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ABSTRACT

The goal of this dissertation has been to develop techniques in
order to use Brillouin spectroscopy as a tool for studying the elastic
o

properties of thin films on a scale of =100 A.

In order to develop that

capability we have built a tandem multi-pass Fabry-Perot interferometer,
and that interferometer was used to study the elastic properties of
Langmuir-Blodgett films.

These films were chosen because they can be

deposited one molecular layer at a

time.

As

a resul t

of these

investigations we have measured the density and elastic constants of the
Langmuir-Blodgett film cadmium arachidate.
Samples of cadmium arachidate were prepared on molybdenum and
BK-7 glass substrates.

Data were accumulated for a range of thicknesses

and for different scattering geometries.

These data will be used to

argue that guided acoustic waves were observed in a highly anisotropic
film.

The observed guided acoustic waves will be identified as a

Rayleigh wave and a tight band of Sezawa modes.

No Love modes were

detected in these experiments; however, evidence for reorientational
modes typical of anisotropic liquids was detected.

The dispersion of the

Rayleigh wave as a function of thickness together with thick film
scattering data were used to estimate the elastic constants in cadmium
arachidate.

In particular the shear elastic constant c .... was found to be

a small value: c .... < 4.0xlO· N/m 2 •

The remaining elastic constants were

estimated, assuming hexagonal film symmetry, to be c,,< l,.5xlO' N/m 2 ,
xi

xii
cll=l.lxlO lO N/m 2, Cuae2.1xlOlO N/m2, Cuael.OxlOlO N/m2, and cu)3.xl0 10 N/m 2 •
It is interesting to note that the acoustical behavior of cadmium
arachidate is quite similar to the smectic phase liquid crystals (c ....=O).

CHAPTER 1
INTRODUCTION
Langmuir-Blodgett (L-B) films are any films fabricated according
to the process first outlined by Irving Langmuir and Katherine Blodgett
in 1934 (Blodgett, 1934; 1935, Blodgett, Langmuir, 1937).

The technique,

quite simply, is to deposit, one molecular layer at a time, until
multiple L-B layers have been built up onto a substrate.

This is

accomplished by dipping a substrate into a water bath covered with an
insoluble monomolecular film floating on the water surface.

It is the

goal of this dissertation to measure the elastic constants of L-B films
using inelastic light scattering, Brillouin spectroscopy (Brillouin,
1922).

Developing better techniques to measure the elastic constants
for L-B films is of interest in view of the potential applications of
these highly organized multilayer films (Roberts, 1985).

For example,

Langmuir-Blodgett films have been used in photo-lithography as electron
beam resists for VLSI (Barraud, et a!., 1979; Barraud, 1983; Fariss, et

al., 1983; Broers, Pomerantz, 1983), in electronics as insulating layers
for capacitors (Agarwal, 1975), as organic metals (Adler, 1970; Lieser,
et al., 1980), in integrated optics as light guides (Pitt, Walpita, 1980),
and in nonlinear optics as integrated nonlinear components (Kaj zar, et

al., 1983; Zyss, 1982).

1
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There have been a few studies of the elastic properties of L-B
films to date.

The compressional (O'Brien, Long, Lando, 1985) and shear

modulus (Abraham, Miyano, Xu, Ketterson, 1982) of the monolayer spread
on a water surface prior to deposition has been measured.

Of particular

interest to this thesis is the anomolously small value of the static
shear modulus (Abraham, Miyano, Xu, Ketterson, 1982).

The coefficient of

sliding friction between two L-B films and the the shear strength of the
films has also been determined experimentally (Briscoe, Evans, 1982).
These measurements were made by measuring the shear between two L-B
coated mica surfaces.

There have also been a few limited ultrasound

measurements of L-B films.

For example, changes were detected in the

Rayleigh wave speed as 5 monolayers were cycled through a melting point
(Jain, Jericho, 1975).

The presence of a single monolayer was detected

on a LiNbO, substrate by harmonic generation of surface acoustic waves
(Wilkinson p Heidrich, Lean, 1976).

In contrast to the techniques which

have been used, Brillouin spectroscopy has the potential to provide more
detailed information about the elastic constants.
The method

for measuring the elastic properties in this

dissertation is Brillouin spectroscopy.

There have been numerous

applications of Brillouin spectroscopy to the measurement of elastic
constants (Sandercock, 1982; Mills, Subbaswamy 1981; Dil, 1982).

In

particular, Brillouin spectroscopy has recently been applied to the
measurement of elastic constants in thin films.

Surface acoustic

phonons in thin free standing films were first reported by Sandercock
(I 972).

Subsequently, results have been reported for supported thin

3
films such as aluminum coatings on semiconductors (Bortolani, et al.,
1979), aluminum coatings on transparent media (Sussner, Pelous, Schmidt,
Vacher, 1980), Si0 2 on silicon (Bortolani, Nizzoli, Santoro, 1982), gold on
silicon (Bortolani, et al., 1980), ferromagnetic thin films
Grimsditch,1979), sputtered glass (Rowell, Stegeman,

(Camley,

1982c; Rowell,

1978), metallic super-lattices on saphire (Bell, Bennett, Zanoni, 1986)
and polymer films (Zanoni, Valera, Stegeman, 1982).

In parallel, the

theory for analyzing inelastic light scattering from guided acoustic
phonons in supported thin films has been well developed.

Green's

function approaches have proven popular, and have been applied to a
variety of systems (summarized in Mills and Subaswamy, 1981).

A total

field analysis for the acoustic normal modes and scattered light fields
has been developed for isotropic films on both isotropic and cubic
substrates (Bortolani, Nizzoli, Santoro, Marvin, 1981; Botolani, Marvin,
Nizzoli, Santoro, 1983; Marvin, Bortolani, Nizzoli, Santoro, 1980; Rowell,
Stegeman, 1982a,b).

Despite the considerable development of Brillouin

scattering from thin films there is no adequate theory to describe the
light scattering from L-B films

which have hexagonal rather than

isotropic symmetry.
A typical Brillouin scattering experiment is shown in Fig. 1-1.
Light

incident

inelastically.

on

a

sample

is

scattered

elastically

and

Elastic scattering produces the usual Rayleigh and

Thomson scattered light, whose frequency
light.

both

Wo

is the same as the incident

Brillouin scattered light is frequency shifted (usually by 1-100

GHz, depending on the material) because the incident light interacts

4

inelastically with thermally excited acoustic waves in the material.

In

Brillouin scattering, the acoustic waves are thermal in origin, i.e. they
correspond to the "acoustic noise" in the sample.

This means that sound

waves of all possible frequencies traveling in all possible directions
are present in the sample.

The scattered light spectrum S(q,n) contains

frequency components at Ws

=

Wg ± n, where n is the frequency of the

sound waves which are annihilated (+) or created (-) in the scattering
process.

This interaction also results in a transfer of momentum

between the acoustic and the optical fields, with the direction of the
scattered light given by wave vector conservation

(1-1)

as indicated in Fig. 1-1.

Here ki , ks , and q are the wave vectors of

the incident light, scattered light, and the sound waves respectively.
Thus the scattering geometry uniquely defines the wave vectors of the
acoustic waves which participate in the scattering process.

