 

Q ... (ell - CRXC55 - cR) • 
C33C55 

(2-14) 

(2-15) 

For surface acoustic waves the quantity " in each of the terms of the solution must 

be such that the amplitudes of all the displacement components vanish as z -+ -00. Thus 

amongst the 2 pairs of complex conjugate solutions for " for any specified value of CR. 

only the 2 solutions having negative imaginary values are acceptable because they satisfy 

this condition. So the propagation vector is always assumed to be parallel to the surface 

even though Re(k:) may be nonzero. 

The solution assumed for the displacement field of the mode is a linear combination 

of 2 partial waves. written as 

2 
uOI. = L en AOI.n eikp (x + "n Z - Vt). for 01. = 1. 3 (2-16) 

n=l 
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which satisfies the wave equation. providing that the Aan are the components of the 

eigenvector of equation 2-10 corresponding to the root "n. The problem is now to 

determine the two weighting factors C1 and C2 such that the boundary conditions are 

satisfied everywhere on the stress-free surface. These boundary conditions are 

T3{3 = L c3{3t')' ~ ... O. at z = O. for (3 = I. 3 . 

t.')' 
(2-17) 

Substituting the solution assumed above (equation 2-16) into the boundary conditions 

(equation 2-17) gives another set of two homogeneous equations for the unknown weighting 

factors Cn. In order that nontrivial solutions exist. it is again necessary that the determinant 

of the coefficients be zero. Therefore one can easily show that the determinant becomes the 

following equation: 

(2-18) 

where the variables P and Q are given in equations 2-15. Solving equation 2-18 

numerically gives a root corresponding to the Rayleigh modulus CR. That is. by decreasing 

the initial guess for cR downwards from Cs5 until both sides of the equation 2-16 are 

equal. the Rayleigh modulus can be found. The sound velocity of the Rayleigh mode is 

then given by 

(2-19) 

One advantage of measuring the Rayleigh mode is to determine the transverse 

elastic constant C55• even though equations 2-15 and 2-18 show that the Rayleigh modulus 

cR is a complicate function of all 4 elastic constants. To illustrate this point we have 

calculated the dependence of the Rayleigh modulus CR. on each of the independent elastic 

constants (cllt C13• C33 and Cs5) by using equations 2-18 and 2-15. In figure 2-2. the 
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Figure 2-2. Dependence of a Rayleigh modulus cR on elastic constants Cij' The percentage 
change in cR as a function of the percentage change in each of the elasllc constants for a 
molybdenum semi-infinite medium. Each solid line is denoted with the elastic constant 
changed with the other elastic constants fixed. The dashed line corresponds to the curve 
obtained if cR depends on only one of the elastic constants. Cll = 394 GPa, Cl3 = 168 GPa, 
C33 = 394 GPa, Css ... 113 GPa and p = 10.109 gfcm3• 
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percentage change in CR. is plotted as a function of the percentage change in each of the 

elastic constants for a molybdenum semi-infinite medium. For each solid curve in figure 

2-2. one of the elastic constants was varied by up to ±30 % while the other independent 

elastic constants were fixed at their equilibrium values. The dashed line corresponds to the 

curve obtained if CR. depends on only one of the elastic constants. From Fig. 2-2 it can be 

seen that Css has the largest effect on CR.. and it is generally true that CR. = f3 Css. where f3 

is usually about 0.9. This fact. therefore. enables us to deduce the transverse elastic 

constant Css from the Rayleigh mode observed in the Brillouin light scattering measurements. 

This technique has been used for various materials to determine the elastic constant Css. 

When the value of CR. satisfying equation 2-19 is found. the weighting factors C I 

and C:z for the displacement can be evaluated. and the resulting displacements are 

ik_(X - Vt) ( ik_l<jZ C ik _Ji_"') 
Ux = e"ll e "17- + e "17-'-

ik(x - Vt) (F ikp"jz F c ik.nz) Uz ... e"1l' Ie + 2 e 

where 

and 

"I + FI 
C "" - F' 

~ + 2 

(2-20) 

(2-21) 

(2-22) 

(2-23) 

The displacement amplitudes consist of a longitudinal component and a vertical transverse 

component in phase quadrature with each other. Thus. the particle displacement at any 

depth is elliptical. with the plane of the ellipse in the sagittal plane and with the major 

axis perpendicular to the free surface. The shape of the ellipse changes with depth because 

the relative magnitudes of Ux and liz change with depth. Figure 2-3 shows the depth 

variation of the displacement Ux and ~ in the expressions 

Ux = Ux cos kp.x - Vt) and Uz = Uz sin kp.x - Vt) (2-24) 

for a particular choice of elastic constants. The shape of the curves in figure 2-3 is typical 
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Figure 2-3. Displacement fields of a Rayleigh wave. Variations of displacement field 
perpendicular and parallel to the surface' as a function of depth are calculated for a 
molybdenum semi-infinite medium. Each line is denoted with the component. The same 
structural parameters listed in the caption of figure 2-3 were used. 
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of many materials. The penetration depth. defined as the distance over which the amplitude 

decreases by lie from its maximum. of the Rayleigh mode is different from one material 

to another, but. in general it is about one-half of the acoustic wavelength. A typical 

penetration depth for the Rayleigh mode observed in Brillouin light scattering using visible 

o 
light, as is the case of this dissertation, is about 1500 A. 

Surface Acoustic Modes in Supported Films 

There is a set of discrete film guided acoustic modes for a film of thickness 

comparable to the acoustic wavelength deposited on a substrate. The theory described below 

is based on that of Farnell and Adler (1972) and we summarize briefly only the results 

necessary for the interpretation of our Brillouin scattering measurements. 

The coordinate system for this case is the same as the one used for the semi-

infinite material and is shown in figure 2-4. The substrate occupies the half space z ~ 0, 

the interface between the film and the substrate occurs at z ... 0, and the stress-free 

surface occurs at z 0= h. The z-axis is taken as the outward normal to the free surface and 

the x-axis is chosen as the in-plane propagation direction, i.e., the y-axis is perpendicular 

to the sagittal plane and the y-axis component of displacement of the medium is decoupled 

from the x and z displacements for crystals which have symmetry that is higher than 

orthorhombic. For these cases the guided acoustic modes of a supported film separate into 

two decoupled modes of different polarizations: Love modes, whose polarization is 

perpendicular to the sagittal plane, and Generalized Lamb modes (Sezawa modes), whose 

polarization lies in the sagittal plane. Only the Sezawa modes are investigated in this 

dissertation. 

As the film is deposited onto the substrate, the sound velocity of the Rayleigh 

mode gradually changes from that of the substrate to that of the film. In addition, if the 

sound velocity of the transverse bulk acoustic mode for the film VT.film is lower than that 
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Figure 2-4. Coordinate system for a supported film system. The substrate occupies the haIf
space z ~ O. 
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for the substrate VT.sub. there exists an additional set of discrete film guided acoustic 

modes. called Sezawa modes. whose velocities lie between VT.film and VT .sub, 

As described in the previous section. 4 bulk partial waves in the film and 2 partial 

waves in the substrate are required for the calculation of the film guided acoustic modes 

under the assumption of crystal symmetry higher than orthorhombic. The displacements are 

given by 

4 

uCJ.jilm ... L CnAcle~K + "nZ 
- Vt). for 0/ -= 1. 3 (2-25) 

11=1 
2 

uO/,sub = L DmBO/ml~·rJ.x + "mZ 
- Vt). for 0/ .. 1. 3 (2-26) 

m=ol 

which satisfy the wave equation providing the AO/n and Bin are the components of the 

eigenvector of equation 2-12 corresponding to the roots "n and "ro. respectively. The 

problem is now to determine the two sets of weighting factors Cn and Dm in such a 

manner that the boundary conditions for the displacement field and stress are satisfied 

everywhere. At the free surface. the stress must be zero: 

T3f3.fiIm .. L c3f3r'Y au~£:m ... O. at z ... h. for f3 .. 1. 3 

r.'Y 

(2-27) 

At the interface between the film and the substrate. the stress and the displacement field 

must be continuous: 

T3f3.film ... T3f3.sub. at z ... O. for f3 .. 1. 3 

UO/Jilm ... ucx..subo at z ... O. for 0/ .. 1. 3 . 

(2-28) 

(2-29) 

Substituting the assumed solutions for the displacement fields (equations 2-25 and 

2-26) into the boundary conditions (equations 2-27. 2-28 and 2-29) gives a set of 6 

homogeneous equations with 6 unknown variables. Cn (n = 1, 2, 3 and 4) and Dm (m = 

1, 2). For a non-trivial solution. the determinant of the coefficients must once again be 

equal to zero. Therefore. the solution is such that for a certain value of kplr. the 
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dimensionless product of the inplane wavevector kp and the thickness of the film h. the 

sound velocities of the Sezawa modes can be calculated by varying the velocity until the 

value of the determinant is zero. The plots of the sound velocities of the various Sezawa 

modes as a function of kph will be called the velocity dispersion curves. Figure 2-5 shows 

a set of velocity dispersion curves for a CdA LB film on a molybdenum substrate. 

Each set of elastic constants for the film and the substrate generates one and only 

one set of velocity dispersion curves. Because of this. it is possible to deduce the elastic 

constants of the film from measurements of the velocity dispersion curves. provided the 

other parameters (elastic constants for the substrate. density of both media and thickness of 

the film) are known. A nonlinear least squares fitting algorithm is used to fit the elastic 

constants from the velocity dispersion curves. In Brillouin light scattering experiments. the 

velocity dispersion curves are measured by varying the film thickness or by changing the 

angle of incidence (equation 1-5) of the laser light. Usually the parameters for the substrate 

are well known. or are assumed to be known. and the film elastic constants Cll' c13• C33 

and Css (= c~ are determined by assuming that the film has orthorhombic or higher crystal 

symmetry. 

Similarly. once the weighting factors en and Dm of the displacements are known. 

the variation of the mode displacements across the thickness of the film can be evaluated. 

Figure 2-6 shows the displacements of several Sezawa modes. As expected. the lowest 

order mode is very similar to that of the Rayleigh mode for a semi-iniinite medium as 

shown in figure 2-3. and the higher order modes are essentially standing waves across the 

thickness of the film. Further study of the character and localization of Sezawa modes in 

the CdA LB film coated on an Ag film is discussed in chapter 6. 

For the modes whose sound velocities are larger than VT .sub. neither the real part 

nor the imaginary part of the determinant of the coefficients ever goes to zero. indicating 

that all of the z-axis components of the wave vectors of the partial waves inside film may 
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Figure 2-5. Velocity dispersion curves for a CdA LB film on a molybdenum substrate. 
Because VT.F is slightly higher than VR,F. it is not marked in the figure. The subscripts 
T and R indicate transverse and Rayleigh modes. respectively. The subscripts F and S 
indicate film and substrate. respectively. 
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not have non-zero imaginary values and vanishingly small values of the real component. 

contrary to that assumed previously. That is, the guided acoustic modes gradually transform 

into bulk modes. leaking the power into bulk waves propagating into the substrate. Hence. 

these modes are referred to as "bulk" continuum modes or "leaky" modes. They are 

observable in BLS as a continuum of modes whose frequency shifts is larger than the 

transverse velocity of the substrate. They are. in general. quite difficult to interpret without 

a complete light scattering theory. 

Longitudinal Guided Modes 

Similar to Rayleigh surface acoustic waves whose displacement fields are 

predominantly vertically transverse for a semi-infinite medium, there are longitudinally 

polarized counterparts which have recently been studied theoretically and experimentally. 

Glass and Maradudin (1983) had shown that a high-frequency pseudo-surface mode 

(HFPSM). the so-called longitudinal resonance or longitudinal leaky surface wave. whose 

velocity lies between the bulk transverse and longitudinal acoustic mode. could exist for an 

isotropic material. Furthermore. Carnley and Nizzoli (1985) had calculated the velocity of the 

HFPSM for an anisotropic semi-infinite medium. 

In the case of a supported film it was expected. in analogy to the Sezawa modes. 

that the longitudinal resonance would be the slowest. or fundamental. mode of a family of 

guided waves of longitudinal character with propagation velocity close to the longitudinal 

bulk velocity of the film. Hillebrands et ai. (1988) have observed light scattering from the 

longitudinal counterpart of the lowest order Sezawa mode in a set of MBE epitaxially 

grown znSe(OOI) films on GaAs(OOI) substrates. These modes were called longitudinal 

guided modes (LGMs) and they become the longitudinal resonance for a semi-infinite 

medium. There. they introduced a simple model to explain the existence of the LGMs. For 

the guided modes to exist it is necessary that the longitudinally polarized partial waves 



40 

interfere constructively. Thus the wave vector component perpendicular to the film qper 

must obey a resonance condition 

2 qper Iz + oS + 01 ... 2 n 1T • (2-30) 

where h is the thickness of the film. and the mode index n is a positive integer. ·Os. 01 are 

the phase shifts upon reflection at the free surface and the interface. respectively. In an 

elastically isotropic medium. where Os ... -1T/2 and 01 :1!! 0.2 (Auld 1973). equation 2-30 is 

fulfilled very accurately for the longitudinal partial waves with n .. 1. 

Equation 2-30 predicts several properties of the LGMs. Because the elastic 

properties of the media bounding the film are dissimilar. there is a minimum film thickness 

below which equation 2-30 cannot be satisfied. With increasing film thickness the value of 

qper decreases in order to fulfill equation 2-30. thus decreasing the modal sound velocity 

which approaches asymptotically the longitudinal sound velocity. This implies that the 

LGMs degenarate into ordinary longitudinal bulk acoustic phonon modes traveling parallel 

to and inside the film. Also. depending on the thickness of the film. more than one LGM 

can exist. As the name of the mode implied. the displacements are dominantly longitudinal 

and the displacement energy is maximum in the middle of the film. Figure 2-7 shows the 

normalized squared displacement fields of the LGM in the ZnSe film on a GaAs substrate. 

One of most important advantage of the LGMs is that they can be used for a very 

accurate determination of the longitudinal sound velocity in the films. This accuracy is 

comparable to that of the determination of the transverse sound velocity from the Rayleigh 

modes. 

In this dissertation a new LGM is presented (chapter 4). A set of Brillouin peaks 

for polymeric Langmuir-Blodgett films on a molybdenum substrate are identified as the new 

LGMs. In contrast to the LGMs in the ZnSe films. which are leaky modes. the new set of 

LGM are in the region of discrete mode spectrum because the longitudinal sound velocity 

of the film is smaller than the transverse sound velocity of the substrate. Recently. 
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Dutcher et aI. (1990) have reported the observation of light scattering from the WMs of 

metallic superlattice films. Since the optical penetration depth for metallic films for visible 

o • 
light is very small (e! 150 A) (Johnson and ChrISty 1972. 1974). the elasto-optic scattering is 

very small and the scattering intensity is due almost entirely to the surface ripple 

mechanism. Therefore. in this case a dip corresponding to the longitudinal resonance was 

observed in the Brillouin spectra. 

Since a theory for calculating the velocity dispersion of the WM is not available. 

it is very difficult to predict whether the WMs will be observed in the Brillouin spectra 

for a film. However. it is rather easy to recognize a Brillouin peak as a WM. There are 

at least two things to look for: The Brillouin peak must show a surface mode pattern. that 

is. the frequency shift of the peak must be proportional to sin(8). where 8 is the angle of 

incidence. The sound velocity of the mode must be close to the longitudinal bulk mode. 

For the film whose thickness is thicker than the wavelengths of the surface acustic 

modes discussed above. it is also possible for one of the surface acoustic modes to have a 

wavevector that aligns with that of the light required for Bragg condition inside the film 

when the film is transparent. In this special case. the surface acoustic mode. called "bulk" 

acoustic mode. gives rise to a strong signal in Brillouin spectra because of strong elasto-

optic scattering contribution. Details of this "bulk" acoustic mode will be discussed in 

chapter4. 

Brillouin light scattering 

Prior to any experiments. it is possible to predict what kind of acoustic modes exist 

and what their frequency shift should be from the calculation of the sound velocities of 

various modes as described earlier. However. it is not always true that each mode scatters 

light with sufficient efficiency to be observed experimentally. In order to understand the 

spectrum and to extract the elastic properties of the material. it is necessary to understand 
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how light interacts with the various acoustic waves inside the material. 

In general. there are two scattering mechanisms: light exchanges momentum 

(equation 1-2) and energy (equation 1-3) with the acoustic phonon field through the 

dynamical corrugation of the surface (ripple scattering) and throught the modulation of the 

dielectric tensor of the medium (eiasto-optic scattering). The Brillouin light scattering cross 

section can be calculated by including both mechanisms and by taking into account both 

the mechanical and the electromagnetic boundary conditions at the film surface and the 

film-substrate interfaces. Several approaches to the analysis of surface Brillouin light 

scattering have been reported. The Green function approach was adopted by Loudon (1978). 

by Subbaswamy et al. (1978) and by Velasco et al. (1980). whereas a solution to the 

modulation driven wave equation and a direct matching of the electromagnetic field at the 

corrugated surface was used by Rowell et al. (1978) and Bortolani et al. (1980). The 

analysis developed by Bortolani et al. (1983) is so general that it included both mechanisms 

and there is neither restriction on the crystal symmetry nor on the scattering geometry. 

Further. this analysis has been proven successful for various samples. Therefore. in the 

following discussion. a brief outline of the basic features of surface Brillouin scattering for 

a supported film. based on the paper by Bortolani et al. (1983). is presented. 