Since the

light wave vectors are small compared to the dimensions of the Brillouin
zone in wave vector space, the frequency shift is linearly proportional
to the acoustic sound velocity (Ashcroft, Mermin, 1976).

From energy and

momentum conservation, the frequency shift, llv g, in terms of the
scattering angle

e

and the incident light frequency Vg can be derived:

5

-

(q,n)

(k s , vs)

,

SAMPLE

FABRY-PEROT
INTERFEROMETER

S(q,n)

-

(k j I vol

lIo
FREQUENCY
STABILIZED
LASER

kl

ks

Figure 1-1. A generic Brillouin scattering experiment. Light from a
frequency stabilized laser is directed into a sample. The scattered
light from the sample is frequency analyzed by a Fabry-Perot
interferometer. The Brillouin signals are frequency shifted by 0 from
the incident laser frequency Wo because the signals correspond to
thermally excited acoustic phonons of frequency 0 with wavevector q.
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0-2)

where c/n and Vs are the speed of light in the medium and the velocity
of

sound,

respectively.

Therefore,

scattering

interferometry will give the sound speed.

geometry

and

Equation 1-2 is the classic

Brillouin scattering formula in bulk materials.
For scattering from surface waves equation 1-1 is still valid
provided that it refers to the projection of the light wave vectors onto
the plane of the surface, and that q is replaced by qp' the surface wave
wave vector in the plane of the surface.

The surface wave velocity is

proportional to the frequency shift, v=n/ qp, where V is the surface wave
velocity which is usually a complicated function of the elastic
constants.

It is therefore possible to obtain the elastic constants of

the film by measuring the phase velocities of multiple surface wave
modes, or of one mode as a function of film thickness.
The most distinctive features in a Brillouin spectrum arise from
scattering by surface waves which are characterized by their frequency
and wave vector components parallel to the surface.

The number of

surface guided modes increases with film thickness, and the condition for
their existence is that the shear wave velocity of the film must be less
than the shear wave velocity of the underlying substrate.

Their

velocities depend on film thickness and their fields decay exponentially
into the substrate.

Hence the velocity of such surface guided waves is

a function of multiple elastic constants of both the film and the
substrate, as well as the film thickness.

In acoustics these guided

7

waves are known as Love waves and generalized Lamb waves (GLW).

As

illustrated in Fig. 1-2a, the y-polarized guided waves propagating along
the x direction are standing wave shear resonances in the film known as
Love waves.

The acoustic waves with displacements confined to the x-z

plane are linear combinations of shear and longitudinal standing waves in
the film (see Fig. 1-2b).
as a Rayleigh wave.

The lowest order GLW is commonly referred to

Higher order modes whose displacement vector also

lies in the sagittal plane are refered to as Sezawa modes.

All these

guided acoustic modes may contribute to the spectrum.
The apparatus for measuring the acoustic phonon spectra of the
L-B films is a tandem Fabry-Perot interferometer; it will be detailed in
Chapter 4.

A Fabry-Perot interferometer consists of two parallel plane

mirrors that transmit light whenever a standing wave resonance occurs
between the mirrors for a given incident light frequency.

Hence, the

Fabry-Perot interferometer can be thought of as an optical spectrum
analyzer if the mirror plate separation is tuned.

We have constructed a

tandem multi-pass interferometer in our laboratory with the high
resolution, high sensitivity, and large dynamic frequency range necessary
for detecting and analyzing weak Brillouin signals from thin film
samples.
The fabrication of L-B films for the experiments in this
dissertation will be described in Chapter 2.
characterization studies will be described.

Also, some film

We have examined the L-B

films with X-ray scattering and Rutherford backscattering.

Additionaly,

general information from the literature necessary for these experiments

8

LOVE WAVES

GENERALIZED
LAMB WAVES

x

r-

V;
Vs

(a)

(b)

Figure L-2. Surface guided acoustic modes. (a) Love modes: pure
shear waves polarized in the y direction; (b) Generalized Lamb modes:
coupled longitudinal and shear waves polarized in the x-z plane.
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will

be discussed,

for

example,

index

of

refraction,

molecular

orientation, and crystal symmetry.
In Chapter 3 some theoretical concepts will be introduced.
First, the basic mechanisms contributing to Brillouin scattering from
thin films will be discussed.

Secondly, the acoustics theory for

hexagonal thin films on isotropic substrates will be presented.

The

acoustics theory will involve a calculation of the generalized Lamb
modes for hexagonal films which can be used to interpret the Brillouin
scattering data.
Brillouin spectra were obtained from films of cadmium arachidate
deposited onto both molybdenum and BK-7 glass (Schott, 1985) substrates
using the apparatus described in Chapter 4.

The results of those

experiments are tabulated and described in Chapter 5.
discussion of the data is presented in Chapter 6.

A detailed

Finally, in Chapter 7

the main conclusions of this work are summarized and future work is
described.

CHAPTER 2
LANGMUIR-BLODGETT FILMS
Langmuir-Blodgett films refer to any film that can be deposited
one molecular layer at a time by the methods originally introduced by
Irving Langmuir and Katherine Blodgett (Blodgett, Langmuir, 1937).
Langmuir-Blodgett molecules are any of the variety of materials which
can be used to fabricate L-B films.

Typically, insoluble monomolecular

films of long-chain fatty acids floating on a surface of pure water can
be built up into multilayer films by succesively dipping the substrate
material until a thick film is coated onto the substrate.
In this chapter the procedure for making multilayer films using
the Langmuir-Blodgett method and the techniques used to characterize the
films will be described.

Some techniques that can be used to

characterize the optical and structural properties of L-B films are
ellipsometry, Rutherford backscattering, X-ray diffraction, and grazing
incidence infra-red spectroscopy.

We have used X-ray diffraction, and

Rutherford backscattering to study the ordering, interlayer spacing, and
mass density of the LB film samples.

Literature values have been used

for all other data such as index of refraction, crystal symmetry, and
molecular orientation.
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There are a number of references which discuss the preparation
and characterization of L-B films (Kuhn et a1., 1972; Gaines, 1966;
Roberts, 1985).

The following discussion is intended only to describe

the procedure we have used to fabricate cadmium arachidate films.
L-B molecules are molecules which float on a surface of water,
e.g. fatty-acids.

Fatty acid molecules consist of a long hydrocarbon

chain of the form CH,(CH 2 )n and a hydroxl group -COOH.

The hydrocarbon

chain is insoluble in water (hydrophobic, or non-polar.), and the hydroxyl
group dissolves in water (hydrophilic, or polar).

If the hydrocarbon

chain is long enough these molecules can float on a surface of water
with the hydrophobic chain sticking up out of the water, while the
hydrophilic part is immersed in the water.
The deposition process begins by first spreading L-B molecules
onto the surface of an aqueous subphase.

The L-B molecules are spread

by dropping a liquid solution consisting of L-B molecules dissolved in a
volatile liquid (e.g. petroleum ether, or chloroform) onto the subphase
surface.

The solution should contain no more L-B molecules than are

needed to cover the surface area of the subphase with one molecular
layer of L-B molecules after the volatile solvent has evaporated.

The

L-B molecules are left behind partially submerged, dispersed, and
randomly oriented on the subphase surface.