The cross section formulae for a general scattering geometry can be derived by 

solving perturbatively to first order Maxwell equations together with the appropriate 

boundary conditions. Now the interfaces are not flat. but they are corrugated by the 

displacement Uz (eqution 2-25) of the surface acoustic waves. The Maxwell equations 

written in terms of electromagnetic fields are as follows: 

1 aB VxE ... - - -
c at 
I a v x B... C at (€E) • 

where the dielectric tensor € is now defined as 

in vacuum 

(2-31) 
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= (fr)c43 - &c43 in medium. (2-32) 

The quantity &c43 represents the modulated dielectric function due to the presence of 

phonons and can be expressed in terms of the strain (equation 2-3) as: 

&c43 ... L f/c43~ S~ . 

~ 

(2-33) 

The photoelastic tensor f/c43~ is related to the Pockel's elasto-optic tensor by the relation 

f/c43~ ... - L (fr)ctp. P IJ.1~ (f~{3 • 

IJ.1 

(2-34) 

where fo is the unperturbed dielectric tensor of the medium. The solution of equations 2-31 

to zeroth order in the displacement field (&c43 a 0) simply gives the well known Fresnel 

coefficients for the refraction of light at the surface of a dielectric medium and the solution 

to first order in the displacement field gives the cross section for BLS. The displacement 

field can be determined as described in the previous sections. 

Depending on the sample. either one of the scattering mechanisms can be dominant. 

For an isotropic transparent bulk material. the elasto-optic scattering is so strong that the 

ripple scattering can be neglected. The differential cross section (per unit solid angle) for 

the isotropic medium is approximately given by (Nizzoli 1986) 

[dPJ J.gL: 
dQ oc A4pV2 (2-35) 

where A is the wavelength of the light and V is the velocity of the mode considered. g is 

a function of the photoelastic tensor f/c43~' of the electric field of the incident light, of the 

mean square displacement per mode and of the wave vector q of the phonon mode. The 

photoelastic tensor f/c43~ can be simplified by the abbreviated subscripts using the Voigt 

notation (Musgrave 1970) similar to the simplification of the elastic tensor. g contains the 

selection rules for Brillouin light scattering from bulk acoustic phonon modes. Depending on 

the polarization of the incident and the scattered light, the /g/2 is given by 
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(2-36) 

for P -+ P scattering from longitudinal waves and 

(2-37) 

for P -+ S scattering from transverse waves polarized normally to the scattering plane. 

where P indicates light whose electric field is parallel to the sagittal plane. and S indicates 

light whose electric field is perpendicular to the sagittal plane. The angle 0 is measured 

between the incident light and the scattered light directions. For the 1800 backscattering 

geometry (0 = 11'). the Igl2 - 0 in equation 2-37. indicating that the transverse bulk acoustic 

mode in the isotropic medium is not observable. 

When the medium is opaque. elasto-optic scattering is negligibly small compared to 

the ripple contribution because of the small penetration depth of the light. In this case. the 

existing theory of light scattering on reflection by a surface ripple can be extended without 

difficulty to obtain the Brillouin cross section in the form 

(2-38) 

where Uz is the displacement field component normal to the surface calculated at the free 

surface and n is the frequency of the surface acoustic mode. 

In general. the total Brillouin spectrum is sum of the two cross sections which in 

the most general case can interfere each other. For a thick transparent film deposited on an 

opaque substrate. the Brillouin cross section contains contributions from not only surface 

acoustic excitations but also "bulk" acoustic excitations. These latter excitations are observed 

in a 1.0 pm thick polymeric LB film and are also confirmed by theoretical calculations as 

presented in chapter 4. In principle. the "bulk" acoustic exictations in a supported film 

system are not bulk acoustic modes in an infinite medium. but they correspond to the 

Sezawa modes in the film. whose scattering intensities are greatly enhanced because their 
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wavevectors are aligned with the wavevector of the lihgt required for Bragg backscattering. 

The details are presented in chater 4. 

All of these procedures were programmed by Prof. Fabrizio Nizzoli of the 

University of Medona. Italy, and his program has been used successfully on various 

samples in our laboratory, including those in this dissertation. 
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CHAPTER 3 

BRILLOUIN LIGIIT seA TIERING EXPERIMENTS 

Development of the laser as a light source three decades ago coupled with recent 

improvements in the high contrast interferometers implemented by Sandercock (1971) has led 

to Brillouin light scattering (BLS) becoming a well-developed technique for studying various 

properties of materials (Sandercock 1978). 

A single Fabry-Perot (FP) interferometer is discussed first in order to introduce the 

nomenclature and to point out its limitations for surface BLS. The most critical part of the 

apparatus. a multipassed tandem FP interferometer is discussed next. Then rest of the 

Brillouin scattering system used in the present work is described. including a prescription 

for the optics alignment procedures. The procedure used to analyze the spectra to determine 

the frequency shift of each Brillouin peak is briefly discussed. Also a new method to 

collect the scattered light which reduces the uncertainty in the wavevectors of the acoustic 

modes is presented. 

Tandem Fabry-Perot interferometer 

Tandem Fabry-Perot interferometer (TFPI) is the heart of the experimental setup. 

The details of the interferometer including the active stabiilization scheme may be found in 

the literature (Sandercock 1980. 1982; Lindsay et ai. 1981; Bell 1987). The TFPI. which 

consists of two Fabry-Perot interferometers on a common translation stage with slightly 

different mirror spacings. provides very high resolution and contrast. This makes a TFPI a 

very powerful interferometeric device. 
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Figure 3-1. A single Fabry-Perot interferometer. (a) Schematic diagram of the interferomter. 
(b) The transmission of light as a function of mirror spacing for a particular value of the 
finess. F = 20. 
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A single Fabry-Perot (FP) interferometer consists of two flat parallel plates 

separated by a distance L (Born and Wolf 1980). as shown in figure 3-la. The inside of 

the plates are coated with a highly reflective multilayer film with typical reflectivity values 

of 90 % to 95 %. Consider a collimated beam of monochromatic light of frequency v and 

wavelength A which is perpendicularly incident on the FP plates. Because of the highly 

reflecting inside surfaces of each plate, the light bounces back and forth between two 

plates many times. Consequently. interference between the incident and reflected beams 

affects the intensity of light transmitted through the FP interferometer. The transmission T. 

which is a ratio of the transmitted intensity to the incident intensity. is given by: 

I T... • 

I + ~ Sin2[ 21T~L] 
(3-1) 

where n is the refractive index of the medium between the plates (n - I for air in the 

present work and this space ~ called a cavity). F is the finesse of the interferometer and 

it determines the linewidths of the features in the transmission and the ratio of maximum 

to minimum transmission. When the light satisfies the round-trip resonance condition. inA = 

2nL. where In is an integer. the second term in the denominator becomes zero and the 

transmission becomes maximum. This resonance condition can be satisfied by changing 

either n or L. or both. So a FP interferometer can be regarded as a tunable band-pass 

filter because changing the plates spacing (or mirror spacing) L shifts the resonace 

wavelengths. 

The transmission of light as a function of mirror spacing is drawn in figure 3-lb 

for a particular value of the finess. F .. 20. The maximum transmission peaks are periodic 

with plate separation. with successive peaks separated by '11./2. In frequency units, the 

separation is called the free spectral range (FSR) of the interferometer. and is given by 

FSR .. {L . (3-2) 

where c is the speed of light in vacuum. The derivation of this formula can be found in 
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Born and Wolfe (1980). In practice the FSR is given in units of GHz and its value is 

determined easily from 110 where the distance L is given in mm units. The FSR is 

related to the finesse by 

F ... FSR 
FWHM • (3-3) 

where FWHM is a full width at the half maximum of the peak. i.e.. linewidth. The 

finesse is a measure of the spectral resolution of a spcrtometer. In equation (3-1) the finesse 

was assumed to be only affected by the reflectivity R of the coating film. Fr. But the 

finesse is also determined by the flatness of the FP plates. Fs. the focusing optics used for 

transmitting the light through a pinhole of diameter d at the focus of a lens of focal length 

f. Fp' the divergence of the collimated beam etc. as discussed by Chu (1974). These 

separate broadening sources. each considered independent. yield a combined finesse F given 

by 

F 
[

1 1 1 ]-1/2 ... P. +p. +p. + .... 
r s p 

(3-4) 

However. the typical finesse values for these parameters are chosen to be larger than the 

reflectivity finesse. so that the reflectivity finesse is the primary limit to the total 

instrumental finesse. That is 

F ~ Fr = ~J: . (3-5) 

The FSR is an important quantity for interpreting Brillouin spectra. For 

monochromatic light of wavelength h and frequency v. the FP interferometer transmission 

consists of a periodic series of peaks separated in frequency by the FSR. If there is also a 

second beam of light of lower intensity whose frequency v' is only separated by I:w from 

v. that is. v' ... v + I:w. there is a second series of peaks also separated by FSR. As a 

result. a pair consisting of one low intensity peak and a high intensity peak occurs 

periodically with a periodicity of FSR. Now. consider the case for which another low 

intensity peak is also presented and has a frequency v" ... v + FSR - I:w. Because of the 
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characteristics of the FP interferometer, the resulting spectrum is exactly the same as the 

previous one. Furthermore, if the low intensity peak has a frequency ~ + m(FSR) or 

m(FSR) - ~, where m is a integer (1, 2, etc), the resulting spectrum is the same exactly 

again. As a result it is not possible to tell from a single spectrum what the actual 

frequency v' of a peak with respect to another peak even though the frequency v is well 

known. One possible solution is to obtain multiple spectra using different mirror spacing. 

However, if there is more than one peak in a spectrum, it is not still easy to determine the 

frequencies of these peaks because it is also possible for them to overlap again each other 

by accident, or for a faint peak to be lost in the wings of other more intense peaks. 

The problem of overlapping orders may be ovecome by using two interferometers 

with slightly different mirror spacings in series (fandem Fabry-Perot interferometer), as 

shown in figure 3-2a. It's operation is explained in figures 3-2b, 3-2c and 3-2d. The 

transmission curve Tl for the first FP with cavity spacing Ll (FSR1) is sketched in figure 

3-2b, and the transmission curve T2 for the second FP, with mirror spacing ~ (FSRJ and 

~ = cd.1 (O! < I), is sketched in figure 3-2c. If these two cavities are placed in series, the 

transmission is effectively a product of the two transmission curves, that is T = T1T2 

(figure 3-2d). When the two mirror spacings satisfy the resonance conditions simulaneously, 

for example 

(3-6) 

where tnl (mJ is the order, light is transmitted through the interferometer, as indicated in 

the center order of the figure 3-2d, and other neighbouring orders, which do not satisfy 

the condition, are attenuated. This spectrum can be obtained provided that the two cavities 

are scanned synchronizely, that is, 

(3-7) 

In this way only small Brillouin peaks belonging to the central order remain and others 
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Figure 3-2. Tandem Fabry-Perot interferometer. (a) Schematic diagram of the interferometer 
consisting of two FP interferometers with slightly different mirror spacings in series. (b) 
Transmission curve for the first FP with FSR1• (c) Transmission curve for the second FP 
with FSR2 > FSR1• (d) Transmission curve for the TFPI. 
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will be attenuated for the reason just outlined. and the frequency shifts can be determined 

unambiguously. In other words, the tandem configuration corresponds to a single 

interferometer with a "effective free spectal range." !:wets,. which is given by 

!:we/sr = 2L
c 

• elf 
(3-8) 

where the effective cavity length Le// is given by 

(3-9) 

Sandercock had originally designed the TFPI such that the two cavities are arranged in 

series with their scan axes inclined at an angle ¢. and with their scanning mirrors mounted 

on a common stage (see figure 3-3). Thus 

Ll 5L1 I 
4 - 54 .. cos ¢ . (3-10) 

Provided this alignment condition is met, a single piezoelectric transducer (PZ1) can scan 

the stage. and the synchronization of the cavities is achieved automatically. 

Another important parameter for a FP interferometer is the contrast C. which is 

the ratio of the maximum to the minimum transmitted intensity for a single incident 

frequency. From equation (3-1) the contrast for a single interferometer is given by 

C 1 + 4P [ I +R]2 .. rf = I-R . (3-11) 

It is typically 103 for a single FP interferometer with a plate reflectivity of ~ 94 %. which 

is often not sufficient for surface BLS measurements of solids. A higher contrast may be 

achieved by using two or more passes through the same interferometer (Sandercock 1971). 

Since the instrumental functions for the separate passes are multiplied together. the 

transmission for p passes is given by 

T = (l'1)P • (3-12) 

where Tl is the transmission for a single pass interferometer. Further. the contrast for p 

passes in terms of that of single pass interferometer is given by 

(3-13) 
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Figure 3-3. Scanning table for tandem Fabry-Perot interferometer. The two FP cavities are 
arranged in series with their scan axes inclined at an angle ¢. which is 21° in our 
apparatus. 
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The corresponding finesse is determined by 

Fa (3-14) 

where Fl is a single pass finesse (equation 3-5). 

By combining these two ideas and multi passing (3) each cavity of a TFPI. a 

contrast exceeding 1010 is obtainable and the problems associated with overlapping orders 

are eliminated. 

Brillouin light scattering system 

The Bu) system used for this dissertation was built by Ray Zanoni and John Bell 

when they were graduate students 5 years ago (Zanoni 1986; Bell 1987). A schematic 

diagram of the entire Bu) system is shown in figure 3-4. In this section. the details of the 

layout of the optics for the Bu) system and the alignment procedures for the optics are 

presented. Details of the construction and design parameters can be found in these two 

theses. 

A single longitudinal mode from an Ar+-ion laser (Coherent mcxlel Innova 90-5) 

o 
with an intra-cavity etalon was used. P-polarized light of wavelength X = 5145 A from the 

laser was directed and focused onto the sample surface or inside the sample using a Nikon 

camera lens having a focal length of 50 mm. We used a sand-blasted aluminium block as 

a scattering source for alignment purposes because it scatteres light uniformly into all 

directions. The maximum power of the light from the laser is 1.2 watts (W) and usually 

several hundreds milliwatts (m W) was used. The beam diameter of the light is about 

3.0 mm. The power of the light is reduced at the sample position by a factor of a half. 

The camera lens has a complicated lens compostion. but it does have the best quality for 

the lens. 
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Figure 3-4. A schematic diagram of the entire BLS system. The details of the system are 
discussed in the text. 
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As discussed in the next section. it is important to know accurately the angles of 

the incident and scattered light. It is also important to adjust the orientation of the sample 

surface with respect to the incident light. Figure 3-5 shows the sample holder geometry. 

This sample holder consists of two translation stages that allow the sample to move in the 

plane of the vibration-isolated table back and forth to the lens. a precision lab jack to raise 

the sample height. and two rotation stages that gives the angle of incidence and sample 

orientation with respect to the vertical direction. For a finer angular adjustment. a 

kinematic mirror mount with two tilting screws is also included in the sample holder. This 

holder was adequate for all scattering geometries used. 

Figure 3-6 shows the 1800 backscattering geometry used in the present work. 

including a mirror for directing the light onto the sample. This mirror is very small and 

does not block the scattered light which is collected by the same camera lens which focuses 

the incident light onto the sample. There is a built-in aperture inside the camera lens. The 

maximum size of the aperture is the focal length of the lens divided by 1.4. i.e .• f number 

of f/l.4. Because the scattered light originated at the focal spot of the lens. the scattered 

light is very well collimated if the incident light is in focus. The size of the focal spot at 

the sample surface is about 25 p.m in diameter. elliptical with the long axis in the direction 

of scattering plane. 

It is necessary to know if the incident light is in focus at the source. One way to 

confirm this is to use a mirror that reflects the scattered light and re-focuses it onto the 

sample surface. Exact overlap of the two focal spots indicates that the light is in focus. 

This provides an initial alingment. An interferometric technique was used in the next step. 

An optical flat was placed in front of the camera lens. The two surfaces of the optical flat 

reflect the light and these two reflected beams interfere each other. The fringes created by 

the interferences can be seen on a screen. The absence of fringes indicates collimated 

parallel light and the incident light is in focus. Further comfirmation can be made directly 
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Figure 3-5. Sample holder geometry. It allows 3 translational degrees of freedom and 2 
rotational degrees of freedom. 
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by measuring the size of the scattered light beam in a far distance. 

The scattered light is then passed through a spatial filter. consisting of an 

input lens-pinhole-output lens arrangement as depicted in figure 3-4. This filtering blocks 

stray scattered light, such as the light reflected from the camera lens. and allows only the 

light scattered from the focal spot of the sample to pass through. The pinhole was placed 

at the focal spot of both lenses of the spatial filter. These lenses are anti-reflection coated 

achromats. with the flat surface of each lens facing the pinhole. This configuration reduces 

the spherical aberration. The optimal pinhole diameter for spatial filtering Dopt is given by 

2>"f Dopt .. I) (3-15) 

where ° is a diameter of the collimated beam. f is the focal length of the input lens and 

>.. is the wavelength of the light. This aperture passes 99.3 % of total beam energy. No 

diffraction effects are caused by this aperture (Newport catalog 1989). 

One important reason for using the spatial filter is that the scattered light which 

passed through the spatial filter must enter the TFPI at normal incidence. This can be 

confirmed by the same interferometric technique as used before. The optical flat was 

placed between the input lens of the spatial filter and the camera lens. If the light enters 

the FP interferometer at normal incidence. the light reflected from the mirror of the 

interferometer does retrace itself. passes through the spatial filter and reflects from the two 

surfaces of the optical flat. The fringes created by these two reflections lights can be seen 

on a screen. These fringes indicate the quality of the alignment. 

The (3+3) multipassed tandem Fabry-Perot interferometer consisted of two 

interferometers in tandem. as discussed in the previous section. Light passes three times 

throught the first cavity and another three times through the second cavity. The second and 

third pass for each cavity was done by using comer cube prisms and there is a turning 

mirror. which directs the light passed the first cavity to the second cavity. One important 

role for this mirror is to direct the light to the second cavity at normal incidence. As the 
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light bounces back and forth inside the res ion between the first and the second cavities. 

there exists a set of fringes on the turning mirror. These fringes indicate the quality of the 

alignment. There are a total of 22 anti-scatter apertures which the light must pass through 

before being detected. That means that the light, passed through the lFPI. is really 

collimated and "clean". 

All of the lFPI optics were housed in a large light-tight box with a removable 

cover. made from black plexiglass. to prevent the entry of any room light into the box. It 

was observed. however. that the reduction of stray scattered laser light from various pieces 

of equipment actually reduced the noise in the Brillouin spectrum. indicating that the 

plexiglass box is not a perfect solution to the stray light problem. 

The "effective free spectral range" ADe/ sr of the lFPI is very large compared to 

the frequency shifts of a Brillouin line. This leads to the possibility of detecting the 

scattering. whose frequency shift is larger than and close to the ADe/sf' from other sources. 

such as discharge lines from the plasma tube of the laser. Raman scattering and flurescence 

from the optics and sample. and etc. An Amici dispersing prism is used as a bandpass 

filter to suppress these signals. 

Finally. the light is spatially filtered a second time before focusing onto the 

photocathode of photomultiplier OIT model FW I 30). The sigrcls from the photomultiplier 

(PMl) are then discriminated. amplified and electronically processed by the circuit that 

counts the photons. To avoid accidental exposure to bright light, which could damage the 

PMr. a solenoid driven shutter blocks the light path when data is not being taken. 

The elastically scattered light is usually so bright that it may saturate the PMr 

response and increase the noise level of the spectrum. These effects are avoided by 

attenuating the incident light from the laser with an acousto-optic modulator (Intra Action) 

while the lFPI scans through the bright regions of the spectrum. 

The lFPI scans through 1024 steps over two FSR1 ~ 0.5 JLm). This means that the 
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scan table must be stable to ~ 10 A. By using leaf-springs support of the table and a 

o 
scanning PZT crystal (phyzik Instrument PI 71). vibrations larger than ~ 20 A can be 

eliminated. Furthermore. the scanning table is firmly clamped to a precision ground 

meehanite dove-tail rail. This rail is nearly colinear with the scan axis and the spacings for 

both cavities change in the correct ratio (equation 3-10). A dial indicator is used to 

measure the cavity spacing for the first cavity with a precision of ± 5 pm. The indicator 

is initially calibrated by measuring the spacing directly with a traveling microscope. 

Scanning is performed by varying the amplitude of the a.c. voltage applied across 

the variable capacitor. as part of capacitive servo system and a high ramp voltage to the 

scanning PZT. This PZT scans the interferometer and the position of the scan table is 

monitored by a capacitor. formed by one fixed steel plate and a matching plate on the scan 

table. Changes in the capacitance are measured using an a.c. bridge circuit with a fixed 

reference capacitor. This change is now converted to an error signal for the servo system. 

As the interferometer scans. fine adjustments of the mirror positions are made with 

six additional PZT's (Burleigh PZT -5). Each set of 3 PZT's is mounted to a mirror for 

each cavity and they control the parallelness of the mirrors and modulate the transmission 

of the light. For every scan. the intensity of the central elastically scattered peak is 

monitored and a simple set of operation is used to recalculate the positions of the PZT and 

optimize the intensity. This optimizing procedure ensures the vibrational and thermal 

stability. 

All the procedures and electronics are controlled by software on a PC computer. 

Other functions of the computer are associated with managing the data and providing 

information to the user. Many of the parameters affecting the instrument control can be 

monitored and modified by the user. 
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Analysis of spectrum 

It is important to perform the experiment with proper alignment in order to 

optimize the throughput efficiency and to observe as many Brillouin peaks as possible. 

Further it is also important to analyze the collected spectrum using an appropriate method. 

especially when there are one or more Brillouin peaks in the growing wings of the strong 

peak. Because Bell (1987) has already described the details of fitting the frequency shift by 

matching the measured spectrum to one calculated using a set of instrumental transfer 

functions, here only the summary of this procedure is presented and the situations in 

which the usual transfer function could not be applied and how we corrected for this are 

discussed. 

Since a (3+3)-passed tandem Fabry-Perot interferometer. whose details are described 

in the previous section. is effectively six interferometers in series, the transfer function for 

a single Brillouin peak was taken to be the sixth power of a Lorenzian with a straight 

slope background. The least-squares fitting method minimizes the sum of deviations between 

the transfer function and the spectrum based on the method described by Bevington (1969). 

The frequency shifts for the central peak and those for the first order Stokes and anti

Stokes ghost peaks are used to calibrate the scan increment per channel for each spectrum: 

that is, calibrating the conversion factor from the channel position of a peak to the 

frequency shift. 

For the analysis of more than 90 % of the experiments performed. a straight slope 

background was sufficient to accurately fit the frequency shift of the peaks. But for 

Brillouin peaks on the side of a strong peak (such as the bright central peak). the straight 

slope background was not sufficient. One way to avoid it is to use the strong peak as a 

background for a set of peaks. For this case we found the following procedure very 

useful: when there is one very strong peak and one or more weak peaks, we fit the 

position of the strong peak and fit the weak peaks by fixing the position of the strong 
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peak and by using the strong peak as a background. 

For routinely analyzing spectra. we have written a QuickBasic computer program 

which allowed us to see the data and the fitted curves graphically as the fitting procedure 

proceeded. 

The fitting error for the position of a typical peak is very small (~ 0.1 %). so that 

the uncertainty in the peak position (or the frequency shift of the mode) results from a 

difference between the positions of Stokes and anti-8tokes lines. which is small. less than I 

%. The main uncertainty resulted from the fact that the experiments was performed over a 

prolonged period of time during which the experimental alignment was changed from time 

to time. Overall. the maximum uncertainty of the frequency shift is less than 5 %. 

Figure 3-7 is the Brillouin spectrum measured for an Acrylic glass. Because the 

glass is elastically isotropic and has a well defined Brillouin peak identified as the 

longitudinal bulk acoustic mode at 16.2 GHz for any scattering geometry. it has been used 

as a refernece sample to check on the overall alignment by monitoring the intensity of the 

Brillouin peak. The spectrum was obtained with an incident light power of 50 m W 

impinging on the sample. For collecting the scattered light, the full circular aperture (f/1.4) 

was used. The FSR was set at 30 GHz and this spectrum was accumulated for 700 scans. 

The strong peak at zero frequency shift is due to elastic scattering and its actual intensity 

is lOS times higher than shown. The signal in the double peaks between 30 - 32 GHz 

corresponds to the "ghost peaks". described in an earlier section. The strong peak at about 

16.2 GHz is the scattering from the longitudinal bulk acoustic phonon. The symmetric 

peaks in both sides are characteristic of Stokes and anti-8tokes scattering (chapter 2) in a 

BLS spectrum. In addition. there is a very smaIl peak at the side of the longitudinal bulk 

acoustic mode with a smaller frequency shift (9!: 14.8 GHz). It is a ghost peak of the 

longitudinal acoustic mode. whose frequency shift should be measured from the ghost peak 

of the central peak. not from the central peak. The intensity ratio between these two peaks 
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is a mt:'.asure of the suppression ratio of the peaks. related to the difference of the two 

cavity spacing. The value of the ratio was measured to be between 200 and 300. If the 

intensity of the peak was 5 rounts/mW/scan or grater. the overall alignment was judged to 

be good. This value depends on the scattering parameters. 

Slits: a new way of rollecting the scattered light 

In BLS experiments. there are two important quantities which need to be measured 

directly: the frequency shift of the aroustic phonon mode analyzed by high precision 

interferometry and the magnitude of aroustic wavevector obtained from the scattering 

geometry. As discussed in the next section the uncertainty in the measurement of the 

frequency shift is less than 5 %. The uncertainty in the wavevector resulted not only from 

changing the experimental setup from time to time. thus losing alignment, but also from a 

mechanism determined by the angle of the scattered light and the solid angle through 

which the scattered light was rollected. The smaller the angle of incidence. which is equal 

to the angle of scattering for a backscattering geometry. or the wider the solid angle. the 

broader the observed Brillouin peak. assuming that the natural linewidth of the mode is 

much narrower than the instrumental linewidth. In addition. the uncertainty associated with 

the magnitude of the wavevector of the aroustic phonon is related both to the solid angle 

rollecting the scattered light and to the angle of incidence. All these indicate that choosing 

the proper method for rollecting the scattered light not only shapes the Brillouin signal but 

also reduces the uncertainty in the wavevector and hence the sound velocity of the modes. 

In this section we present our recent attempts to fulfill these ronditions. 

There has been a great deal of interest, both theoretical and experimental. in this 

problem. Bell (1987) has stated that the wavevector uncertainty rould be averaged out over 

the finite rollecting angle and that the averaged wavevector needed only a negligibly small 

rorrection. He used different angles for the incident and scattered light, in rontrast to the 
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1800 backscattering geometry used in the present work. Jorna et ai (1989) have stated that 

in a 1800 backscattering geometry. a broad Brillouin signal can be resolved into two well 

defined Brillouin peaks by reducing the collection angle. For example. the collection angle in 

the scattering plane should be reduced to ± 1.7°. which is equal to a f/16.85 aperture for 

an angle of incidence of 12°. Karanikas et ai (1989) have observed that in a 1800 

backscattering geometry each Brillouin peak has a dip at the center of the peak for small 

angles of incidence. This occurred for an angle of incidence of 25°. due to the interception 

of the backscattered light near the center of the collection aperture by the mirror directing 

the incident light onto the sample. Furthermore we have found that the frequency shift of 

the Brillouin signal deviates by a small amount from that expected for the anles defined by 

the center of the aperture for angles of incidence less than JOD. with a f/1.4 aperture for 

ZnSe thin films on GaAs substrates (Lee et ai. 1988). 

The samples used in our studies on the effects of the collection aperture were 

commercially available GaAs and Si(OOI) wafers. Since these materials have been studied 

extensively with many different methods. including Brillouin scattering (for example. 

Sandercock. 1978). our work is only to compare the signals obtained using various shapes 

of the aperture to investigate the effect of the different apertures. The Brillouin scattering 

measurements were performed as described in the previous section. using a 50 mm focal 

length camera lens to focus the incident light and to collect the scattered light in a 1800 

backscattering geometry. 

As discussed in the previous chapter. the wave vector of the surface acoustic 

phonon qp is given by 

qp ... ! ks•p - ki.p! • (3-16) 

where ks.p (ki.P> is the in-plane scattered (incident) wavevector. The scattering geometry. 

including the finite collection angle ¢. is drawn in figure 3-6. Because of this finite 

collection angle ¢. the in-plane wavevector of the acoustic wave can have a minimum 
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value 

qp.min - k[ sine + k[ sin [e - ~] (3-17) 

and a maximum value 

qp.min .. ki sine + ki sin(e + c/J/2) (3-18) 

where e is the angle of incidence. Therefore. the spread in the surface acoustic wave 

wavevector llqp is given by 

.::lQ p .. q p,max - q p.min .. 2k[ rose sin [ ~] • (3-19) 

and the relative uncertainty in qI>' with respect to the value for c/J .. O. is 

.::lQp ,LI' [p] 
(q p)c/J=O - COw sm 2 . (3-20) 

Here the collection angle c/J is determined by the aperture number A. which is used in a 

form of F/A. as follows: 

(3-21) 

Based on the scattering geometry. we calculated the scattering cross section as a 

function of scattering and collection angle. Figure 3-8 shows the results. Each group of 

curves are marked with an angle of incidence. The long dashed curves are for the circular 

aperture whose radius is equal to the focal length devided by 1.4. which is defined as 

f/l.4. the short dashed curves are for the f/2.8 aperture and the solid curves are f/5.6 

aperture. In this calculation. we assumed that the scattering cross section for an acoustic 

mode observed in BLS experiment is constant in any scattering geometry. This is a good 

approximation in the scattering geometry used in the present work. (The full analysis of 

BLS cross section was discussed in the previous chapter). The scattering cross section S 

was then set equal to a vertical rectangle area with a unit width through which the 

scattered light is collected and it is given by 

S ... 2.Jr - cP • (3-22) 
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Figure 3-8. Scattering cross section as a function of scattering and collection angle. The 
long dashed curves are for the circular aperture whose radius is equal to the focal length 
devided by 1.4. which is defined as f/1.4. the short dashed curves are for the f/2.8 
aperture and the solid curves are f/5.6 aperture. 



70 

where r is the radius of the circular aperture. and d is a distance deviated from the center 

of the aperture. corresponding the scattering angle different from the angle of incidence and 

d ~ r because the only light passed through the aperture gives rise to the scattering 

intensity. In addition. we did not account for the interception of the scattered lights by the 

mirror directing the incident light onto the sample. which leads to the dip at the center of 

the Brillouin signal as reported by Karanikas et al (1989). The in-plane wave vector qp 

was calculated from the angle of incidence 0i using equation 3-16. 

Results similar to those shown in figure 3-8 were observed in BLS measurements 

on the GaAs wafer. indicating that our approximation is satisfactory. Because this GaAs 

wafer has a complicated multilayer of coating and because these experiments were aimed at 

studying the effect of the size of the aperture on the scattered light, we did not try to 

compare the experimental data with the theoretical values. Nevertheless the experimental 

data was of sufficient quality to show several interesting features. Reducing the size of the 

aperture made the Brillouin peak narrower. However. we also found that the signal to 

noise ratio was much worse when the circular aperture was reduced in radius from f/1.4 

to f/5.6. The change from f/1.4 to f/5.6 caused the reduction of the cross section by 1/4. 

so the sampling time was increased by 4 times. resulting in a larger noise level. Therefore 

we conclude that reducing the aperture only in size is not a good way to reduce the 

Brillouin peak's Iinewidth. 

Based on these results we developed a better way to reduce the uncertainty in the 

wavevector without losing scattering intensity. We used a slit. It consists of a circular 

aperture both sides of which are blocked so that the scattered light can pass through the 

middle part of an almost rectangular shape. This slit was designed to reduce the range of 

collection angles in the scattering plane without reducing the scattering intensity. Figures 3-9 

show a series of Brillouin spectra for a Si wafer taken with three different slit widths: 

35.7 mm (m full circular aperture. f/1.4). 8.9 mm ( ... f/5.6) and 6.3 mm (= f/8.0) in the 
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Figure 3-9. A series of Brillouin spectrafor a Si wafer. The angle of incidence was 7('/J for 
the spectra in (a) and 3('/J in (b). The widths of the slit used are listed by the spectra. 
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scattering plane. The collecting angle perpendicular to the scattering plane was set to the 

full aperture. f/l.4. The angle of incidence was 7rfJ for the spectra in figure 3-9a and 300 

in figure 3-9b. These spectra were normalized to the same accumulation time. By reducing 

the slit width from 35.7 mm to 8.9 mm. the width of BriIIouin signal was narrowed. 

especially for an angle of incidence of 3rfJ. while the intensity of the signal was reduced 

by only about 25 %. However. the spectra with the 6.3 mm width slit showed no further 

reduction of the width of the BriIIouin signal. just a large decrease in the intensity. 

Therefore. we concluded that using the 9.0 mm width slit in the scattering plane and full 

aperture in the vertical direction was the best choice for collecting the BriIIouin scattered 

light. 

In order to confirm further the advantage of using the slit. we have performed 

BriIIouin scattering experiments with a power of 200 m W incident light on a Si(OO I) 

surface. The slit width was set at f/5.6 centered at the desired scattering angle in the 

scattering plane and f/1.4 in the vertical direction. By changing the angle of incidence. the 

frequency shift of the Rayleigh mode varied from 18 GHz to 7 GHz corresponding to 

different wavevectors was measured. We have chosen the acoustic wave propagation 

direction as the [100] direction. The typical sampling time was I hour except for the 

spectrum collected using an angle of incidence of 22°. which was accumulated for 16 

hours. Because of the long sampling time required for this spectrum. the signal was very 

strong and showed a clear dip at the center of the peak due to the interception of the 

scattered light by the smaIl mirror. After fitting the frequency shifts of the signals using 

the least-squares method. described in the next section. we plotted the dispersion relation of 

the Rayleigh mode. see figure 3-10. The fitted value of the velocity of the Rayleigh mode 

was 4968 m/sec which is in excellent agreement with the value of 4920 m/sec calculated 

as described in chapter 2 using the elastic constants of Si from the Landolt-BOrnstein New 

Series (1984). This excellent agreement in the sound velocity of the Rayleigh mode verified 
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Figure 3-10. Dispersion relation of the Rayleigh wave. The propagating of the wave is 
along the [100] direction on a Si(OOl) wafer. The circles are experimental data. The solid 
line was a linear-square fitting curve for the data and it gives sound velocity of the 
Rayleigh wave as 4968 m/sec. whereas the corresponding theoretical value is 4920 m/sec. 
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that the slit having a f/5.6 width did not corrupt the data in any way. 

The f/5.6 width slit in the scattering plane and the full aperture (f/].4) 

perpendicular to it was used for all experiments. unless otherwise specified. 



CHAPTER 4 

DETERMINATION OF TIlE WHOLE SET OF ELASI1C CONSTANTS OF 

POLYMERIC LANGMUIR-BLODGEIT FILMS 

Introduction 
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In the present chapter. the theoretical aspects of determining the whole set of elastic 

constants are presented. as the first part of the study on the elastic properties of the 

multilayer assemblies of preformed polymers (Duda et aI. 1988). In chapter 5. the second 

part consisting of the structural dependence of the elastic constants is discussed. These new 

Langmuir-Blodgett (LB) films have attracted considerable interest due to their improved 

thermal and mechanical stability. Moreover. the new structural geometry allows films which 

are strongly anisotropic in the surface plane to be studied. Therefore the whole set of 

elastic constants can be obtained. in contrast to previous Brillouin light scattering (BLS) 

experiments (Zanoni et aI. 1986; Lee et aI. 1989). For those experiments. only an incomplete 

set of elastic constants was determined because the molecules of the LB films were aligned 

perpendicular to the surface. resulting in films with uniaxial. elastically hexagonal. structures 

with the c-axis normal to the surface. 