These molecules can be

oriented by compressing the molecules on the surface with a barrier
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until a compacted monomolecular film is formed.

The compacted film is

deposited onto substrates by dipping as shown in Figure 2-1a.

Multilayer

films up to several hundred layers thick can be built up using this
technique (see Fig. 2-1b).

Both hydrophobic and hydrophilic substrates

can be coated; typically, metal oxides are hydrophilic and clean metal
surfaces are hydrophobic.
The L-B films discussed throughout this dissertation are cadmium
salts of the fatty acid, arachidic acid, CH3(CH2)18COOH.

On a surface of

pure water containing a dilute concentration of cadmium, arachidic acid
molecules deposited onto the water surface will react such that the
hydrogen from the hydroxyl group will dissociate allowing the Cd 2+ to
link two separate arachidic acid chains to form the molecule cadmium
arachidate (hereafter known as CdA).

The fatty acid salt cadmium

o

Film samples ranging in thickness from 11 up to 401 layers thick (26.8 A
per layer) were fabricated on both molybdenum and BK-7 glass (Schott,
1985) substrates.
The system used to deposit the films is a Langmuir Model 4
trough manufactured by Joyce-Loebel in England and sold by Vickers in
the United States.
2-3.

A schematic of the trough system is shown in Figure

The water trough is made of teflon.

temperature controlled.
tank with a

The water subphase can be

The Vickers Langmuir trough consists of a water

teflon tape barrier whose

electronically under motor drive.

area can be controlled

L-B molecules are deposited within

the area bounded by the teflon tape.

The density of molecules on the

13
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HYDROPHILIC
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SUBSTRATE

SUBSTRATE

(0)

n=3

(b)

Figure 2-1. Langmuir-Blodgett film fabrication: (a) substrates are
coated by dipping, (b) multilayer films are "built-up" by succesively
dipping the substrate.
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Figure 2-2. Cadmium arachidate.
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ELECTRO
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PTFE
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WILHELMY
BALANCE
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TO BE COATED

Figure 2-3. Vickers Langmuir Blodgett trough. The teflon tape barrier
defines the area of the water surface covered with L-B molecules. The
teflon barrier area is servo controlled by maintaining the surface
tension constant during the dipping process. The substrate is
automatically dipped by a reciprocating drive motor.
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water surface, is controlled by adjusting the area bounded by the teflon
tape.

A Wilhelmy plate surface tensiometer monitors the surface tension

which is a measure of the surface density of L-B molecules.

The Vickers

servo control box electronically servoes the teflon barrier area to
maint.ain a constant surface tension during film deposition.

A

reciprocating motor drive automatically dips a substrate at the desired
speed until the substrate material has been coated with the desired
number of L-B monolayers.
The

substrates

used

in

the

following

experiments

were

molybdenum mirrors 1" in diameter and BK-7 glass (Schott, 1985) prisms.
The molybdenum mirrors were manufactured by CVI.
mirrors were cleaned only with acetone.

The molybdenum

The glass substrates were

cleaned with acetone and then a bath in chromic acid.

Both substrates

were then rinsed thoroughly with millipore-filtered water.
were prepared using the Vickers trough described above.

The LB films

Arachidic acid

(purity, better than 99%) was spread from chloroform solution onto a
Millipore-filtered aqueous subphase 2.5 x 10-4 M in CdCI 2 •
temperature and pH were approximately 20°C and pH 8.

The subphase

After the the

substrate had been first immersed, the monomolecular arachidate film
was compressed to .03 N/m, and maintained at that pressure by the
electrical feedback system.

The dipping speed was 3 mm/min for the

first layer and 30 mm/min for subsequent layers.
The CdA layers were deposited with alternating orientations.
This type of multilayer assembly is referred to as "yo type deposition
(Gaines, 1966).

The first layer was deposited with the hydroxyl group
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attached to the substrate, and successive layers were deposited with
a1 ternating orientations.

As an example of a typical sample which was

used in the following Brillouin scattering experiments, Figure 2-4 shows
a I" molybdenum mirror coated with 4 bands of CdA ranging in thickness
from 51 to 125 layers thick.
Physical Properties
The physical structure of CdA has been investigated using
numerous methods.

For an excellent review of the characterization

studies which have been carried out to date the reader is referred to
Roberts, 1985.

Below only those methods which relate directly to this

work will be reviewed including some experiments which were completed
here at the University of Arizona.
The orientation of fatty acid molecules has been measured by
several techniques: Fourier transform IR spectroscopy (Rabolt, Burns,
Schlotter, Swalen, Rabo1t, 1985), integrated optics (Swalen, Rieckhoff,
Tacke, 1978), infrared spectroscopy (Cho1Iet, 1980; Sprokel, Santo,
Swalen, 1981), multiple reflection infrared

spectroscopy (Francis,

Ellison, 1959; Chollet, Messier, Rosilio, 1976), infrared attenuated total
reflection spectroscopy (Takenaka, Nogami, Gotoh, Gotoh, 1971; Ohnishi, et
a1., 1978), and Raman scattering (Rabolt, Santo, Schlotter, Swalen, 1982).
Generally, the hydrocarbon chain of the arachidic acid molecule will not
be oriented normal to the substrate surface.

However, the hydrocarbon

chain of CdA is within 5° of the normal for monolayers supported on
silver substrates.

51 LAYERS
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75101
/ / / 125
.-.---- I

CADMIUM ARACHIDATE
ON
MOLYBDENUM

Figure 2-4. Typical CdA sample on a molybdenum mirror. The mirror shown
is coated with 5 distinct bands ranging in thickness from 51 to 125
monolayers thick.
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From the Fourier transform IR spectroscopy investigations by
Rabolt, et. al., 1983, the unit cell of a cadmium arachidate molecule
should be orthorhombic.

However, the IR polarization measurements of

the L-B film indicate hexagonal crystal symmetry.

Since the IR beam is

larger than the typical crystalite size there is averaging over many
crystalites.

Hence, hexagonal symmetry with rotational symmetry about

the surface normal is observed.
We have used glancing angle X-ray diffraction to examine some
samples of cadmium arachidate deposited onto aluminum and molybdenum.
These experiments were performed using Prof. Charles Falco's X-ray
diffraction equipment at the University of Arizona Physics department.
Figure 2-5b shows a typical x-ray diffraction pattern from 11 layers of
cadmium arachidate deposited onto aluminum.

The logarthim of the

reflected intensity is plotted versus the angle of incidence ranging from
.7° to 7°.

The wavelength of the incident x-rays was 1.54

X.

The

spacing between the Bragg planes which cause the diffraction peaks is
54.6

X.

This value is exactly twice the value expected for the

monolayer thickness because the Bragg planes are formed from cadmium
bilayers arranged as shown in Fig. 2-5a.
thickness is 27.3

A as
o

molybdenum is 26.9 A.

on aluminum.

Therefore, the monolayer

The monolayer thickness on

The low intensity peaks in the X-ray diffraction

pattern are due to the finite number of layers in the sample.
Previous X-ray measurements of CdA yield 26.8

X interlayer

spacing for CdA (Drexhage, 1974; Gaines 1966; Kuhn, et al., 1972; Matsuda,
Sugi, Fukui, and Iizima, 1977).