In order to understand the new structural properties of the films. a brief outline of 

the preparation and properties of LB films is presented. Then. the structure of the 

preformed polymeric LB films is described along with the other experimental setup. Based 

on the Brillouin spectra obtained from a set of samples of various film thicknesses. a full 

theoretical analysis for determining the whole set of elastic constants is presented. 
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Preparation of Langmuir-Blodgett (LB) Films 

There are a number of references which discuss the preparation of LB films in 

detail (Kuhn et aI. 1972; Gaines 1966; Robert 1984). Here only a brief summary of the 

important aspects that are necessary for this dissertation is presented. 

LB molecules are amphilic molecules which float on a water surface. The simplest 

form of LB molecules are long chain fatty-acids. for example. arachidic acid. 

CH3(CHJ18COOH. In general. there are two constituents: a long hydrocarbon chain of the 

form CHiCHJ18 that is insoluble in water (hydrophobic or non-polar) and a hydroxyl group 

of the form -COOH. which dissolves in water (hydrophilic. or polar). The additional linkage 

of this hydroxyl group to divalent ions, for example 01+2 ([CH3(CHJ18COO]-2Cd+2). in the 

water sometimes increases both the shear resistance and cohesion of the monolayer when 

deposited onto a substrate (Gaines 1966). The material just described is called cadimium 

arachidate (CdA). First these organic molecules are spread on the water surface where they 

are compressed together with the aid of a barrier. The hydrocarbon chains then line up 

parallel to each other and hopefully form a monomolecular layer at the air-water interface. 

During compression the monolayer film undergoes a number of phase transformations which 

are revealed by a plot of the lateral pressure (differential surface tension) applied versus 

area per repeat unit (molecule). The different phases resemble two-dimensional analogues of 

gases. liquids and solids. In the solid phase. the molecular chains are aligned parallel to 

each other and the film can be regarded as a compact floating monolayer solid. It is this 

film which can be deposited by the dipping technique developed by Blodgett and Langmuir 

(1937). Figure 4-1 shows a schematic of the dipping procedure used for the two types of 

substrates. and the corresponding first few monomolecular layers on the substrate. 

The system used to make the films is a LB trough, manufactured by Joyce-Loebel 

(Model 4). A schematic of the trough is shown in figure 4-2. The trough consists of a 

water tank made of teflon (PTFE) and the water surface. surrounded by teflon tape. all of 
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(b) 

Figure 4-1. A schematic of the dipping procedure used for the two types of substrates. and 
the corresponding first few monomolecular layers on the substrate. (a) hydrophobic and (b) 
hydrophilic. 
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Figure 4-2. Schematic diagram of Langmuir-Blodgett trough. The lateral pressure is 
measured by the electro balance. The teflon tape barrier. which defines the area of the 
water surface covered with LB molecules. is servo controlled by maintaining the lateral 
pressure constant during the dipping process. 
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which can be temperature controlled. The area bounded by the teflon tape can be 

controlled by moving the barriers in response to the surface tension measured by a 

Wilhelmy plate surface tensiometer. LB molecules are spread onto the water within the area 

bounded by the teflon tape. The packing density of molecules on the water surface is 

controlled by adjusting the area bounded by the teflon tape and is maintained constant 

during film deposition by the Vickers electronic servo control box. A reciprocating motor 

drive automatically dips a substrate at the desired speed until the desired number of LB 

monomolecuIar layers has been transferred to the substrate. 

The density of the LB films is determined by the formula: 

Mw 
P - Na Ad' 

(4-1) 

where Mw is the molecular weight. Na is Avogadro's number, A is a value of area per 

repeat unit and d is a monolayer thickness. The molecular weight can be determined from 

the chemical composition of the molecules and the value of the monolayer thickness can 

usually be found via small angle X-ray diffraction. The value of A is a parameter 

adjusted during LB film growth and is a strong function of the lateral pressure. 

A LB film is a multilayer assembly of monomolecular layers on a substrate that is 

built by dipping the substate back and forth through the water surface. The most common 

type of LB monolayer ordering is referred to as "Y" type (Gaines 1966). The first layer 

was deposited with the hydroxyl group attached to the substrate. and successive layers 

were deposited with alternating orientations, forming head-tail, tail-head. head-tail. etc. 

configurations where head represents the hydrophilic group molecules and tail represents 

hydrophobic group molecules. Figure 4-3 shows the first few monolayers transferred onto 

the substrate in possible stacking arrangements (Kuhn et ai. 1972). 
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Figure 4-3. Three possible stacking arrangements of LB films. (a) x-type, (b) y-type, and (c) 
z-type. Each fatty acid molecule is depicted by a circle (hydroxyl group) and a line (long 
hydrocarbon chain). 
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Experiments 

Polyglutamates with long alkyl side chains [polY('Y-methyl-L-glutamatfrCO-'}'-n-alkyl

L-glutamate)] are employed in our studies. Their chemical composition is shown 

schematically in figure 4-4. These molecules have been shown to form stable monolayers on 

the water surface if the polyglutamate backbone can adopt a helical configuration and the 

hydrocarbon chains are in a liquid-crystalline-analogous state. Polarized IR spectra indicated 

that these rodlike molecules orient parallel to the dipping direction during the transfer to 

the solid substrate (Duda et al. 1988). This was also confirmed by an optical waveguide 

technique (Hickel et al.1990). 

The poly(-y-methyl-L-glutamate-co-'Y-n-octadecyl-L-glutamate) was synthesized by 

Duda et al. (1988). The average degree of polymerization. that is the number of repeating 

molecules linked to each other. P n - 136 in this case, determines the average length of the 

helical rod as 20 nm. The content of randomly ocurring octadecyl-L-glutamate residues. 

depicted as a repeating molecule with a long hydrocarbon chain in figure 4-4. is called the 

degree of substitution and is 32 mo1.% in this case. The transfer of the monolayer from 

the water surface to the Mo substrate as Y-type LB multilayers was performed at a lateral 

pressure of n - 25 mN/m where the film is in a liquid-crystalline state at an area per 

repeat unit of A - 0.20 nm2• Figure 4-5 shows a lateral pressure-area curve. Duda (1988) 

had observed that the polyglutamate molecules could not form the monomolecular layer on 

the water at the solid-crystalline phase, as shown in figure 4-5. The molybdenum (Mo) 

substrates were first coated with one monolayer of CdA in order to render them 

hydrophobic. Up to 560 monolayers of polyglutamate could be deposited at a rate of 

20nm/min. The average monolayer thickness obtained by small-angle X-ray scattering 

(SAXS) was d - 1.75 nm (Duda et al. 1988). The density of the LB film was found to be 

p = 1.156 g/cm3 by using equation 4-1. from the surface area per repeat unit on the water 

surface at the transfer pressure. and the thickness of the deposited monolayer. 
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Figure 44. The chemical composition of polyglutamate molecules. The percentage of repeat 
units having a long hydrocarbon chain depicted by R is called the degree of substitution. 
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Figure 4-5. Lateral pressure vs. area per repeat unit for the polymeric LB films. The 
monolayers of the films were transferred around stage of b. Stage of a is the beginning of 
forming the monomolecular layer and stage of d is the beginning of the solid-crystalline 
phase of the molecules in which multilayers form on the water surface due to the 
excessive compression. 
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A schematic picture of the resulting structure for a double layer of polyglutamate 

is given in figure 4-6. In the following we use a coordinate system which is aligned with 

the rodlike long molecular axis. which is the same as the dipping direction. The 3-axis 

(i-axis) is in plane, and parallel (perpendicular) to the rodlike long molecular axis; the 

2-axis is perpendicular to the film. Therefore, ~ (cn) is the longitudinal elastic modulus for 

phonon propagation parallel to the film. and parallel (perpendjcular) to the molecular axis, 

and ~ is the longitudinal elastic modulus for propagation along the film normal. The three 

indices of refraction are also shown in figure 4-6. 

The Brillouin light scattering experiments were performed in air at room 

temperature. Light from a single mode 514.5 nm Ar+-ion laser, polarized in the scattering 

plane, was focused onto the LB films at a variety of angles of incidence, and the 1800 

backscattered light was collected and analyzed using a Sandercock-type, high contrast, 

(3+3)-pass tandem Fabry-Perot interferometer. The laser power at the sample surface was 

typically less than 25 mW to avoid surface damage of the samples. 

Results and discussion 

For a transparent film on an opaque substrate the Brillouin cross section contains. 

in principle, contributions from both "bulk" and surface acoustic excitations. The light 

couples to the thermally excited phonon modes through the phonon-induced modulation of 

the dielectric tensor of the film (elasto-optic mechanism) and through the dynamical 

corrugations of the film interfaces (ripple effect) (Bortolani et al. 1983). One therefore 

expects that the Brillouin spectra from such films carry a rich amount of information. In 

addition the propagation velocities of the "bulk" modes in the soft LB films are much 

lower than the corresponding quantities of the Mo substrate (Zanoni et al. 1986). This leads 

to a large number of guided acoustic modes in the supported film (Sezawa or generalized 

Lamb waves). 
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Figure 4-6. Schematic diagram of a double layer of polyglutamate on a substrate. The 
substrate is polished molybdenum which is coated with one monolayer of cadmium 
arachidate. Onto this hydrophobic surface V-type LB layers are deposited. The long axis of 
the rodlike helical glutamate backbone is aligned parallel to the dipping direction during 
tansfer. Given in the inset is also the definition of the three indices of refraction. 
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The analysis of the Brillouin spectra requires a clear identification of the "bulk" 

and surface acoustic modes for the Brillouin peaks. which overlap frequently in LB films 

due to the small index of refraction of these films. The "bulk" acoustic modes that play an 

important role in this analysis must be identified carefully because they are not the bulk 

acoustic modes of a infinite medium. In very special circumstances like this work. however. 

the velocities of the "bulk" acoustic modes are the same as those of the bulk modes of a 

infinite medium. The definition of the "bulk" modes is discussed explicitly later. 

Consider the case of the scattered light detected in a backscattering geometry (figure 

3-6). In Brillouin spectroscopy. a bulk acoustic mode in a transparent medium gives rise to 

a sharp spectral line shifted in frequency from the incident light frequency by 

~-tn~. ~ 
where X is the wavelength of the incident light. n is the index of refraction of the medium 

and VB is the sound velocity of the bulk acoustic mode propagating parallel to the incident 

and scattered light inside the medium. Conversely scattering from a surface acoustic mode 

is characterized by a frequency shift 

(4-3) 

where Vs is the sound velocity of the surface acoustic mode. The surface acoustic wave 

wavevector QII is given by 

QII .. [t] sinO • (4-4) 

in the lSOO backscattering geometry. in which only the wavevector components of the 

incident and scattered light parallel to the surface enter into wavevector conservation 

(equtaion 1-6). 0 is the angle of incidence. 

Since the film is transparent. it is also possible that the incident light can be 

transmitted through the film and reflect from the Mo substrate surface. This reflected light 

gives rise to additional scattering from phonons with wavevectors parallel to the film 
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surface. which also satisfies equation 4-3. This is depicted in figure 4-7. These scattering 

channels are included in the theory used for calculating the cross section of Brillouin light 

scattering (Bortolani et ai. 1983). which is outlined in chapter 2. 

The determination of the elastic constants of the LB films is largely based on the 

data in figure 4-8. which is a series of Brillouin spectra taken on a E!!1.O Ilm thick 

supported polymeric LB film for different angles of incidence in two different scattering 

geometries with respect to the 3-axis. For data set (a). QII is perpendicular to the 3-axis. 

that is. parallel to the l-axis. while for the set (b) QII is parallel to the 3-axis. Each 

spectrum in figure 4-8 is marked with the angle of incidence. As expected. the two sets of 

spectra are very different due to the strong anisotropy of the film. 

The set of spectra (a) shows two peaks. except for e ... CP. The peak at about 12 

GHz frequency shift is assigned as a longitudinal "bulk" mode for which the velocity VL 

is almost independent of e. The frequency of the other peak shifts as sine. so that it is 

assigned as a surface mode of velocity VS. The surface mode observed here is in the right 

frequency range to be a LGM (chapter 2) and it is therefore assigned as a first-order 

LGM. A displacement field calculation in the film will be presented later which confirms 

this hypothesis. The present case differs from that of the previously studied ZnSe film: 

there the LGM was a leaky mode; here the LGM is well below the transverse velocity of 

the Mo substrate and therefore it belongs to the discrete spectrum. 

Note that by changing e in the data set (a). the detected longitudinal "bulk" mode 

travels along different directions in a plane perpendicular to the axis of the molecules. The 

lack of dispersion with direction allows us to draw an important conclusion concerning the 

crystal symmetry of the polyglutamate LB film. Because the longitudinal "bulk" mode has 

constant velocity VL. the LB film can be acoustically modeled as a hexagonal crystal with 

the c-axis parallel to the surface. This is also in agreement with the lack of observation in 

the data set (a) of figure 4-8 of a transverse "bulk" mode; in fact. in the basal plane of a 
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Figure 4-7. Two possible scattering in a transparent supported film. In addition to usual 
scattering geometry, it is possible that the light reflected from the substrate can give rise to 
scattering from acoustic phonons propagating almost parallel to the film surface. 
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Figureo 4-8. Brillouin spectra obtained from polymeric LB films on Mo. Film thickness h = 
9825 A. (a): QII is parallel to the l-aixs. (b): QII is parallel to the 3-axis. 
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hexagonal crystal the three bulk acoustic modes are pure modes and the symmetry forbids 

the detection of a pure transverse mode in p-p backscattering (chapter 2). All of these 

arguments lead to the conclusion that Vs ... VL and that simply VL" J C;I. Therefore it 

is possible from the frequency of the WM in figure 4-8a and from equation 4-3 to 

calculate the longitudinal velocity for propagation in the basal plane of the polyglutamate 

LB crystal. i.e. VL = 2025 m/sec. Because the density p of the LB film is known to be 

equal to 1.156 g/cm3• we calculate directly cll ... 4.74 GPa. 

Data set (a) of figure 4-8 also contains important information about the index of 

refraction n of the LB film. In our scattering geometry the electric field of the light is 

always perpendicular to the c-axis of the hexagonal LB film. so that in this case n is to be 

replaced by the basal-plane component nll (= n~ in equation 4-2. Using the measured 

value of VL from the WM equation 4-2 gives nll - 1.48. 

The mode velocities in a plane perpendicular to the molecular axis depend. within 

the hexagonal model. on two additional independent elastic constants. i.e.. Cll and Ceo. For 

this case cll - Cl2 ... 2 Ceo. The lack of observation of the pure transverse "bulk" mode 

prevents the determination of the elastic constant Ceo. More data is necessary to determine 

coo. In figure 4-9 we show a large number of data points taken at different angles () and 

o 
for different film thicknesses h OIl 200. 410. 795. 1600. 3525 A. A best fit to the data 

points of the two lowest-order modes (Rayleigh and Sezawa waves) gives Coo .. 0.66 GPa 

and consequently Cl2 .. 3.43 GPa. The calculated dispersion curves in figure 4-9 have been 

generated with the above quoted values of cllt Cl2 and coo. using the known parameters for 

the Mo substrate (cll ... 394. CIS'" 168. Cas as 394. Css ... 113 GPa and p .. 10.109 g/cml). 

The overall agreement is good. 

The WM deserves additional comments. The data points of figure 4-9 in the 

velocity range of 2000-2100 m/sec and for 5.:;:; Qllh :;:; 23 are assigned as the WM. This 

o 
data refers to films of thicknesses 3525 and 9825 A for different angles of incidence. It is 
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Figure 4-9. Velocity dispersion curves with 01/ II J-axis. Measured dispersion relations of 
several guided modes in LB films for different thicknesses and scattering angles (squares). 
The solid lines are the calculated dispersion curves with the elastic constants of Table 4-1. 
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interesting to note that the WM is well defined when Qllh ~ 21T, i.e., for a film thickness 

h greater than the surface phonon wavelength. By inspecting the dispersion curves of figure 

4-9 it is evident that the experimental points due to the WM lie at the intersection of a 

horizontal line [representing to a good approximation the existence condition of the WM 

(Hillebrands et al. 1988)] with the dispersion relations of the Sezawa modes of the 

supported film. The calculated curves show a "bunching' of modes close to VL, due to a 

form of hybridization between the WM and the Sezawa modes. Because the dispersion 

curves cannot intersect. they produce an alternate sequence of gaps and plateaus. In order 

to corroborate the assignment of the WM the displacement field amplitude for the mode 

with Qllh .. 22.55 and V .. 2047 m/sec is calculated and is shown in figure 4-10. The 

calculation shows a pattern typical of the WM (Hillebrands et al. 1988), with a strong 

localization of the longitudinal displacements in the central part of the film and very small 

transverse displacements (figure 2-7). 

For very large film thicknesses the WM becomes a longitudinal bulk mode 

traveling parallel to the film. For the film thickness regime considered in this work no real 

bulk modes exist in the film. 

Similar behaviour also occurs at about V .. 3100 m/sec which is the sound velocity 

of the Rayleigh wave (RW) of the free Mo substrate. In this case, as already noted before 

(Zanoni et al. 1986), the flat dispersion which is responsible for this effect is the RW of 

the Mo substrate, showing the hybridization between the Sezawa modes of the film

substrate system and the Rayleigh mode of the substrate. Figure 4-11 shows the 

displacement field amplitude for the mode with Qllh = 6.6 and V ... 3034 m/sec, close to 

the RW velocity of the free Mo substrate. This mode is characterized by the usual 

oscillatory behaviour of the displacement field for guided modes and its polarization is very 

similar to that of a typical RW of a semi-infinite medium (figure 2-3). We found that the 

localization at the film-Mo interface is particularly strong compared to that of the 
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Figure 4-10. Displacement field for a LGM.o Calculated squared displacement field fo& a 
mode of velocity V - 2047 m/sec in a 9825 A LB film on molybdenum. QII .. 0.0023 A-I. 
The negative values of the abscissa refer to the film. whereas the positive values refer to 
the substrate. The ordinate is the square of the amplitude component (a) parallel and (b) 
perpendicular to the surface. 
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neighboring modes for the same value of Qllh. Therefore the ripple contribution to the 

scattering intensity is very large at the interface for this mode. The strong localization at 

the interfaces is reminiscent of the fulfillment of the stress-free boundary condition of the 

free Mo surface for the RW velocity. which is close to that of the Sezawa mode in the 

film. 

Finally the three experimental points in the top right-hand comer of figure 4-9 

represent scattering from a longitudinal "bulk" mode of constant frequency. Although at 

first sight the representation of "bulk" modes in a surface wave graph as in figure 4-9 

seems meaningless. we will show later that it is useful indeed. because it reveals the actual 

mechanism of by which light interacts with "bulk" modes in supported films of finite 

thickness. 

We now analyze data set (b) of figure 4-8. Here the situation is more complicated 

than for the set (a) for many reasons. First of all. we expect Brillouin peaks corresponding 

to LGM propagating along the 3-axis. which is parallel to the long rodlike helical 

molecules. The velocity of the LGM is given in this case by J c;. By changing the angle 

of incidence e and thus the phonon wavevector in a plane containing the c-axis of the 

hexagonal LB film (meridian plane). two "bulk" peaks are expected to be present in the 

spectra. In such a plane there are two modes detectable in a p-p scattering experiment: 

one polarized mainly longitudinal and one mainly shear vertical. In contrast to the 

longitudinal "bulk" mode propagating in the plane perpendicular to the 3-axis. the sound 

velocities of these two "bulk" modes depend on 4 elastic constants. Cllt C13• ~ and Css (= 

c.w>. The velocity of the longitudinal "bulk" mode is 

v .. ~ 
L J 2 p 

and that for the transverse "bulk" mode is 

(4-5) 



where 

and 

VT = J A - B 
2p 

A - ell sin2ifJ + ~ c:osl-l/J + Gis 
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(4-6) 

(4-7) 

B = J [(cll - Gis) sin2i/l + (Gis - ~ Ci:)Sl1jJ]2 + (C13 + GifJ sin22VJ • (4-8) 

The angle l/J presents the propagation direction measured from the 3-axis. A further 

complication arises because the propagation direction of the light inside the material depends 

on both components of the diffractive index nll and nss so that 

• I [ nss2 
(n1l

2 
- sin2B) 1 

l/J - sm- 2n 2 (2 2)' 26 nll ss + nll - nss sm 

The peak in figure 4-8b. whose frequency shift is 11 GHz for the e - 7(jl spectrum and 9 

GHz for the 0 - Sri' one. was identified as a longitudinal guided mode because it obeys 

equation 4-3. We therefore find ~ ... 10.8 GPa. Scattering from the quasi-longitudinal 

"bulk" mode is responsible for the peak whose frequency changes from 12 to 13 GHz 

when 0 varies from (jl to 7ri'. The quasi-transverse "bulk" mode gives rise to a well 

defined peak at about 6.S GHz for 0 "" Sri'. 6ri' and 7ri'. For 0 < Sri' it is obscured by 

scattering from the LGM. 

Because Cll and ~ have been already evaluated. only Cl3 and Gis need to be 

determined by fitting to the data. Given the previously measured Cno Css and nll• the 

frequency shifts of the "bulk" modes in figure 4-8b allow a precise determination of Cl3 

and Gis. only if nss is known. We have found that the fitted values of Gis depend strongly 

on the value of nss. A variation in nss of I % changed the value of Gis by about 12 %. 

This seemed to indicate that the accurate determination of nss required more data and it 

would be preferable to determine the values of the elastic constants Cl3 and Gis separately. 

Now it is Gis which mainly determines the RW velocity in the film (chapter 2). 
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The RW does not appear in figure 4-8. but has been measured in another experiment 

using a smaller free spectral range for QII along to the molecular axis. Furthermore. 

various surface acoustic modes for QII parallel to the 3-axis had been measured. The 

velocity dispersion curves. obtained for different film thicknesses h - 200. 410. 795. 1600. 

o 
3525 A with different angles of incidence are shown in figure 4-12. In order to reproduce 

the frequency shifts of both "bulk" peaks in figure 4-8b and the surface acoustic modes in 

o 
figure 4-12. including the RW measured from the h ... 9825 A sample. the following values 

had to be chosen: Css .. 0.91 GPa. Cl3 ... 3.57 GPa. n33 ... 1.48. 

Thus the whole set of elastic constants of the polyglutamate LB film has been 

determined. The results are summarized in table 4-1. The error in the evaluation of the 

elastic constants is estimated to be around 5 %. The elastic constants of table 4-1 have been 

used to generate the calculated dispersion relations for Rayleigh and Sezawa modes in 

figure 4-12. The overall agreement with the experimental data is remarkable. The 

"bunching" of the dispersion relations close to 3100 m/sec is due to the combined effect of 

the RW of Mo and of the LGM of the LB film. They tum out to have. in this case. 

almost the same velocity. However the calculated displacement field for Qllh ~ 21T is 

typical of the LGM while only for small film thicknesses is it reminiscent of the RW of 

the substrate. 

Let us now consider in detail the interaction of the light with what we have called 

o 
"bulk" modes in the LB film of thickness h ... 9825 A. For this finite thickness. the 

propagation in the film of the full continuum of bulk modes of the infinite medium is not 

allowed rigorously. For a given QII the perpendicular components of the wavevector are 

"quantized". as shown in figure 4-13. and only the modes that satisfy the surface boundary 

conditions are allowed (Auld 1973). Therefore. given the refractive index and the angle e. 

the light beam inside the transparent film is not necessarily aligned with an allowed "bulk" 

transverse or longitudinal phonon that satisfies the total wavevector conservation for 
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Figure 4-12. Velocity dispersion curves with QII II 3-axis. Measured dispersion relations of 
several guided modes in LB films for different thicknesses and scattering angles (triangles). 
The solid lines are the calculated dispersion curves with the elastic constants of Table 4-1. 



99 

Table 4-1. Measured elastic constants of the polyglutamate LB films (in GPa). The 
coordinate system is aligned along the melecule axis, i.e.. the 3-axis is along the rod like 
long helical molecular axis in the film plane. 

Cu ~ Cl2 Cl3 Cs5 Gil; 

4.74 10.8 3.43 3.57 0.91 0.66 
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(0.) 

(c) 

Figure 4-13. Scattering geometry for "bulk" acoustic modes. Schematic diagram for 
scattering from "bulk" acousic modes in a thick transparent film (a). For a given thickness 
of the film h and the in-plane wavevector, there are a set of quantized wave vector 
components perpendicular to the surface (b) and one of them has a real part that matches 
approximatly to the Bragg condition (c). This mode enhanced by elasto-optic scattering can 
be observed as a strong peak in Brillouin light scattering spectra. 
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backscattering in the bulk media. However there will be one Sezawa mode whose 

transverse or longitudinal wavevector component is almost aligned with the wavevector of 

the light required for Bragg backscattering. 

Therefore we believe that the "bulk" modes measured in the experiments actually 

coincide approximately with one Sezawa mode which leads to almost complete wavevector 

conservation throughout the film. and whose Brillouin eiasto-optic cross-section is therefore 

strongly enhanced. This is illustrated in figure 4-12. The three experimental points centred 

around Qllh El! 20 and V El! 2000 m/sec correspond to the constant frequency peaks at 

about 6.5 GHz in figure 4-8b for 8 - SCi'. 6Ci' and 7Ci'. These experimental points lie on 

particular high~rder Sezawa modes, whose elast~ptic cross sections are large because the 

total wavevector is approximately conserved in the scattering process. This effect is 

accounted for by the theory of Brillouin scattering in a supported film (Bortolani et aI. 

1983). 

For thick films the spectrum of the guided modes is quasicontinuous: this explains 

why the Sezawa modes accurately represent the bulk modes of the semi-infinite medium in 

o 0 
the case of the 9825 A LB film. In a thinner film. e.g .• the 3525 A LB film with Qllh El! 

8.1 in figure 4-12. the discreteness of the guided mode spectrum becomes relevant and the 
, 

more or less resolved double-peaked structure occurs due to scattering from two Sezawa 

modes. Figure 4-14 exemplifies such a case. Here the two peaks marked T are due to two 

Sezawa modes close to the "bulk" Bragg condition for quasi-transverse phonons. In other 

words. the sharp Brillouin bulk peak expected in the semi-infinite medium has "split" due 

to the finite thickness of the film. The broad high frequency structure contains 

contributions from the LGM and from two leaky Lamb modes (L) whose frequencies are 

close to the resonance condition for a quasi-longitudinal bulk mode. 

Within the cubic crystal approximation of the theory developed by Bortolani et aI. 

(1983). we were able to fit also the intensities of a few Brillouin spectra with a reasonable 
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Figure 4-14. Brillouin spectrum for the polymeric LB film of h = 3525 A. &aUering angle 
e = 7(Jl. 
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choice of the elasto-optic constants kij of the LB film (kij ~ 3). However. we found it 

impossible to reproduce with a single set of elasto-optic constants all the available spectra. 

This would require a theory of the elasto-optic interaction in hexagonal films. which has 

not been developed to date. 

The indices of refraction obtained in this work (n11 ... 1.48 and n33 .. 1.48) can be 

compared with results determined by an optical waveguide technique (Hickel et al. 1990). It 

was n11 os 1.47±O.O2, n22 '" 1.39±O.03 and n33 ... 1.54±O.02 (for definitions of the indices see 

figure 4-6). In contrast to the present result. this measurement indicates that the polymeric 

LB films are optically biaxial. that is of much lower crystal symmetry than the hexagonal 

symmetry found in this work. However. the values of the uniaxial indices of refraction 

obtained in this work deviate from the result obtained with the optical waveguide 

technique by less than 5 %. which is within the error margins. This also indicates that the 

hexagonal symmetry with c-axis in-plane is a good approximation to the crystal symmetry 

of the films. 

In summary. the polymeric LB films deposited on a Mo substrate with the 

molecular axes parallel to the surface were found to form a crystal of hexagonal symmetry 

with the c-axis parallel to the surface. Brillouin spectra taken at different scattering angles 

o 
and for film thickness in the range 200 - 9825 A show peaks corresponding to the surface 

Rayleigh wave and to several guided modes (Sezawa and longitudinal guided). In the 

o 
thickest film (9825 A). well-defined scattered peaks originating from "bulk" acoustic modes 

were also observed. The peaks in the spectra have been unambiguously assigned and the 

whole set of elastic constants of the polymeric LB films has been determined from the 

post ion of the spectral lines. 

By comparing the Brillouin shifts of surface and bulk acoustic modes we also 

determined the two components n11 and n33 of the index of refraction. which appears to be 

isotropic. within the accuracy of the measurements. Conversely. calculations of the scattering 
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cross section have shown that the elasto-optic tensor of the LB film must be quite 

anisotropic in order to explain the whole set of available data. 
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CHAPTER 5 

STRUCTURAL DEPENDENCE OF TIlE ELASIlC CONST ANfS OF 

POLYMERIC lANGMUIR-BLOOOETr FILMS 

Intrcxiuction 

As an extension of the study of the elastic properties of polymeric Langmuir-

Blcxigett (LB) films presented in the previous chapter. the structural dependence of the 

elastic constants is reported in this chapter. As described in the previous chapter. a 

monomolecular layer of the polymeric LB film consists of long rcxilike polyglutamate 

o 
backbone molecules in helical configuration (~ 200 A long) and hydrocarbon (alkyl) long 

side chain molecules randomly oriented around the helical rcxilike molecules. The monolayer 

thickness is fixed by two parameters: one is the length of alkyl side chain molecules; the 

other is the degree of substitution that is the content of randomly ocurring alkyl-L-

glutamate residues, where the alkyl long chain molecules are attached (see figure 4-4). The 

schematic of the structure for a double layer of LB films and the indices of refraction are 

shown in figure 4-6. Again. the same coordinate system used in chapter 4 is adopted here. 

that is, the 3-axis (l-axis) is in plane and parallel (perpendicular) to the rcxilike helical long 

molecular axis; the 2-axis is perpendicular to the film. The polymeric LB films were found 

to have hexagonal crystal symmetry with the c-axis along the 3-axis. 

It will be shown that the whole set of elastic constants. as well as the refractive 

indices, of polymeric LB films depended on the thickness of the monolayer which 

constitutes the films. Initially. this was studied with two more different thickness of the 

o 0 0 
monolayer (16.5 A and 18.5 A). for comparison with those of 17.5 A discussed in the 

previous chapter. The whole set of the elastic constants and the two indices of refraction 
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were determined as a function of the monolayer thickness using the same procedure 

described in the previous chapter. We observed that, overall, the elastic constants 

decreased and the uniaxial refractive index n33 increased as the monolayer thickness of the 

film increased. However the refractive index nn remained constant (Lee et aI, 1990). The 

interpretation of these results raised several questions. The first was: How can we explain 

the structural dependence of the refractive indices of the samples? According to the 

Clausius-Mossotti equation (Jackson, 1975), the refractive index is a function of the 

molecular polarizability and it is difficult to relate the structural changes of molecules to 

the changes of polarizability. The second question was: How can we explain the change of 

the elastic constant Css, where the 3-axis is along the direction of the rodlike molecules, 

even though the length of the rodlike helical molecules was not changed at all? 

In order to answer these questions, we have developed a complete procedure that 

provide more accurate values for the elastic constants and indices of refraction. In contrast 

to the previous method that needed the full range of film thickness to perform the BLS 

experiment to obtain all of these parameter values, we realized that the "bulk" modes and 

the LGMs of a 1.0 pm thick film are sufficient to deduce them. Accordingly, we have 

developed a complete theory that enabled us to determine the elastic constants Cw Cl3' Css 

and Cs5 and the refractive indices nn and n33 from measurements on only the 1.0 pm thick 

film. Lack of experimental data corresponding to the pure "bulk" transverse acoustic modes 

in any scattering geometry did prevent an evaluation of the Cl2 elastic constant of the film. 

Using this procedure, the strange correlation between the n33 index of refraction and the Cs5 

elastic constant noted previously can be removed. Therefore. in this chapter, a full analysis 

for determining the whole set of elastic constants and indices of refraction as a function of 

monolayer thickness will be presented. In addition, their structural dependency is interpreted 

in terms of a single model. 
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Experiments 

Four sets of the polyglutamate LB films were synthesized and grown on Mo 

substrates as described by Duda et ai. (1988) using the dipping technique outlined in 

chapter 4. The structural parameters for the four sets of LB films are listed in table 5-1. 

The second column is the length of the hydrocarbon side chain molecules given by the 

number of carbon atoms n that is equal to the number of (CH:J molecules attached to the 

(alkyl-L-gIutamate) molecule. That is. the 18 corresponds to (CH:J18' The third column is the 

degree of substitution in the unit of mol. %. The density in the seventh column was 

calculated by using equation 4-1 with the molecular weight in the fourth column. the 

monolayer thickness in the fifth column and the area per repeat unit in the sixth column. 

° The monolayer thickness of the samples ranged from 16.5 AO to 20.5 A and the length of 

the rodlike helical molecules was kept unchanged. 

We have performed Brillouin light scattering measurements on 1.0 pm thick films 

of the four different sets of samples for several different angles of incidence. For each 

angle of incidence. we also rotated the sample with respect to the normal to the surface in 

order to have different in-plane phonon wavevectors with respect to the 3-axis. from 00 

thru 900 (i-axis) in 15° increments. The scattering geometry with respect to the 3-axis is 

depicted in figure 5-1. The spectra obtained in two particular directions (00 and 9(0) for 

each 1.0 pm thick film were very similar to those shown previously in figure 4-8. The 

frequency shifts of the modes as a function of the angle measured with respect to the 

direction of the rodlike helical molecules show two-fold symmetry. supporting a hexagonal 

crystal symmetry with the c-axis in the plane of the sample. The same behavior was 

observed for the other samples. 

Furthermore, we have used two different polarizations of the incident light (parallel 

and perpendicular to the scattering plane) to increase the accuracy of the fitting procedure, 

especially for the refractive indices. For example. for the acoustic bulk phonons propagating 
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Table 5-1. Structural parameters of the polymeric LB films. (CH;)n: Length of side chains; 
D(sub): degree of substitution; Mw: molecular weight; d: monolayer thickness; A: area per 
repeat unit; p: density. More details are explained in the text. 

Sample n D(sub) Mw do 1\ p 
[mol.%] [g/mol] [A] [N~] [g/cmS] 

A 12 32 191.3 16.5 16 1.209 
B 18 32 219.4 17.5 18 1.156 
C 20 25 209.7 18.5 19 0.990 
D 22 25 216.5 20.5 20 0.877 
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Figure 5-1. Scattering geometry in a top view. It shows the in-plane wavevector of the 
acoustic wave qP' with respect to the 3-axis. The angle between qp and the 3-axis is ifJi. 
The angle of incidence from the normal to the surface is fixeO. The rod like helical 
molecule is lying along the 3-axis or c-axis. ki,p and ks,p are the wavevectors of the 
incident light and scattered light, respectively. 
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perpendicular to the dipping direction. the frequency shift of a bulk phonon should be 

different for the different polarizations. The difference is determined by the difference 

between the nn and n33 refractive indices. However. the frequency shift of the LGMs does 

not depend on the refractive indices. Typically 100 data points for the frequency shifts of 

the modes were used to fit 4 elastic constants (c1l' CIS' Cal and CsS> and 2 refractive indices 

(nn and n~ for each sample. 