The accepted interlayer thickness
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Figure 2-5. X-ray diffraction. a) Bragg planes are defined by cadmium
atoms, and b) glancing angle of incidence diffraction pattern - the low
intensity peaks are due to the finit~ number of layers in the L-B
sample. (X-ray wavelength: A = 1.54 A)
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of 26.8

Awill

be used for this dissertation.

Another result from X-Ray

scattering studies suggests that there is no interlayer diffusion between
individual CdA layers (Matsuda, et al. 1977).
X-ray photoelectron spectroscopy (Ohnishi, et a1., 1978)
some information about the adhesion of CdA to the substrate.

~rields

For CdA

deposited onto glass microscope slides there is evidence that both the
hydroxyl group and the cadmium Cd 2+ ion interact strongly with the
substrate.

There is additional evidence from Raman spectroscopy of CdA

using integrated optical techniques that there are Si-OH bonds, i.e. the
CdA bonds chemically to the substrate (Swalen, Rabolt, 1982).

This

strongly suggests that the first deposited CdA layer adheres to the
substrate via hydrogen bonding.
Rutherford backscattering was used to measure the density of the
cadmium arachidate films on molybdenum.

These experiments were

performed by Professors Leavitt and McIntyre at the University of
Arizona Physics department.

A beam of 3.776 MeV of Alpha particles from

a Van de Graaff generator were directed at a sample of 51 CdA layers
deposited on

molybden~m.

The backscattered Alpha particles were energy

analyzed by a mass spectrometer.

The number of Alpha particles in the

energy band due to scattering from cadmium was measured.
cadmium number density was 1.48(±O.07)x10 16 atoms/ cm 2 •

The estimated

From the number

density of cadmium in the sample, the thickness of the sample, and the
atomic weight of CdA (a.w.=735), the density of CdA ·on molybdenum was
estimated to be 1.32(±O.06) g/cm'.
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The index of refraction for CdA has been measured by
ellipsometry (den Engelsen, 1971) and by integrated optics (Swalen,
Rieckhoff, Tacke, 1978).

The results for the indices of refraction as

measured with integrated optics techniques are no = 1.525 and ne = 1.568
at A = .5145 pm, and no = 1.525 and ne = 1.565 at A = .6328 pm (no is
parallel to the molecular axis and ne is perpendicular to the molecular
axis).
1.549

The values obtained by ellipsometry were no = 1.518 and ne =
at A = .6328 pm.

Incidently, ellipsometry also provides a measure

of the thickness and therefore the interlayer spacing of the CdA
monolayers.

Den Engelsen measured an interlayer spacing of 26.8

X.

The

index of refraction used in this dissertation is n=1.55 which is the
average value of ne and no at A=.5145pm obtained by Swa1en et a1., 1978.

CHAPTER 3
THEORY
Since Brillouin scattering probes ultra-high frequency acoustic
phonons in a material, an understanding of the acoustics of an L-B film
supported on a substrate is necessary for interpreting the spectra.

An

acoustical model assuming hexagonal symmetry for the film and isotropic
symmetry for the substrate will be developed in order to interpret the
Brillouin scattering data.

This acoustics model is based on the

continuum elastic theory (Auld, 1973, volume 112; Farnell, Adler, 1973).
The acoustic modes associated with a film-substrate combination are both
surface guided acoustic waves and "continuum bulk" waves.

The surface

guided acoustic modes consist of a Rayleigh wave at the film-vacuum
surface, and Sezawa and Love waves in the film.

The latter modes are

propagating acoustic waves within the film, but they decay evanescently
into the substrate.

These modes can be determined from the elastic wave

equation together with the appropriate boundary conditions for the filmsubstrate system.

The "continuum bulk" modes are propagating modes in

both the film and substrate.
There are two scattering mechanisms responsible for Brillouin
scattering from acoustic waves.

The first is ripple scattering (Mishra,

Bray, 1977; Rowell, Stegeman, 1978; Subbaswamy, Maradudin, 1978; Loudon,
1978; Sandercock,1980; Velasco, Garcia-Moliner, 1980) where the light is
scattered by a periodic corrugation of the surface which appears like a
23
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moving surface grating to the incident optical beam.

Light is also

scattered via the e1asto-optic effect (Fabelinskii, 1968; Landau and
Lifshitz, 1958; Benedek, Fritsch, 1966; Vacher, Boyer, 1972) by the strain
fluctuations produced in the medium by the sound waves.

The strain

modulates the local index of refraction and hence scatters light.

In

both cases, wave vector is conserved in the plane of the surface, i.e.

(3-1)

where ki,p and ks,p are respectively the projections onto the surface of
the incident and scattered optical wave vectors, and qp is the acoustic
wave vector parallel to the surface.

In principle, each acoustic mode

can scatter light leading to multiple Brillouin components in the
spectrum.

In this chapter an acoustic dispersion relation will be

derived in order to calculate the phase velocity of acoustic modes
versus qph (h

=

film thickness) for a given set of film and substrate

elastic constants.

Ultimately, the success of the model is determined

by comparing the estimated phase velocities for a given qph with the
frequency shifts measured in the Brillouin scattering experiments.
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Acoustics
Acoustics is the study of time dependent vibrations in elastic
materials.

Below, some terms and definitions will be given to describe

these material vibrations.

Particle displacements within a material due

to deformations can be written as:

u(X.,t) = X(X.,t) -

x.

(3-2)

where u(X.,t) describes the displacement of a particle from its
equilibrium position

X..

displacement gradient.

A measure of the material deformation is the
The linearized displacement gradient is known as

the "strain" tensor:

(3-3)

i,j

1,2,3 (Cartesian coordinates)

From Hooke's law, stress is proportional to strain.

The stress within a

material is related to the strain via the elastic stiffness constants.
Therefore Hooke's law states:

(3-4)
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where Cijk1 are the elastic stiffness constants and Tij is the stress
tensor.

The

elastic

stiffness constants

are usually written in

contracted form because of their symmetry properties (cijkR. = Cjik1 =
Cij 1k).

This fourth rank tensor can be represented in matrix form, Cij'

using Voigt notation (i.e., 11
+

6).

1, 22

+

+

2, 33

+

3, 23

+

4, 13

+

5, and 12

At free surfaces where there are no body forces the normal

components of the stress tensor must be zero.

At media interfaces the

normal components of the stress and the particle displacement are
continuous if the media have good adhesion.
Waves in infinite, homogeneous, anisotropic elastic media are
described by the elastic wave equation:

(3-5)

(i,j ,k, 1 = 1,2,3).

The simplest solution to the wave equation for infinite media is the
plane wave solution:

u =

with displacement
frequency

o.

amplitude

CI

CI,

e

[i(q"x - Ot)]

a

propagation wave vector q,

The phase velocity V =

propagation vector direction q.

(3-6)

and

of q is measured along the
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The phase velocity V and the eigenvector aj for the displacement
field are found by substituting the plane wave solution into the wave
equation to obtain a set of three homogeneous equations known as the
Christoffel equations:

(3-7)

(rok
- 6°kPV2)ao
= 0
J
J
J

where rjk = (qiq1Cijk1)/q2.
vector q is found

The phase velocity for some acoustic wave

by setting the determinant of the Christoffel

equations equal to zero and solving the cubic equation in V2.
eigenvectors of those
directions.

solutions determine

The

the displacement vector

In general, there are three solutions to the wave equation:

one quasi-longitudinal and two quasi-shear waves.