Elastic constants of 1.0 pm thick film 

Using the theory given in the Appendix. it is possible to calculate the frequency 

shift of the bulk acoustic modes and. the LGM propagating along an arbitrary direction in 

terms of the elastic constants and the refractive indices for a sample that is optically 

uniaxial with hexagonal crystal symmetry with the c-axis in-plane. This is appropriate for 

the polymeric LB films used in this work. The same fitting algorithm as that used in 

fitting the frequency shift from the Brillouin spectra, was used to fit the elastic constants 

by minimizing the quantity 

X2 ... L (vi.exp - Vi.thry'f • 

i 

(5-1) 

where vi.exp is the experimental frequency shift for a particular mode and vi.thry is the 

theoretical value calculated for the mode. For the best fit values of the elastic constants. the 

differences between the measured and calculated frequency shifts was less than 5 %. 

indicating that the fitting results are satisfactory. Figure 5-2 shows the frequency shifts of 

o 
the modes observed for the 1.0 pm thick film of the sample made from 16.5 A thick 

monolayers as a function of angle, measured with respect to the 3-axis. The theoretical 

curves (solid lines) are also shown for comparison. Similar fitting results were obtained for 

the other samples with different monolayer thickness. The final results are listed in table 

5-2. The uncertainties are the fitting errors which are about 5 % in most cases with the 
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Figure 5-2. Frequency shifts of the acoustic waves versus in-plane angle. The frequency 
shifts JGHz) of the mooes observed for the 1.0 pm thick film of the sample made from 
16.5 A thick monolayers as a function of angle ¢ (degree), measured with respect to the 
3-axis. The theoretical curves (solid lines) are also shown for comparison. 



112 

Table 5-2. Best fit values of the elastic constants for the 1.0 p.m thick polymeric LB films 
with fitting errors. The uncertainties due to the density uncertainty of 5 % are the same as 
the fitting errors, except for Css. The Css elastic constants did not depend on the changes of 
the monolayer thickness. The asterisk denotes the best fitovalues of the elastic constants for 
the films whose thicknesses ranged from 200 A to 5000 A. The uncertainty of these elastic 
constants are 20 %. Detflils are explained in the text. GiG .. (cll - CIJ12. The unit for the 
monolayer thickness is A and the unit for the elastic constants is GPa. 

Sample d Cll Cl3 ~ Css C12* C6(j* 

A 16.5 5.6610.29 4.20±0.21 12.2210.40 1.26-+0.25 3.45 1.10 
B 17.5 4.9310.30 3.82±0.27 10.9110.52 0.7210.30 3.58 0.68 
C 18.5 4.45-+0.21 3.09±O.16 9.18-+0.29 0.95-+0.18 2.96 0.74 
D 20.5 4.1710.23 2.94±O.19 7.7410.28 0.7210.24 2.74 0.71 
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exception of elastic constant Css for which it was 20 %. The same magnitude of error was 

obtained by allowing a 5 % uncertainty in the monolayer thickness, except for Css. The Css 

elastic constant did not depend on the uncertainty in the monolayer thickness. 

We have observed that. overall. the elastic constants decreased as the monolayer 

thickness increased. The anomalously smaIl value of the Css elastic constant obtained for the 

sample B. with the associated large fitting error may be due to the sample degradation over 

more than 2 years. As expected. the longitudinal elastic constant Cll and the transverse 

elastic constants Css and '1;s decreased as the monolayer thickness increased. The longitudinal 

elastic constants ~ (along the direction of the long rodlike helical molecules) also decreased 

• 0 
even though the length of the helIcal molecules was the same (:!! 200 A) for all samples. In 

fact. the percentage change in ~ (-40 %) is comparable to that in Cll (-30 %). 

Another interesting result is that the films are optically isotropic to within 1 % 

(nll,ave - 1.456 and n33,ave - 1.471). i.e .• the refractive indices do not correlate with the 

structural changes. Figure 5-3 shows the refractive indices as a function of the bilayer 

thickness. 

For each monolayer thickness, the velocity dispersion of the surface acoustic modes 

o 0 
of the films whose total thicknesses ranged from 500 A to 5000 A were measured in two 

particular scattering geometries. QII II I-axis and QII II 3-axis. and compared with the 

theoretical curves calculated by using the best fit of the elastic constants of the 1.0 pm 

thick film. Within the fitting errors of the elastic constants. the agreement was as good as 

that in figures 4-9 and 4-12. indicating that the elastic constants (cll' CIS' ~ and Css) do not 

significantly change with film thickness. 

The frequency shift of the Rayleigh mode propagating parallel to the I-axis was 

too small « 3 GHz) to be measured accurately and there was disagreement between the 

velocities of the Rayleigh mode measured and calculated by as much as 10 %. indicating 

that the elastic constant C66 has an uncertainty of 20 %. The best fit values of C66 and 
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Figure 5-3. Uniaxial refractive indices of the 1.0 p.m thick polymeric LB films as a 
function of bilayer thickness. The solid (dashed) line is an averaged value for n33 (nu). The 
data for n33 are shifted slightly for clarity. 
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C12 .. Cll - 2 Coo are also listed in table 5-2. 

Structural dependence of the elastic constants 

It was shown that the decrease in the ~ elastic constant was comparable to that of 

the Cll elastic constant as the monolayer thickness was increased. even though the length of 

the long rodlike helical molecule was fixed. One possible interpretation is that the alkyl side 

chain molecules might be randomly oriented around the long molecules so that the end-to

end distances between the rodlike helical molecules are changed as the side chain length 

was changed. Although it is physically reasonable. it is only a qualitative explanation. 

A lattice dynamical calculation of a simplified structural model was originally 

postulated to obtain a quantitative explanation. In this model the helical molecule was 

regarded as two heavy particles with a spring connecting these two particles, and the 

hydrocarbon molecules around the helical molecule were regarded as a total of 14 small 

particles. Each particle. hexagonal in shape. is connected to the large particle by another 

spring. These small particles interact with adjacent small particles belonging to a neighbor 

large particle. This model. however. was ruled out because of the central forces between 

the particles. A non-central forces between the particles is necessary to obtain the elastic 

constants of a hexagonal crystal symmetry (Cauchy relations; BrOesch 1982). 

However. we did find a simple phenomenological approach to explain quantitatively 

the behavior of the ~ elastic constant as well as the other elastic constants. Let us recall 

the fact that the polyglutamate monolayers were transferred as Y-type Langmuir-Blodgett 

layers. This means that each monolayer consists of hydrophilic helical molecules as a head 

group and hydrophobic hydrocarbon side chain molecules as a tail group and the films 

have the structure: head-tail. tail-head. head-tail. etc. The structure of this type of film is 

very similar to that of metallic supertattice films. which consist of alternating layers of two 

different metals in a layered structure. Therefore the polyglutamate LB films were modelled 
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as a superlattice film. consisting of one "film" of 2 layers of the polyglutamate backbone 

molecules and another "film" of the alkyl molecular layer. The modulation wavelength or 

repeat distance along the growth direction is one bilayer thickness. or two monolayer 

thicknesses. Figure 5-4 shows a schematic diagram of this superlattic model for the 

polymeric LB films. 

Since Rytov (1956) first solved the problem of the effective elastic constants of a 

superlattice film for isotropic media, there have been extensive studies for lower crystal 

symmetries (Akcakaya et al. 1988; Grimsditch 1985). If the acoustic wavelength is large 

compared to the modulation wavelength. one can use the theory of Kueny et al. (1982). 

This is the case for the polyglutamate films. We have used the results of Grimsditch 

(1985). which are analytical equations for the effective elastic constants for up to 

orthorhombic crystal symmetry 

In this work we use Grimsditch's analysis to deduce the elastic properties of the 

constituent layers so that we can predict the behavior of the elastic constants for the film 

as the structure is changed. Since the structure of the helical molecules was the same for 

all samples. the change in monolayer thickness is mainly due to changes of both the length 

of the alkyl side chain molecules and the degree of substitution of these long alkyl 

molecules. That is. the modulation wavelength. in the superlattice model. depends on the 

structural composition of the alkyl molecules layer. Furthermore. we assumed the layer of 

polyglutamate backbone molecules to have hexagonal symmetry with the c-axis in-plane. for 

which there are 5 independent elastic constants. and the layer of alkyl molecules to have 

isotropic symmetry. for which there are 2 independent elastic constants. Including another 

variable for the thickness of the helical molecular layer. there is a maximum of 8 unknown 

parameters which were fitted so that the standard deviation of the effective elastic constants 

was minimized to within the experimental uncerl~inty. The effective crystal symmetry of 

such a superlattice is not hexagonal with the c-axis in-plane. as we had assumed 
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B 
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Figure 54. A schematic diagram of the superlattice model assumed for the polymeric LB 
films. The circles depict the helical molecules viewed "end-an" and the zigzagged lines are 
the long hydrocarbon side chain molecules. The "film" A consists of 2 layers of the 
glutamate backbone molecules and the "film" B consists of alkyl molecules. 
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previously. Instead. it is orthorhombic. However it is very close to being hexagonal with 

the c-axis in-plane for the values of the layer elastic constants that were obtained by 

fitting. 

Figure 5-5 shows the film elastic constants as a function of bilayer thickness. The 

solid lines are the effective elastic constants calculated using the best fit to the two 

constituent layers. They are listed in table 5-3. 

o 
The thickness of the helical molecular layer was initially set at 5 A. which was 

the distance between the helical molecules reported by Duda (1989). With that value. a 

reasonable fit could not be obtained: the fitted elastic constants for the backbone molecular 

layer in that case had to be several orders of magnitudes larger than those of the 1.0 /lm 

thick films. 

This superlattice model clearly shows the decrease in all the elastic constants with 

increasing monolayer thickness as observed experimentally. Although the fit for the Ca3 

elastic constant is not very good. it explains the change in the value of the density (figure 

5-6) as well as the overall behavior of the Ca3 elastic constant and the other elastic 

constants. In addition. this model enabled us to determine the effective elastic constants of 

each constituent layer for the first time. The anomalously small transverse elastic constant 

c66 of the alkyl layer is in reasonable agreement with the first measurement of c66 for 

cadmium arachidate (CdA) LB films (Zanoni et ai. 1986). 

In summary. the elastic constants for 1.0 /lm thick films of polymeric LB films 

were determined and they do not depend on the film thickness within the experimental 

uncertainty. The whole set of elastic constants decreased as the monolayer thickness of the 

polymeric LB films increased. This behavior was explained quantitatively by a superlattice 

model. This allowed us to determine the elastic constants for a layer consisting only of 

hydrocarbon long chain molecules. whose transverse elastic constant is in good agreement 

with that of CdA LB films. 
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Figure 5-5. Elastic constants as a function of bilayer thickness. The solid lines ar the 
effective elastic constants calculated using the best fit of the two constituent layers, which 
are listed in table 5-4. 
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Table 5-3. The best fit elastic constants of the two constituent layers in the superlattice 
model for the polymeric LB films. The unit of the elastic constants is GPa. 

Helical molecular layer: 
Cll ... 11.7, CIS ... 7.0, ~ .. 15.1, Css ... 2.0, Coo ... 2.1 
density ... 1.45 gfqn3 
thickness ... 12.5 A 

alkyl layer: 
Cll .. 2.0, Coo ... 0.3 
density ... 0.1 gfcm3 
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Figure 5-6. Density of the polymeric LB films as a function of bilayer thickness. Solid 
(dashed) line represents the effective density of the superlattice model for the films. 
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After storing the samples in air for more than 2 years without any special 

treatment, the only indication of deterioration of the quality of the samples was an 

anomalously lower transverse elastic constant Css for the sample B. Except for this one case, 

the BLS spectra always showed the same Brillouin spectrum, indicating that the films are 

mechanically and therma1ly stable. 
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CHAPTER 6 

SURFACE-PLASMON-POLARITON-ENHANCED BRILLOUIN LIGIIT SCA TfERING 

Introduction 

Brillouin light scattering (BLS) has been performed on a bilayer film. consisting of a 

Langmuir-Blodgett (LB) film and an Ag film. all deposited on a prism substrate. By 

impinging the light from the substrate. the scattering geometry coincides with the 

Kretschmann attenuated total reflection (A lR) configuration through which the incident light 

couples to the surface-plasmon-polariton (SPP) at the LB film/Ag film interface. Scattering 

by thermally excited acoustic phonons leads to light scattered into other SPPS. This enables 

the scattering intensity to be doubly enhanced. This enhancement of the BLS spectrum not 

only leads to measurement of the dielectric constants of the LB film and Ag film. but also 

reveals the scattering mechanisms for the guided acoustic phonon modes in the film. 

Therefore. in this chapter the character and localization of guided acoustic modes as well 

as the enhancement of the BLS intensity is discussed. 

A brief introduction to the properties of SPPS is presented first and the 

enhancement of the surface BLS signal by SPPs is discussed next. The sample used in this 

work and the details of the scattering geometry are also described. From the measurements 

of BLS experiments and reflectivity. the dielectric constants for an Ag film and a LB film 

are evaluated. The comparison of the enhancement of the BLS intensity with theory is 

discussed. In the last section. the Brillouin spectra measured are explained fully in terms of 

the localization of the guided acoustic modes whose scattering cross-section is enhanced due 

to the coupling of the incident and scattered light to SPPs. 
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Surface-plasmon-polaritons (SPPs) 

SPPs are transverse magnetic (1M) electromagnetic waves. propagating along an 

interface between two different media. one of which is a metal. As they consist only of 

evanescent waves. they are called non-radiative. These nonradiative SPPs are solutions of 

Maxwell's equations in terms of the complex dielectric constants of the media (Abeles 1986; 

Raether 1977). In this section, only the concepts of the SPPS important to the work 

described in this chapter are outlined. 

Solving Maxwell's equations along with the boundary conditions at the interface of 

a metal with a dielectric constant Em(W) .. E1 + iE2, and a dielectric with dielectric constant 

Ed(W). as shown in figure 6-1a. gives the following dispersion relation 

Em(W) Ed(w) 
Em(W) + Ed(w) 

(6-1) 

Here Em(W) Ed(w) < 0 is required because of the boundary conditions. This means that one 

medium must have a negative dielectric constant commonly called the "active" medium (a 

metallic film usually). whereas the other has a positive dielectric constant (a dielectric 

medium). Generally. E1 < 0 and IE11 > Ed > E2. The imaginary dielectric constant E2 should 

be small in order to keep damping to a minimum. 

The dielectric function of a metal or semiconductor that contains free carriers is 

modelled in the first approximation as 

W 2 

Em(W) - 1 - ?- . (6-2) 

where wp
2 .. 41Tne2/m is the square of the plasma frequency. n is the free carrier 

concentration. and m is the effective mass of the carrier. If the dielectric medium is taken 

to be vacuum so that Ed(w) .. I. then by substituting the dielectric function 6-2 into 

equation 6-1 we can solve the dispersion relation and obtain an explicit result for the 

frequency of SPP. wspp: 
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~a) 

(b) 

k 

Figure 6-1. Dispersion relation of SPP. (a) Interface of two media. (b) Dispersion relation of 
SPP in comparison with light line in vacuum (w - ck). 
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(6-3) 

where 

(6-4) 

and kspp is the wavevector of the SPP. A schematic of the dispersion relation of a SPP is 

given in figure 6-lb. In the nonretarded limit, k ... 00 and the surface polariton frequency 

approaches the value 

(6-5) 

It should be noted that the dispersion curve lies entirely to the right of the light 

line in vacuum. w .. ck (see figure 6-1 b) and that the SPPS cannot be excited directly by 

light waves propagating in one of the adjacent media. It is thus clear that some special 

arrangement for their excitation is required. If the surface is sinusoidally modulated with 

period d and an amplitude which is small with respect to the wavelength of light, the 

effect of the modulation is to add to the wavevector of the incident light 1<0. wavevector 

components 2mn/d parallel to the surface. where m is a integer (1. 2. etc). As a 

consequence. the increased wavevector can match to the dispersion so that the SPPS can be 

excited. This topic is covered in detail by Rather (1982) and Maradudin (1982). 

For smooth planar surfaces. as in the present case. one uses methods based on 

attenuated total reflection (A lR). Evanescent waves with the wavevector corresponding to 

the real part of the solution of equation 6-1 can be generated by the use of a total 

reflection prism with dielectric constant f p. The angle of incidence e must be larger than 

the critical angle ec beyond which the light reflects totally at the boundary. There are two 

types of A lR geometries: one suggested by Otto (1968). where there is a dielectric layer 

(vacuum usually) between the prism and the metal. and the other suggested by 

Kretschmann (1971). where the metal medium is in contact with the prism. One difficulty 
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in using the method of Otto is that it is necessary to adjust the distance of the metal from 

the prism to of the order of the wavelength of light in vacuum. Therefore. in this work. 

the Kretschmann geometry was used. In the visible region of the spectrum the metal 

medium is absorbing and the thickness of the medium should be definitely smaller than the 

wavelength of light in vacuum. This indicates that the active medium is now a thin film 

deposited on the prism surface. This configuration is depicted in figure 6-2a. Figure 6-2b 

shows the dispersion relations of the SPPs at the two different metal interfaces and the 

condition for the excitation of the SPP at the metal-air interface. 

In the Kretschmann A 1R configuration. the detection of the reflected light indicates 

when an SPP is excited. One measures the reflectance of the incident light at a fixed 

frequency and various angle of incidence. For coupling the light to the SPPs. that is, when 

the in-plane component of the wavevector. kx• of the light inside the prism coincides with 

the wavevector of the SPPs 

kx - k np sin Ores - kspp • (6-6) 

the SPPs can be excited and the reflectance goes to a minimum (zero for perfect coupling). 

k is the wavevector of the light in vacuum. np is the index of refraction of the prism and 

Ores is a resonance angle measured from the normal to the interface plane. On resonance. a 

high electric field is generated at the interface. The theoretical calculation of the reflectance 

can be found in the literature. For example. see a review paper by Abeles (1986) and a 

reflection curve for an Ag film on a prism is presented later. 

Because the resonance angle for the SPP and the width of the reflectance curve 

are both functions of the dielectric constant and the thickness of the metal film. coupling 

experiments have been used to measure these quantities for various metallic films. In 

addition. the enhanced electric field due to the SPPs have allowed various optical 

phenomena to be enhanced. Examples are surface enhanced Raman scattering (Chang et ai. 

1982) and second harmonic generation (Chen et ai. 1983) etc. 
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Figure 6-2. (a) Kretschmann attenuated-total-reflection geometry. (b) Dispersion relation of 
SPP and resonance condition for SPP excitation. 
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A dielectric layer between the metal film and vacuum causes a shift of the 

resonance angle as well as a broadening of the reflection curve (pockrand 1978). Pockrand 

(1978) has developed a second order theoretical approximation to the dispersion relation of 

the SPPs for a transparent coating (whose thickness is much less than the wavevector 

component perpendicular to the surface), deposited on a metal film whose dielectric constant 

is such as IEII » E2, where El (EJ is the real (imaginary) part of the dielectric constant. As 

a result, the thickness and the dielectric constants of the dielectric layer can be determined 

once the reflection curve due to the metal film itself is known (Barnes and Sambles 1986). 

The full theoretical calculation can also be found in various references. For example, see a 

paper by Marucci and Nizzoli (1990). In this thesis a Langmuir-Blodgett (LB) film is 

deposited onto a metal film. By coupling to a SPP, the incident field for Brillouin scattering 

is enhanced. 

Surface-plasmon-polariton-enhanced Brillouin light scattering 

The enhanced electric field associated with SPPS at the surface of an active metal 

medium has been used previously for surface Brillouin light scattering experiments (Moretti 

et ai. 1985; Robertson et ai. 1987; Gleed et ai. 1989b) and the measurements have been 

compared with theories (Fukui et ai 1981; Marvin et ai. 1982, Marucci and Nizzoli 1990). 

As reviewed in chapter 2, there always exists a localized surface wave called a Rayleigh 

mode for any surface of a semi-infinite medium. For a film of finite thickness deposited 

on a semi-infinite substrate, higher-order modes called Sezawa modes will propagate in the 

film if the transverse sound velocity of the film is smaller than that of the substrate. This 

remains true if there are two thin films whose transverse velocities are less than that of 

the substrate. This is the case here. 

Scattering by thermal phonons leads to light scattered out of the film as well as 

light scattered into other SPPs. For scattering into a SPP, the wavevector k'spp is related to 
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the original SPP wavevector kspp and the phonon wavevector q by the relation. 

k'spp ... kspp ± q . (6-7) 

The corresponding frequencies are related by the equation. 

W'spp ... wspp ± n(q) • (6-8) 

where n(q) is the frequency of the acoustic phonon whose magnitude is much less than 

wSPP' the frequency of the incident light. The wavevector direction of the scattered SPP is 

arbitrary because of the thermal equlibrium distribution of the phonons. Only the 

backscattered SPP can be coupled out of the prism at the same resonant angle Ospp. 

In this chapter. the results of Brillouin backscattering measurements in which the 

backscattered light is analyzed after it passes back through the prism by the reverse 

Kretschmann A 1R mechanism (Robertson et al. 1987) are discussed. This enables the 

scattering to be doubly enhanced by the SPPs due to coupling to both the incident and 

scattered light, as outlined above. When the scattering intensity of the surface acoustic mode 

is low. one method to increase the signal is to use the SPPs to increase the electric field at 

the surface. Because of the SPP resonance coupling condition. usually only a small range of 

acoustic wavevectors parallel to the surface can be investigated. Robertson et al. (1987) had 

observed that the double resonance gives a much larger enhancement than does the singly 

resonant process. A similar enhancement in Brillouin signal was observed from our study 

of a cadmium arachidate (CdA) LB film deposited on an Ag film in the Kretschmann 

geometry. However there was one unexpected result which later revealed an interesting 

aspect of the localization of the guided acoustic phonon modes. 

Stimulated by our experimental results. Marucci and Nizzoli (1990) developed a 

theory for calculating the intensity of the light scattered from the surface guided acoustic 

phonon modes in various scattering geometries for a vacuum-dielectric-metal-prism system. 

In the Kretschmann configuration there is a three-wave mixing of volume electromagnetic 

waves, surface-plasmon-polaritons and surface acoustic waves. The electromagnetic field for 
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backward and forward scattering is calculated by solving Maxwell's equations to first order 

in the corrugation amplitude induced by the surface phonons. The reflection curve is easily 

determined by solving the Fresnel formula at the interfaces of the bilayer system. The 

theory is applied to the case of p-polarized light which is appropriate for a SPP. The 

prism and the metal film are assumed to be elastically and optically isotropic while the 

dielectric film is elastically hexagonal and optically uniaxial. This theory was used in 

interpreting the data. 

Experiments 

The sample consisted of 18 monolayers of cadmium-Arachidate (CdA) deposited 

o 
onto a 500 A thick Ag film which was coated onto a BK-7 glass microscope slide. It was 

brought into optical contact with the BK-7 prism with an index matching liquid (n - 1.52 

at room temperature from Cargille Lab. Inc.) so that the BK-7 slide and prism effectively 

formed a continuous prism material. A thin Ag film frequently grows as a series of 

islands. To avoid this, the Ag film was evaporated onto the slide in a vacuum chamber at 

o 0 
a pressure p<lo-5 mbar with a deposition rate of 1-2 A/sec for the first 100 A and then 

o 0 
with 10-20 A/sec for the final 400 A. This initial slow growth also led to good adhesion 

of the Ag film onto the slide. The thickness of the film was chosen to optimize the 

generation of SPPs at the air/Ag interface at the selected wavelength. The CdA film was 

deposited by the LB dipping technique described in chapter 4. The thickness of each CdA 

• 0 
monolayer IS 26.8 A (Matsuda et al. 1977). 

Prior to the BLS experiment. we measured the angle corresponding to the minimum 

reflectivity across the width of the bare Ag film. Since the angle of minimum reflectivity 

is constant near the middle of the film. it is likely that the thickness and the optical 

properties are uniform in this region, confirming the choice of growth procedure for the 

Ag film. Similar behavior was measured for the Ag film coated with the CdA LB film. 
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The reflectivity and BLS intensity data presented below were collected from the uniform 

region of the sample. 

o 
P-polarized light from a single mode. 5145 A wavelength. Ar+-ion laser was 

focused onto the Ag film through the prism by using a lens of focal length 254 mm. The 

scattered light was collected by the same lens using a 18(jJ backscattering geometry and the 

polarization of the scattered light was not analyzed. We let only scattered light enhanced by 

the double SPP-resonant interaction pass through the collecting aperture. This requires 

blocking the collecting aperture except for a vertical strip 2 em wide in the middle of the 

lens. It was also observed that there was a vertical dark line in the specularly reflected 

light. This dark line correspond to the loss of light due to the excitation of the SPPS. 

Varying the angle of incidence around the resonance angle led to changes in the intensity 

of the circle of light and the position of the dark line which moved from side to side. 

To avoid ambiguities caused by scattering from the bulk acoustic modes of the 

prism. the free spectral range (FSR) of the interferometer was set at 36 GHz. For this 

value of the FSR. the elastically scattered ghost peaks of the interferometer coincided with 

backscattering from the longitudinal bulk acoustic mode of the BK-7 glass. The intensity of 

the specularly reflected beam was measured before and after each BLS measurement by 

using a power meter (Metrologic Instruments. Inc. Model 45-540). The incident laser power 

was 5 mW for both the BLS and the reflectivity measurements on the bilayer film. CdA 

LB film and Ag film. The laser power was chosen to be low enough so that the 

reflectivity did not change between measurements. i.e. no significant heating or damage 

ocurred on the film. 

Enhanced surface Brillouin light scattering 

Figure 6-3 shows a series of BLS spectra for a 18 monolayer thick CdA LB film 

o 
deposited on a 500 A Ag film on a BK-7 glass substrate at various angles of incidence 
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Figure 6-3. A series of Brillouin back-scattering spectra as a function of the angle of 
incidence near the SPP-resonance angle. Measurements were performed on the prism side 
of the Ag film in the Kretschmann configuration. The power of the incident light was 5 
mW. Each spectrum is identified in the upper right corner with the corresponding angle of 
incidence within the prism. In the inset, the schematic experimental geometry for exciting 
surface-plasmon-polariton at the CdA LB film/Ag film interface is drawn. kit kp ks are 
the wavevector of incident, reflected and scattered light, respectively. 
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near the resonance angle. The strong peaks at 9.2 GHz are due to scattering from the 

Rayleigh mode and the peaks at 15.2 GHz are due to scattering from a Sezawa mode. 

Enhanced BLS from the Sezawa mode was observed previously for a bare Ag film (Moretti 

et ai. 1985; Gleed et ai. 1 989b). The frequency shift and intensity of the modes were 

determined by using the least-squares fitting method described in chapter 3. 

In order to identify the modes, we compared the experimental velocity dispersion of 

the modes with theoretical calculations of the velocity of the modes as a function of Qllh. 

where QII is the in-plane wavevector of the mode and h is the bilayer film thickness. as 

shown in figure 6-4. Theoretical dispersion curves were calculated by solving the acoustic 

wave equations with the proper mechanical boundary conditions at the film surfaces 

(Farnell and Adler 1972) using the known elastic constants of the CdA LB film (Zanoni et 

ai. 1986). the Ag film (Auld 1973) and the prism (cn - 90.28 GPa. C44 - 33.09 GPa. p -

2.53 gfcmS). The CdA LB film was modelled as a hexagonal medium with the c-axis 

normal to the surface (Zanoni et ai. 1986). This comparison identifies the observed modes 

as the Rayleigh and third Sezawa mode for the sample. The sound velocities of the modes 

are listed in Table 6-1. together with values for the bare Ag film. The velocity of the 

Rayleigh mode of the sample is about 200 m/sec lower than that of the Rayleigh mode of 

the bare Ag film and the velocity of the third Sezawa mode of the sample is similarly 

related to that of the first Sezawa mode of the bare Ag film. Note however that the 

parallel component of the phonon wavevector for the bilayer film is different from that for 

the bare Ag film because the resonance condition occurs at a different angle of incidence. 

This point is discussed explicitly below. 

In order to compare the experiment with theory. we measured the reflectivity 

through the prism of the bare Ag film on the prism near the resonance angle and obtained 

the real and imaginary parts of the dielectric constant f of the Ag film by a least-squares 

fit to the data. The best fit was obtained for fAg ... -8.786 + i 0.439 for an Ag film 
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Figure 6-4. Velocity dispersion for a bilayer system. Sound velocity of the guided modes of 
the CdA-film/Ag-film/prism system versus the product of the momentum component 
parallel to the surface QII and the total bilayer film thickness h. The crosses correspond 
to data and the curves were calculated as described in the text. Calculated curves owere 
obtained by varying Q" and ibeeping the bilayer film thickness fixed at h - 982.4 A (18 
monolayers of CdA and 500 A of Ag). The SPP resonance condition occurs at the Qllh 
value corresponding to the largest density of the data points. 
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Table 6-1. Sound velocities of the acoustic modes measured by Brillouin scattering for two 
different systems at the resonance condition: Ag film-Prism and CdA film-Ag film-Prism. 
The units are m/sec. The uncertainties are less than 5%. 

Rayleigh Sezawa 

AgfPrism 1965 2994 
CdA/AgfPrism 1725 2842 
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o 
thickness of 500 A. The thickness of the Ag film was confirmed in the fitting process by 

o 
having the minimum standard deviation at the value of 500 within the experimental error 

of 5 %. This result is compared in Table 6-2 with literature data. Figure 6-5 shows the 

measured values of the reflectivity for the bare Ag film along with a curve calculated 

with the best fit parameters. The agreement is excellent. By using these parameters of the 

Ag film. we fitted the refractive index n of CdA LB film to the reflectivity data for a 

o 
film of CdA of thickness 482.4 A (18 monolayers) deposited on the Ag film. The best fit 

was obtained for nQtA - 1.496. The quality of the fit to the reflectivity data is shown in 

figure 6-6a. The fitted parameters are listed in Table 6-3 for comparison with literature 

data. 

The best fit refractive indices of Ag and CdA have been used to calculate the 

enhancement of the Brillouin scattering cross section near the resonance angle. At this point. 

having determined independently the refractive indices of the Ag film and the CdA LB 

film. the theory of enhanced Brillouin scattering from a bilayer (Marucci and Nizzoli 1990) 

does not contain any free parameters. This theory is an extension of that presented in the 

paper by Marvin et al. (1982) and includes ripple scattering from the phonon-corrugated 

interfaces of a bilayer supported on a substrate. The comparison between the experimental 

and calculated results is shown in figure 6-6b for both the Rayleigh wave and the 

observed Sezawa wave. The vertical scales have been adjusted so that the two 

experimental curves show the same maximum: the scaling factor is 16.2. The agreement 

between the measured and calculated lineshape is very good. Note that the calculated curve 

is the same for both acoustic modes. This is because the only relevant amplitude of 

vibration of the acoustic modes is that at the CdA/Ag interface. which is the only active 

interface for coupling to SPPs (Abeles et al. 1982). Therefore in the calculations we have 

set the amplitude of vibration at the other interfaces (air/CdA and Agfprism) equal to zero. 

By removing this restriction. we have found that only very smaIl changes occur in the 
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Table 6-2. Best fit dielectric constant of the Ag film compared with values obtained by 
other authors. The asterisk denotes samples that were spark-cut from larger pieces of 
polycrystalline silver of 99.999+ % purity and electrolytically and chemically polished. 

0 
Thickness(A) Reference Wavelength(A) E(Ag) 

a 5145 400 -16.34 - i 0.14 
b 6471 706 -16 + i 1 
c 4880 450 -8.9 + i 0.27 
d 4880 437 -9.0 + i 0.57 
e 5145 522 -9.38 + i 0.41 
f 6471 496 -18.39 + i 0.55 
g 5166 * -9.41 + i 0.80 
Present 5145 500 -8.79 + i 0.44 

a M. Fukui. O. Tada, V. So and OJ. Stegeman. J. Phys. C: Solid State Phys. 14. 
5591 (1981). ! 

b A. Marvin. V. Bortolani. F. Nizzoli. O. Santoro and V. Celli. J. Phys. C: Solid State 
Phys. 15. 3273 (1982). 

c A.L. Moretti. W.M. Robertson. B. Fisher and R. Bray. Phys. Rev. 831. 3361 (1985). 
d W.M. Robertson. A.L. Moretti and R. Bray. Phys. Rev. 835. 8919 (1987). 
e D.O. 01eed. B. Hillebrands, S. Lee, OJ. Stegeman and J.R. Sambles, Solid State 

Commun. 70. 237 (1989b). 
f I. Pockrand. Surf. Science 72. 577 (1978). 
g P. Winsemius, F. van Kampen. H. Lengkeek and C. van Went. J. Phys. F: Metal 

Phys. 6. 1583 (1976). 
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Figure 6-5. The reflectivity of the bare Ag film deposited on the prism: data (crosses) and 
theory (solid line). The power of incident light was 166 p.W. This curve was used to fit 
the dielectric constant of the Ag film. 
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Figure 6-6. The reflectivity and Brillouin scattering intensity of a bilayer system. a) The 
measured reflectivity for 18 monolayers of CdA deposited on the Ag film (crosses) 
compared with theory (solid line). This curve was used to fit the refractive index for the 
CdA LB film. b) The Brillouin scattering intensity of the modes: Rayleigh mode (open 
circles) and Sezawa mode (solid circles). The solid line was calculated using the optical 
parameters determined from figures 6-5 and 6-6a. 
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Table 6-3. Best fit refractive index of the CdA film compared with values obtained by 
other authors. The asteris~ denotes the refractive index that is thickness independent with 
an intermediate layer (3 A thick) of adsorbed material between the Ag film and the first 
CdA monolayer. 

0 
Reference Wave1ength(A) No. of monolayers refractive 

index(n) 

a 5145 * 1.543 
b 6328 2 1.50 
b 6328 5 or more 1.56 
Present 5145 18 1.496 

a I. Pockrand. J.D. Swalen. J.O. Gordon II and M.R. Philpott, Surf. Science 74. 237 
(1978). 

b J.O. Gordon II and J.D. Swalen. Optics Commun. 22. 374 (1977). 
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calculated scattering intensity. on the scale of figure 6-6b. 

It is interesting to note that in figure 6-6a the minimum of the reflectivity is 

coincident. within the experimental uncertainty. with the maximum in the Brillouin intensity 

in figure 6-6b. Theoretically a small shift was calculated (E!:! 0.211) due to the interference 

between the reflected. refracted and scattered beams in the bilayer. The presence of the 

dielectric film on the Ag fIlm causes not only a broadening of the reflectivity dip (Abeles 

et aI. 1982). but also causes a comparable broadening of the scattering intensity curve. The 

width of the latter is smaller by 30 %. 

Based on the data of figure 6-6b. the enhancement factor is greater than 15. 

However we did not attempt to evaluate it accurately from the experimental data by 

comparing. for example, the intensity of enhanced Brillouin scattering to the intensity of 

conventional Brillouin scattering taken from the bilayer with the light incident onto the LB 

film (external reflection; Moretti et aI. 1985). In our case the presence of the dielectric film 

with possible interference effects in the scattering croos-section would make the latter 

procedure questionable. The enhancement factor calculated using the parameters obtained 

from the best fit to the data is 570. This number has been obtained by comparing the 

calculated scattering intensities at the resonance angle (64.811) and at 45°. where both the 

enhancement and the interference effects completely vanish. However the factor 570 should 

be considered with care because it does not take into account the solid angle effects. i.e. 

the different spatial distribution of the scattered light in enhanced and unenhanced 

scattering (Moretti et aI. 1985). 