When the propagation

vector is in a direction of high symmetry the displacement vectors are
parallel (for longitudinal waves) and perdendicular (for shear waves) to
the propagation wave vector.

In those cases where the wave is

propagating along directions of high symmetry the waves are called "pure
longitudinal" and "pure shear waves".
As discussed in the previous chapter, it is assumed that CdA
films are rotationaly symmetric about the molecular axis (which is
assumed to be normal to the surface).

Therefore the elastic tensor for

CdA films has hexagonal symmetry (Auld, 1973, volume 111):
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where primes denote film properties.

(3-8 a)

(3-8b)

There are five independent elastic

constants which characterize the L-B film.

The substrates are isotropic

and therefore the elastic tensor is:

c ll
c 12

C12

C12

c ll

c 12

C12

C12

Cll

0
0
0

0
0
0

0
0
0

0
0
0
C ....

0
0

0
0
0
0

c ....

0
0
0
0
0

0

C ....

with only two independent constants c ll and c.....

(3-9 a)

The isotropic material

has one longitudinal mode whose phase velocity is V1= .... Cll/ P and two
degenerate shear modes with phase velocities Vs= .... c .... / p.

These phase

velocities are independent of the propagation direction.
Of particular interest here are the hexagonal lattice properties.
The Christoffel equations for a hexagonal lattice are:
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~q '~c

c
11

P

--

o

'q ,z.-p'n Z 0

..

J

o

o

x

o

aI'

There is no loss of generality by setting qz'=O.
to the direction in the plane of the film,

XI

The

Xl

o

(3-10)

o

direction refers

is normal to the film

surface, and qp is the wave vector component in the plane of the film.
The plane normal to the surface, and normal to

XI

is referred to as the

··sagittal plane" (see Fig.3-1a).
The solution to the determinant of the Christoffel equations
yields a
mode.

~ure

shear mode, a quasi-shear mode, and a quasi-longitudinal

Below, the phase velocities for the three possible waves are

written in terms of the angle a, as measured from the x,-axis to the
propagation direction (see Figure 3-1a).

Vps ' is the phase velocity for a

pure shear mode:

vps 'z ..

c,,'sinza + c __ 'cosza
p'

(3-11)

Vqs ' and Vqt' are the phase velocities for the quasi-shear and quasilongitudinal modes respectively.
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(A)

Xa

(B)

Figure 3-L. Hexagonal velocity surfaces. a) Coordinate system used
to describe the hexagonal crystal symmetry. b) Quasi-shear, quasilongitudinal, and pure shear phase velocities are illustrated as a
function of the angle a.
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vqs ,2 =

[c u 'sin 2 e + c,,'cos 2 e +

Cot,,'

in]

-

(3-12a)

2p'

[c ll 'sin 2 e + css' cos 2e +

=

Cot,,'

+

r'oJ

2p'

(3-12b)

where D is defined to be:

D = [(cu'-c" .. ')sin2e + (c"'-c,,,,')cos2e)2 + (c u ' + C",,')2 sin22e (3-13)

The phase velocity surfaces for a hexagonal material with a small value
of c",,' are plotted in Figure 3-1 b.

The two solid curves depict the

quasi-longitudinal and the quasi-shear waves as a function of the angle
e.

The pure shear phase velocity is described by the dotted line.

The

quasi-longitudinal and quasi-shear waves have displacement directions in
the sagittal plane, and the particle displacement of the pure shear wave
is perpendicular to the sagittal plane.
phase velocity is

r'

Cot,,' /

Note that the quasi-shear wave

p' whenever the acoustic wave vector is along

the Xs axis or in the Xl-X 2 plane.

Both the pure shear wave and the

quasi-shear wave are degenerate when the propagation vector is parallel
to the Xs axis.
Some terms will be defined which characterize the degree of
anisotropy in a hexagonal crystal.

These quantities are defined in

analogy to the cubic anisotropy factor defined by Auld, 1972 page 388.
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For hexagonal symmetry three anisotropy factors must be defined: A",

c,,'

--,
cu

Al2

2c .... '

=

Au =

(3-14a)

2c .... '
cu'-cu'

(3-14b)

(3-14c)

For an isotropic material each anisotropy factor is equal to one; any
deviation from unity is a measure of the degree of hexagonal anisotropy.
For any thin film there are two frequencies which are referred
to as cutoff frequencies for guided acoustic modes.

Acoustic waves of a

specific polarization cannot propagate at frequencies smaller than the
cutoff frequencies.

The longitudinal and shear cutoff frequencies are:

0R,(q) = VR,(q)q and 0s(q) = Vs(q)q.
dissertation Os ) 0s'(q).

For the samples used in this

So, there are three distinct frequency regimes

to be cons:J.dered in discussing the acoustical behavior of the samples

In the case
and substrate.

° ) Os

the acoustic modes propagate in both the film

For this case, there are solutions effectively for all

wave vectors and frequencies because the dimensions of the combined
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film-substrate system (=6 mm) are much larger than the acoustic
wavelength (=.3
continuum modes.

~m)ft

Hence, these modes are referred to as "bulk"

They are observable in Brillouin scattering as a

continuum of modes whose frequency shift is larger than the shear
velocity of the substrate.

In general they are quite difficult to

interpret without a complete light scattering theory.
For the case Os

> ° > Os',

propagating modes in the substrate

can couple to the surface acoustic modes of the film.
~odes

the

Examples of these

are Rayleigh waves and Sezawa modes (displacement polarization in

sagittal

plane)

and

Love

modes

(displacement

perpendicular to the sagittal plane).

polarization

These modes have distinct

frequency resonances, sometimes referred to as plate resonances of the
film.

There are resonances because the plate thickness (i.e., film

thickness) is roughly the same size as the acoustic wavelength.

These

frequency resonances are dependent upon the acoustic wavelength and the
film thickness.

In acoustics, these two quantities are combined to form

a dimensionless parameter, usually qph. (Here qp is the acoustic wave
vector component in the plane of the surface.)
Finally, the frequency regime Os'
in both the film and the substrate.
only one solution, the Rayleigh mode.

> ° refers

to modes evanescent

In this region there can be at most
The phase velocity of this mode is

dependent upon the thickness of the film.

Again, in acoustics the phase

velocity of these waves is parametrized in terms of qph.
An example of a typical dispersion curve for these acoustic

modes is shown in Figure 3-2 which illustrates the continuum modes, and
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Figure 3-2. Isotropic acoustic dispersion curve. Acoustic dispersion
curve for an isotropic film (PMMA) coated onto an isotropic substrate
of polycrystaline molybdenum.
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the surface acoustic modes for an isotropic film on an isotropic
substrate.

These results are for an isotropic polymer PMMA deposited

onto a molybdenum substrate.
In the next section a similar dispersion relation will be
calculated for a hexagonal film on an isotropic substrate.
there will be a continuum of bulk modes for 0

> Os.

Similarly,

So, the emphasis

will be placed on computing the Rayleigh modes and the Sezawa modes.
The Love modes are guided pure shear waves with the displacement
polarized in the x 2 direction.

The x 2 polarized shear waves were not

observed in a thick film sample.

The acoustic properties of the these

guided shear waves will be discussed in the section titled Love Modes.
~ayleigh

and Sezawa Modes

Both Rayleigh and Sezawa modes are waves polarized in the
sagittal plane.

These surface guided acoustic waves are solutions to

the elastic wave equation which propagate along the surface but have
displacement amplitudes which diminish to zero with increasing depth into
the substrate material.

The geometrical conventions used in the

following calculations define X?O at the film-substrate interface, and
x, as positive into the substrate.
is taken to be

Xl

The dimension parallel to the surface

without any loss of generality because of the

rotational symmetry about the x, axis.

Therefore we seek solutions to

the wave equation within the film of the form:
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4

~
L

An e in'
q x, + c.c.

(3-15)

n=1

U'{Xl,X,;t)

is

displacement

the

displacement

field

is

composed

amplitude
of

four

within

the

partial

film.

waves:

The
two

counterpropagating longitudinal waves (n=3,4) and two counterpropagating
shear waves (n=1,2).
3-3.

The separate partial waves are identified in Figure

Since we are seeking both Rayleigh and Sezawa wave solutions the

components of the acoustic wave vector qp' may be either real or
imaginary. The wave vector qp is always assumed to be a real quantity
(no acoustic damping is considered here).
The form of the displacement field in the substrate must be
evanescent, therefore the displacement field can be written as a linear
combination of shear and longitudinal waves:

where qs and ql are both taken to be pure imaginary.

The substrate

wave vector components parallel to x, are easily defined in terms of the
sound speeds and surface wave velocities because the substrate is
isotropic:

qpYs

(3-17 a)
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Figure 3-3. Partial wave conventions.
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(3-17b)

where Ys and Yl are dimensionless parameters dependent only on the
phase velocity v=n/qp and the substrate sound speeds.

The partial wave

amplitudes in the substrate are pure longitudinal and pure shear waves
so the displacement amplitudes can be written as:

(3-18a)

(3-18b)

Similarly, the acoustic wave vector and the partial wave
amplitudes within the film must be defined in terms of the parameters qp
and n.

The acoustic wave vector components parallel to the film-

substrate interface qp' and qp are by definition the same since they
refer to the same sound wave.

Therefore the wave vector components

perpendicular to the substrate can be defined in terms of qp:

, - q ps,
Y ,
, - -q 2
q1

q 3 , = -q .. , -- q P y 1 , ,

where Ys' and

y

(3-19a)
(3-19b)

l' are dimensionless parameters analogous to those

defined for the substrate.

Unlike the substrate, these quantities cannot
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be computed as easily because the film is an anisotropic medium.

To

evaluate these parameters the characteristic equation of the hexagonal
Christoffel equation must be solved in terms of qp and

o.

The equation

will not be written here; it is enough to say that solutions for
'Ys(Cij';qp,O) and 'Yl(Cij';qp,O) exist.

Given the wave vector solutions in

the film, the displacement fields can be determined by finding the
eigenvector solutions of the hexagonal Christoffel equations.

These

displacement fields can be written as:
al£ + a If'

An

= An

.,

n=l

-a 1~ + a l £'

n=2
(3-20)

A

a,x - a,£"

n=3

a,~

n=4

+ a,£"

The displacement vectors afx + aiZ are unit vectors defining the
direction of the displacement amplitude.
The displacement field wave vectors and displacement directions
have been expressed in terms of qp and

o.

Next, the boundary equations

must be satisfied in order to find the guided wave fields.

The film

surface at z=-h is stress-free, and therefore normal components of the
stress tensor Tn' and Tu' are both zero.

At the film-substrate

interface the displacement fields and the normal components of the
stress are continuous.

These boundary equations define a set of six

equations with six wave amplitudes.

The dispersion relation for the

Rayleigh and Sezawa waves is found by setting the determinant of the
coefficients of the boundary condition equations equal to zero.

There

can be two trivial solutions to the dispersion relation: O=Vs'qp' and if
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Vl'<VS then n=Vl'qp.

Otherwise, solutions of the characteristic equation

yield solutions for the Rayleigh and Sezawa phase velocities in terms of
qph.

The determinant of the coefficients is shown in Table 3-1.

calculation of the strain fields, displacement fields,
equations have been relegated to an appendix.)

(The

and stress

Clearly, the solutions

must be found numerically.
Figure 3-4 illustrates a sample calculation using the dispersion
relation calculated above.

This solution corresponds to a hexagonal

film deposited onto polycrystalline molybdenum.

The film parameters

are: p'=1.320 g/cm', c ll '=1.2xl0 10 N/m z , c 13 '=0.4xl0 10 N/m z , c,,'=1.2xl0 10
N/m 2, and c .... '=3.3xl0 e N/m 2•

These elastic constants correspond to

anisotropy factors of A,,=l.O

and Au =0.0825.

The substrate is

molybdenum with elastic constants: c ll=39.4xl0 10 N/m z, c ....=11.3xl0 10 N/m2,
and density p= 10.10 g/cm' (CRC Handbook of Chemistry and Physics, 1985).
The most distinctive solution is the Rayleigh wave.

The Rayleigh

wave phase velocity diminshes from 3100 m/sec at qph=O to 980 m/sec at
q p h=5.0.

In contrast to Figure 3-2, the solution for an isotropic film,

Figure 3-4 illustrates a narrow band of 6 Sezawa solutions in the range
of 2380 to 3270 m/sec for the values of qph which have been plotted.
The continuum bulk modes have been represented by filling the space in
the acoustic mode dispersion diagram above the substrate shear velocity
Vs =3200 m/ Sec.
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Table 3-1. Hexagonal dispersion equation.

Dispersion relation for

Rayleigh and Sezawa modes. (See the appendix for the derivation of
the dispersion relation.)
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Figure 3-4. Hexagonal acoustic dispersion curve. Acoustic dispersion
curve for a hexagonal film coated onto molybdenum. The material
constants used for the film were: C. 1 i =L.2xL010 N/m1 , c,,'=L.2xLLllO
N/m1 , c 1, '=O.4xL010 N/m1, c .... '=3. 3xL08 N/m1, and p '=L. 32 g/cm'.
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Love Modes
The dispersion relation for Love modes in a hexagonal thin film
will be described.

The derivation of the dispersion relation follows the

isotropic derivation (Auld, 1972, Volume 1/2, Chapter 10; Rowell,
Stegeman, 1982a) because the shear modes are pure shear waves.

The only

difference, the shear velocity depends upon the wave vector direction.

(3-21 )

tan(qs 'h)
where

(3-22)

(3-23)

There is always at least one Love mode solution to the dispersion
relation for any film thickness h.

As

the film thickness increases the

number of Love modes increases such that there is an accumulation of
modes near qs'.

The phase velocity of these modes is Vs'={c .... '/p'.

Therefore, measuring the phase velocity of the pure x 2 shear modes for a
thick film allows measurement of Vs'.