Dispersion and localization of guided acoustic modes 

We now examine the relationship between the intensity of the Brillouin peaks in 

the spectra and the localization of the modes. First of all we have to explain why 

scattering from only two modes appears in the spectra. although figure 6-4 implies the 
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existence of five modes near Qllh=3.3. Figure 6-7a shows the theoretical BLS intensity both 

at the air/CdA LB film interface and at the CdA LB film/Ag film interface for the value 

of QII corresponding to the resonance angle (64.8'1). The calculated curves in figure 6-7a 

include only the surface ripple contribution to the scattering intensity (Bortolani et ai. 1983). 

In the ripple approximation the Brillouin cross section is simply proportional to luzl2jn2, 

where Uz is the shear vertical component of the acoustic displacement evaluated at the 

interface and n is the frequency (Marvin et ai 1982; 1980). Among several differences, the 

intensity of the first Sezawa mode at the air/CdA LB film interface is so remarkably 

stronger than that at the CdA LB film/Ag film interface that the experimental spectrum 

(figure 6-7b) can be easily identified as the latter one. This indicates clearly that the 

Brillouin peaks observed correspond to the guided acoustic modes localized at the LB 

film/Ag film interface. not at the air/LB film interface. 

In order to study further why only these two modes have relatively stronger 

surface ripples than the other three modes so that they were observable, we calculated the 

usual dispersion curves. In figure 6-8 are shown the dispersion curves of the acoustic 

guided modes versus the total bilayer film thickness h with a fixed value of QII 

o 
corresponding to the resonance angle and with a fixed thickness of the Ag film (500 A). 

These dispersion curves show a clear hybridization between the modes of the supported Ag 

film (flat branches) and the guided modes of the LB film (strongly dispersive branches). It 

o 
can be seen that for h :!:! 1000 A modes R and 3 clearly originate from the Ag film and 

are therefore strongly localized at the CdA LB film/Ag film interface. In fact. mode R is 

the Rayleigh wave of the Ag film-prism system. which is only slightly softened by the 

o 
presence of the LB film. Mode 3 for h :!:! 1000 A has the same velocity as that of the 

Sezawa mode of the bare Ag film. From a physical point of view, the hybridization is due 

to the large difference in the elastic properties between the CdA and Ag films. Modes I, 2 

o 
and 4 for h :!:! 1000 A are due to the CdA film and we expect only a small localization of 
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Figure 6-7. (a) Calculated scattering intensity (in arbitrary units) in the ripple dominated 
approximation, IUzl2Jn2, at two different interfaces: air/CdA film interface (dashed line) and 
CdA film/Ag film interface (solid line). The CdA film-Ag film-prism system is described 
in the text and QII corresponds to the resonance condition. (b) The experimental Brillouin 
spectrum measured at the resonance angle (64.811l) whose intensity was adjusted for 
comparison. 
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Figure 6-8. Indication of the hybridization of the surface acoustic modes. Calculated sound 
velocity of the CdA-film/Ag-film/prism sy~em versus the total bilayer film thickness h. for 
a fixed thickness of the Ag film (500 A). The fixed value oof QU corresponds to the 
resonance condition for the 18 monolayers of CdA and 500 A of Ag (internal angle of 
incidence Ee64.SO). The solid parts of the curves indicate modes for which IUzl2 is large, 
and which therefore have an appreciable surface-plasmon-polariton-enhanced Brillouin 
scattering cross section. The solid circles are the experimental data obtained at the SPP 
resonance condition (from figure 6-3). 
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these modes at the active interface as shown in the calculation. 

Therefore it is clear from figures 6-7 and 6-8 that the only two modes of the 

bilayer system. the Rayleigh and the 3rd Sezawa mode. which are strongly localized at the 

LB film/Ag film interface where SPPs exist, contribute appreciably to the scattering. The 

other guided modes of the system are poorly localized at the LB film/Ag film interface. 

and. therefore. are not observed in surface-plasmon-polariton-enhanced scattering. The 

dielectric constants for the Ag and the CdA LB films were obtained by comparing 

reflectivy data with theory. In addition. an enhancement of the Brillouin light scattering 

intensity was observed by a factor of greater than 15. for both the Rayleigh mode and one 

of the Sezawa modes in a CdA LB film-Ag film-prism system due to the coupling of the 

incident and scattered light to SPPs. The enhancement of the Sezawa mode is comparable 

to that of the Rayleigh mode. From the comparison between reflectivity and scattering data. 

the angle for minimum reflectivity is observed to be very close to the angle of maximum 

enhancement. 
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The elastic properties of polymeric Langmuir-Blodgett (LB) films have been 

measured using Brillouin light scattering (BLS). In a separate experiment, the surface 

acoustic modes in a cadmium arachidate (CdA) LB film-metal film-prism geometry have 

been interpreted by coupling the incident and scattered light to surface-plasmon-polaritons 

(SPPs). In this chapter. we summarize what we have learned from these experiments and 

suggest directions for future research. 

LB films of chemically preformed polyglutamate molecules were chosen for 

investigation because of their mechanical and thermal stability. The polymeric LB films 

were found to form a crystal of hexagoanl symmetry with the c-axis parallel to the 

surface. This special orientation of the films allowed us to determine the whole set of 

elastic constants of the polymeric LB films for the first time. In the process of determining 

the elastic constants. all of the Brillouin peaks were unambiguously identified. Included is 

the observation of scattering from the "bulk" acoustic modes which correspond to the 

Sezawa modes whose scattering intensity was greatly enhanced due to close coincidence of 

their acoustic wavevector with that required to satisfy the Bragg condition inside tlle 

volume of the film. We have also observed longitudinal guided modes (LGMs). In contrast 

to those observed previously in a ZnSe film (Hillebrands et al. 1988). the LGMs in the 

polymeric LB films have sound velocities which lie in the range of the discrete set of 

Sezawa modes in the film. The LGMs led to the accurate determination of the 

conpressional elastic constant parallel to the film surface. All of these assignments were 

theoretically verified. Based on these. the whole set of the elastic constants for the 
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polymeric LB films were determined and so were the two uniaxial indices of refraction. 

Four different sets of LB films having different monolayer constituents (and 

o 
therefore thickness) were studied over a wide range of total film thickness (200 A - 10000 

o • 
A). From them. the followmg was learned: 

1) Overall. the elastic constants decreased as the monolayer thickness increased. 

2) The elastic constants of the 1.0 p.m thick film produced velocity dispersion curves 

that agreed well with the experimental data for the surface acoustic modes in the 

o 0 
films whose thicknesses ranged from 200 A to 5000 A. This indicates that the elastic 

constants are the same for a wide range of film thicknesses to within the 

experimental error. 

3) The polymeric LB films are optically isotropic and the indices of refraction nn and 

n33 do not depend on the change in the monolayer thickness. 

The structural dependence of the elastic constants was interpreted in terms of a 

superlattice model for the polymeric LB films. A superlattice film was assumed to be a 

multilayer consisting of one "film" composed of only 2 layers of the polyglutamate 

backbone molecules and another "film" composed of only the hydrocarbon molecules 

randomly oriented around the backbone molecules. The structural dependence of the 

effective elastic constants of the superlattic film agreed well with those of the polymeric LB 

films, indicating that changes in the thickness of the "film" composed of only the 

hydrocarbon molecules led to the structural dependence of the observed elastic constants. By 

using this approach, we were able to determine the elastic constants of the "film" composed 

of mainly hydrocarbon molecules. Furthermore. this model enabled us to predict the elastic 

constants of the same kind of LB films. 

Even though most of features in the experiment were understood. there remained 

one open question. The transverse elastic constants of the polymeric LB films are larger by 

a factor of more than 2 relative to those of CdA LB films, as expected. In contrast to this. 
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the longitudinal elastic constants of the polymeric LB films are smaller than those of CdA 

LB films. We propose two possible reasons for this. First, the lateral pressure during the 

transfer of the polymeric monolayers onto a substrate is about one half of that for the 

CdA films. Previous experimental evidence reported by Gleed et al. (I 989a) on 

22-tricosenoic acid LB films showed that the sound velocity of the Rayleigh mode parallel 

to the surface is linearly proportional to the lateral pressure. Here the smaIl longitudinal 

elastic constant for the polymeric LB films. also parallel to the surface. may be a 

consequence of the relatively low lateral pressure. This speculation suggests a full 

investigation of the elatic constants as a function of the lateral pressure. 

Second. the helical configuration of the polyglutamate backbone molecules could also 

be responsible for this effect. The coiled molecules may be considerred as a soft spring 

along their rod axis. This specu1ation suggests an investigation of the elastic constants as a 

function of the length of the polyglutamate molecules. In the work presented here the 

o 
length of the moleule was 200 A and was kept constant. 

In addition. the usage of surface-plasmon-polaritons (SPPs) in conjunction with BLS 

was proven to be a valuable tool for studying the character and localization of guided 

acoustic modes in a CdA film coated onto an Ag film in a Kretschmann attenuated-total-

reflection geometry. Not only was the Brillouin scattering intensity enhanced by a factor of 

greater than 15. but we observed scattering only from the guided acoustic modes whose 

vibrational amplitudes are maximum in the region where the SPPS are excited. The 

scattering intensity calculation developed by Marucci and Nizzoli (1990) was sufficient to 

explain all of the features observed in the Brillouin spectra. It included only the ripple 

mechanism contribution to the scattering intensity. Therefore we concluded that the 

excitation of SPPs allowed the scattering intensity due to the ripples at the metal-LB film 

interface to be isolated. We found that the surface acoustic modes associated with the Ag 

film and those of the LB film interacted with each other and that the interaction created 
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the hybridization of the guided acoustic modes of the bilayer system. Further. we could 

determine the dielectric constants of the films as well as the thickness of the films from 

these experiments. 

During the work presented in this dissertation. we have tried to improve the 

performance of our BLS experiments. One of those was to use a slit for the collection of 

the light scattered from the sample. Limiting the scattering solid angle in the scattering 

plane and using a full aperture in the perpendicular direction prevented the Brillouin signal 

from being broadened without significant loss in scattering intensity. 
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APPENDIX I 

ACOUSTIC MODES IN 11IICK POL YMEIC LANGMUIR-BLODGETT FILMS 

This section is intended to describe only the theOretical calculation of the frequency 

shift of modes observed from the 1.0 pm thick polymeric Langmuir-Blodgett (LB) films used 

in chapters 4 and 5. They are optically uniaxial crystals which have hexagonal symmetry 

with the c-axis in-plane. The c-ruds. or 3-axis. is along the long rodlike helically configured 

polyglutamate molecular direction. as shown in figure 4-6. We observed longitudinal guided 

modes (LGl'v1s) and the "bulk" acoustic modes corresponding to the Sezawa modes whose 

scattering intensities were enhanced because their wavevectors were aligned with the 

wavevector of the light required for Bragg backscattering (chapter 4). In addition. a set of 

characteristic curves for the LGM and the "bulk" acoustic modes as a function of angle 

from the c-axis was measured. The characteristic curves have proven useful for studying 

bulk modes of infinite medium and motivated us to determine the elastic constants and the 

refractive indices for the 1.0 /lm thick polymeric LB films in this way. Therefore a 

complete theoretical calculation of the frequency shift of these modes., described below. was 

used to fit the elastic constants (Cll> C13• Css and ~5) and the refractive indices (nu and nsJ. 

For reasons well explained in chapter 4. the "bulk" modes of the 1.0 /lm thick films are 

assumed to be a good approximation to the bulk modes of the infinite medium. 

The sound velocity V of a bulk acoustic mode for an infinite medium in a lSOO 

backscattering geometry with incident radiation of a wavelength h can be obtained by 

combining two equations 14 and 1-5 and is given by 

V = 21TV 
2nk' 

(a-I) 

where v is the frequency shift of the mode. n is the appropriate refractive index and k (= 
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21T/X) is the magnitude of the wavevector of the incident light. For a hexagonally symmetric 

crystal that is elastically isotropic under rotations around the 3-axis, it is possible to 

calculate the sound velocity of a bulk acoustic mode in terms of the elastic constants and 

the value of density p. once the azimuthal angle 9. with respect to the 3-axis, corresponding 

to the propagation direction of a bulk acoustic mode is known. As shown earlier. the 

3-axis lies in the surface of the sample. For an arbitrary direction of the incident light that 

makes an angle 9i from the sample normal and an in-plane angle ¢i from the 3-axis, there 

are 3 bulk acoustic modes: a quasi-longitudinal mode and a quasi-transverse mode. that are 

dominantly polarized parallel to the scattering plane. and a pure transverse mode that is 

polarized perpendicular to the scattering plane. Since the pure transverse acoustic mode was 

not observed. as shown in chapter 4. it is not included in this calculation. The sound 

velocity for a quasi-longitudinal phonon. whose propagation direction is parallel to the 

direction of the transmitted light, is 

(a-2) 

and that for the quasi-transverse phonon is 

(a-3) 

where 

A .. Cll sin20 + ~ cos2(J + Css (a-4) 

and 

(a-5) 

However. the azimuthal angle 9 cannot be determined easily because it is related directly to 

the refractive indices of the samples as well as the scattering geometry. as described below. 

Figure a-I shows the scattering geometry in the coordinate system of the polymeric 

LB films. If we let the angle f3 be that between the free surface and the propagating 
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Figure a-I. Coordinate system for the hexagonal crystal symmetry with c-axis in plane. The 
c-axis is along the rodlike long helical molecules of the polymeric LB films and is set equal 
to the 3-axis. The 2-axis is along the normal to the surface. 



154 

direction of a bulk acoustic mode. as described in figure a-I. one can show easily that 

° .. cos-J(cos ¢i cos (3), (a-6) 

According to Snell's law. light is refracted inside a dielectric material that has a index of 

refraction n as: 

sin 0i 
n"" -,--. 

SID at 
(a-7) 

where at is the refraction angle, As indicated in figure a-I. the angle at is given by ~ - {3. 

so that Snell's law can now be written as 

sin 0i 
n .. cos {3' (a-8) 

That means that if the value of the index of refraction n is known. one can calculate the 

angle of refraction {3. the azimuthal angle ° using the equation (a-6). and the sound velocity 

of the bulk acoustic mode using the equations (a-2) - (a-5). so that one can eventually 

compute the frequency shift of that mode by equation (a-I), However for an optically 

uniaxial sample. the refractive index is a function of the refractive indices nil and n33 

(Hopf and Stegeman 1985) 

n - (a-9) 

where the angle 'Y is measured between the displacement field D and the 3-axis, Therefore 

if one can relate the angle 'Y to the angles that are measured experimently. such as the 

angle of incidence 0i or the angle from the 3-axis ¢i. the only problem left is to combine 

the two equations (a-8) and (a-'9) and to obtain a simple formula for the angle {3 with 

respect to the two known angles: 0i and ¢i' 

For s-polarization incident light that has an electric field E perpendicular to the 

scattering plane. it is well known from the boundary condition on the electromagnetic wave 

that the displacement field D inside the dielectric sample always lies parallel to the free 

surface. and that the angle between the displacement field D and the 3-axis is given by 

the sum of 9(jJ and the angle of the incident light from the 3-axis ¢i' As described above. 
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one can combine the two equations (a-8) and (a-9) to make a simple formula for the angle 

f3 of the form 

(a-to) 

Similarly for p-polarization incident light that has an electric field E in vacuum parallel to 

the scattering plane, the displacement field D inside the sample always lies in the scattering 

plane and the direction of the electric field is not parallel to the displacement field D. 

However from the fact that the displacement field D is always perpendicular to the 

propagation wavevector k, one can compute the azimuthal angle 'Y for the direction of the 

displacement field D easily as: 

(a-II) 

Therefore, after combining the two equations (a-8) and (a-9) and using equation (a-lI), one 

can show that the angle f3 is given by 

• 1 [ n33'}. (nu'). - sin2Oi) ] 
f3 - sm- '}. '}. ('). 2)' 20 COfil¢ • nu n33 + nu - n33 sm i i 

(a-l 2) 

In addition to the bulk acoustic modes, there was another Brillouin peak that was 

identified as scattering from a LGM whose velocity was approximately the same as the 

sound velocity of a quasilongitudinal bulk acoustic mode traveling parallel to the free 

surface in the film (see chapter 4). Like other surface acoustic modes, the sound velocity of 

the LGM in a 1800 backscattering geometry is given by 

V Xv 
= 2sin 0i' 

(a-I3) 

which does not depend on the index of refraction. So the calculation of the frequency shift 

of the LGM is much simpler. Since the free surface of the samples is a meridian plane 

where the same dispersion of the acoustic mode will apply with an arbitrary rotation about 

the 3-axis, it is easy to see that the in-plane angle of the incident light from the 3-axis is 
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the same as the azimuthal angle for the calculation of the sound velocity of the longitudinal 

bulk acoustic mode traveling parallel to the surface. So, one can use equations (a-2), (a-4) 

and (a-5), replacing e with <Pi, to determine the velocity of the LGM which is 

VL= JA2+
p

B (a-2) 

where 

(a-4') 

and 

B - J [(cn - Gis) sin2<Pi + (Css - ~ CQS2<Pi]2 + (CIS + Gis"f sin22¢i. (a-5') 

As indicated above, using the data of the frequency shift of a LGM in various 

directions will help to fit the elastic constants whereas using those of the 2 bulk acoustic 

modes will also give the refractive indices. 

All of the above algebraic equations were programmed in FORmAN in order to 

compute numerically the frequency shifts of the quasi-longitudinal, the quasi-transverse bulk 

modes and the LGM and hence to fit the elastic constants cn' CIS' Css and Css and the 

refractive indices nn and nss of the polymeric LB films in chapter 5. 
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