If no Love modes are observed, as

will be shown in Chapter 5, then an upper limit can be placed on the
value of c ....'.
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Brillouin Scattering
There is one further complication in discussing a Brillouin
scattering experiment.
waves?

How does one identify the observed acoustic

To answer this question it is necessary to describe the Brillouin

scattering mechanisms, and sketch how polarization selection rules can
be obtained in order to identify acoustic modes.

Ultimately, a light

scattering theory is needed to completely describe the Brillouin
scattering from a hexagonal film coated onto an isotropic substrate.
Such a light scattering theory is currently being developed by F.
Nizzoli.

In the interim, we draw some qualitative features from

theoretical calculations for isotropic films on isotropic substrates in
order to proceed with the present interpretation.
Figure 3-5 illustrates the principal scattering geometry which
was used to probe the L-B coated molybdenum substrates.

In all cases,

the acoustic wave vector is selected by the experimental scattering
geometry via wave vector conservation in the plane of the sample surface
(see equation 3-1).

From the previous section it is now clear that given

qp and h there are discrete surface acoustic modes and a continuum of
modes which contribute to the Brillouin spectrum.
occur in the range

0

> Os

The continuum modes

and the discrete modes occur for Os

> O.

The

discrete modes below Os can be used to estimate the elastic constants of
the film given the elastic constants and density of the substrate, the
density of the film, the scattering geometry, and the film thickness.
Brillouin scattering is light scattering from thermally excited
strain fluctuations coupled to the dielectric via the elasto-optic
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k'I

Figure 3-5. Principal scattering geometry. k i defines the direction
of the incident laser beam, and ks defines the direction to the
Fabry-Perot spectrum analyzer.
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coefficients.

The fluctuating dielectric constant OEaS is proportional

to the strain fluctuations, Soy:

(3-24)

where PaSyo are the elasto-optic coefficients with the same symmetry
properties as the scattering medium.

Bortolani, et ale 1983 and Marvin,

et ale 1980 have shown that the scattering cross-section can be
rigorously calculated from the normal mode vibrations of the filmsubstrate system, and the cross-section can be represented in terms of
two distinct mechanisms which are called elasto-optic scattering and
ripple scattering.

They also calculated the scattering cross-sections

for various polarization combinations of the incident and scattered
electric fields.

For the present purpose it is sufficent to quote the

results of those calculations.

Basically, the selection rules for

scattering from the bulk come from terms of the form Ea'OEaS'E S where
Ea and ES are the components of the incident and scattered fields
respectively.
Below, the polarization states of the electric fields follow the
usual convention where "s" polarization is light polarized perpendicular
to the plane of incidence (or scattering plane), and "p" is light
polarized in the plane of incidence (or scattering plane).
conventions are used

to describe the

acoustic

Similar

wave displacement

polarizations, with the change that the reference plane is the saggital
plane, as discussed previously.

The light scattering selection rules are
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summarized in Table 3-2 for the geometry shown in Figure 3-5.
In summary, the results from Table 3-2 can be used to identify
the acoustic modes observed in a Brillouin scattering experiment.

The

results from Table 3-2 will be used to motivate the scattering
geometries described in chapter 5.
the film surface at x?-h.
ripple

First~

Rayleigh-Sezawa modes ripple

These waves can be best detected via the

scattering mechanism.

From

Table 3-2 the

polarization

combinations p=)p and s=)s are sensitive to ripple scattering.

Also,

Marvin, et al. 1980 claim that the largest cross-section occurrs for
grazing angle backscattering, and p=)p scattering is more intense than
s=)s scattering.

Finally, since Love modes do not ripple the film

surface they must be detected via the elasto-optic effect.

Therefore,

Love modes are best detec ted using depolarized light scattering, i.e.
s=)p or p=)s polarization combinations.

Furthermore, from Stegeman,

1969 the elasto-optic scattering cross section for pure shear modes is
largest when lei - esl ~ 90 0•

In chapter 5 results will be presented

from experiments which use these scattering geometries and polarization
combinations in order to detect the Rayleigh-Sezawa modes and the Love
modes.
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Table 3-2. Brillouin selection rules.

The selection rules apply to

light scattering from an isotropic film on an isotropic substrate.
Geometry: Sagittal plane scattering. (see figure 3-5). The quantity
in brackets for the angles identifies the polarization of the light.

9i

9s

Ripple

Elasto-optic
(acoustic mode)

9i(P)

9s (p)

yes

yes(long)

9i(s)

9s (p)

no

yes( s shear)

9i(P)

9s (s)

no

yes( s shear)

9i(s)

9s (s)

yes

yes(long)

CHAPTER 4
BRILLOUIN SCATTERING APPARATUS
The experimental apparatus used in the Brillouin experiments
will be discussed in this chapter.

There are three components essential

to accurately measuring Brillouin signals originating from L-B films.
These components are (a) a frequency stabilized laser, (b) a tandem
multi-pass

Fabry-Perot

interferometer

interferometer,

stabilization

and

data

and

(c)

a

computer

for

acquisition.

Figure

1-1

illustrates the layout of a typical Brillouin experiment.
Laser
The light source used in these experiments was a single
longitudinal mode argon ion laser.

At first a Spectra Physics model 165

argon ion lasing in a single longitudinal mode (TEMoo mode) at A=.5145lJm
with power output of =750 mW maximum was used.
model #90 laser was used.

Later a Coherent Innova

With both lasers an oven controlled low-

finesse intracavity etalons was used to frequency stabilize the lasers
over long periods of time against cavity length variations.

The etalon

acts as a filter which introduces weak loss in the laser cavity at all
frequencies but one.

Although a small portion of the laser energy is

lost, most of it is pulled into oscillation at the frequency of the low
loss mode by stimulated emission and the homogeneous nature of the
atomic line.

The temperature must be controlled since the etalon length
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is sensitive to temperature changes.

With the oven controlled etalon

operating and after the laser has warmed up, the laser line is stable to
better than 50 Mhz.
Fabr~-Perot

Interferometry

Before describing the tandem Fabry-Perot interferometer it is
best to review some terms and definitions for a single pass, single
cavity Fabry-Perot interferometer.

For more extensive treatments the

reader is referred to Chapter 7 of Born and Wolf, 1975 or Sandercock,
1982.

A Fabry-Perot interferometer consists of two plane parallel,

partially reflecting flat mirrors of reflectivity R separated by a
distance L (see Fig. 4-1a).

The Fabry-Perot interferometer transmits

light whenever the plate spacing is an integral multiple of half the
wavelength of the incident light.

By tuning the plate separation (or in

some cases by varying the cavity index of refraction) the Fabry-Perot
interferometer acts as a high resolution tuneable optical filter.
transfer

function

for

light

transmitted

through

interferometer as a function of plate spacing is:

a

Fabry-Perot

The
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FABRY-PEROT

SPATIAL FILTER

(0)

Finesse =.£S R
FWHM

>-

I-

I~o(- - FSR -~~I

(f)

Z

W
I-

FWHM

Z

N~

(N+I)~

2

x

(b)

Figure 4-1. Fabry-Perot interferometer. (a) single cavity, single
pass Fabry-Perot interferometer, (b) transmission function.
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[ 1-...!.-J2
1-R

(4-1 )

T=--~=-----~~

1+( 2F)2sin2( 21fL)
'If

A

where A is the Fabry-Perot plate absorption, R is the reflectivity of the
mirrors, A is the wavelength of the incident light, and F (to be
described below) is the finesse (see Fig. 4-1b).
The separation in frequency between transmission peaks is called
the Free Spectral Range.

Since the transmission peaks occurr when the

mirror spacing is an integral multiple of )./2, the free spectral range
corresponds to a frequency change of c/2L.

The ratio of the free

spectral range to the full width at half the maximum intensity of a
transmission peak is called the finesse.

Finesse is a measure of the

spectral resolution of a spectrometer.
The finesse for a parallel plate Fabry-Perot cavity followed by
a spatial filter (as shown in Fig. 4-1a) depends upon the mirror
reflectivity, the mirror surface roughness, pinhole diameter and lens
focal length.

The total finesse F of the Fabry-Perot can be represented

in terms three separate types of finesse: the reflectivity finesse Fr ,
the surface finesse Fs, and the pinhole finesse Fp.

(4-2a)
(4-2b)
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(4-2c)

where the total finesse F is given as:

(4-3)

The surface finesse Fs is a function of the mirror surface flatness
(over the aperature used) which is expressed as hiM.

The pinhole finesse

Fp depends on the focal length of the lens f, the Fabry-Perot spacing L,
and the pinhole diameter d.

Typically, the pinhole and surface finesse

are chosen to be larger than the reflectivity finesse so that the
reflectivity finesse is the primary limit to the total intrumental
finesse F.
Another term for describing Fabry-Perot interferometers is the
contrast ratio.

The contrast ratio for a Fabry-Perot is defined as the

ratio of the maximum to minimum transmission.

c=

Tmax
4F2
1+ 7
Tmin =

<

-

[l+RJ2

(4-4)

l-R

Typical Brillouin signals are 6 orders of magnitude less than the
intensity of the incident light, therefore large contrast ratios are
required to distinguish the signals in Brillouin spectroscopy.

Single-

pass, single-cavity Fabry-Perot interferometers have contrast ratios of
==10 3 for mirror reflectivities of ==94 %.

It

is impractical to obtain
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higher contrasts with such interferometers.

Alternatively, high contrast

ratios can be obtained by passing light through a Fabry-Perot cavity
several times using an arrangement of retro-reflectors as shown in
figure 4-2 (Dufour, 1951; Harihan, Sen 1961; Sandercock, 1970; Sandercock,
1982).

Multi-passing the light through a Fabry-Perot interferometer p

times increases the final contrast ratio and finesse:

1+RJ2
[1-R

P

(4-5a)

<

(4-5 b)

O-R)'2 !-1
where C1 is the single pass contrast ratio and Fl is the single pass
finesse.

For example, a Fabry-Perot interferometer with mirror

reflectivities of 90 % and reflective finesse of 30 can be improved by
triple passing the light with the arrangement in Figure 4-2 to give a
contrast ratio of 50x10 6 and a finesse of 59.
Although multipass Fabry-Perot interferometers have the high
contrast needed for detecting weak Brillouin signals, the free spectral
range limits the ability to resolve and identify unambiguously
complicated phonon spectra.

This problem can be resolved with two

cavities of different spacings used in tandem.

We have constructed a

tandem multipass interferometer in order to obtain the experimental
results described in this dissertation; it will be described in the next
section.
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3-PASS FABRY-PEROT INTERFEROMETER
MIRRORS
RETRO" REFLECTOR

.
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/
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Figure 4-2. Three pass Fabry-Perot interferometer.

OUTPUT
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Tandem Fabry-Perot Interferometer
If two Fabry-Perot cavities with different spacings are coupled
together in series then the free spectral range can be effectively
increased (Steel, 1967).

The increased free spectral range is achieved

by attenuating the higher orders of the first FP cavity with a second
cavity of different spacing.

The two etalons must be adjusted to

transmit simultaneously on one order, and scanned so that at any time
the change in optical cavity lengths 6L1 and 61z obey the following
condition:

(4-6)

Using two FP cavities in tandem eliminates the problem of overlapping
orders common to single cavity etalons.
Tandem interferometers have been constructed, and there are
three basic configurations which can be used to guarantee the condition
in equation 4-6.

First, two Fabry-Perot cavities in a pressure chamber

can be scanned simultaneously by adjusting the index of refraction
(Cannell, Benedek, 1970; Lyons, Fleury, 1976).

Secondly, a design by

J.Dil et. ale employs electronic coupling of the separate cavities (Di1,
von Hij ning an , van Dorst, Aarts, 1980).

Finally, the design by

J.R.Sandercock and S. Lindsay uses mechanical coupling (Sandercock, 1980;
Lindsay, Anderson, Sandercock, 1981).

We have constructed a tandem

interferometer which consists of two 3-pass interferometers mechanically
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coupled following Sandercock's arrangement.

Since tandem Fabry-Perot

interferometers are not new, the discussion below will be restricted to
an outline of the details except where there are essential differences
in design.
The heart of the Sandercock interferometer is the scan table
(see Fig. 4-3).

Two Fabry-Perot cavities are mounted to the scan table

so that both cavities can be scanned simultaneously such that the ratio
of the change in cavity lengths is a constant dependent on the angle
between the two cavities, 6=21°.:

ALl

llL =cos(6)

(4-7)

z

The resulting tandem transfer function is illustrated in Figure 4-5.

In

contrast to the single-cavity Fabry-Perot transfer function the tandem
has attenuated neighboring orders.
The central feature, at zero frequency shift, in the tandem
transfer function corresponds to the scan table position where both
cavities transmit light simultaneously.
'elastic line'.

This feature is called the

The two attenuated features at =A/2 from the elastic

line are the attenuated first order elastic lines.
referred to as the 'ghost peaks'.

These features are

The degree to which the first order

transmission peaks are at tenuated is the 'ghost peak suppression'.
Theoretically the ghost peak suppression for a tandem 3-pass Fabry-Perot
should be 2000 with mirror reflectivities of 92 %•

Practically, this
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PIEZOELECTRIC
SCAN
DRIVE

.

SCAN
DIRECTION

...

PZT STACKS

MANUAL MICROMETER
ADJUSTMENT OF
FIXED MIRRORS

FIXED
MIRROR
MOUNT

Figure 4-3. Tandem Fabry-Perot scan table. The table is mounted on leaf
springs and scanned piezoelectrically. One mirror each from Fabry-Perot
cavities 1 and 2 are mounted to the scan table. The other half of the
interferometer cavities are mounted to fixed mounts which can be
manually adjusted.
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value is much smaller (e.g. depending on sample quality or tandem
alignment), therefore care must be taken to avoid misleading 'ghosts' of
Brillouin features.
There are some notable differences between Sandercock's scan
table design and our own.

The construction of the scan table is critical

since the table must be scanned through :: 1024 steps over two free
spectral ranges (::0.5 pm).
~10

angstroms.

Therefore, the scan table must be stable to

Essentially, Sandercock's original design consisted of a

scan table mounted by leaf springs to a linear bearing table.

The

linear bearing table provided for gross adjustments of the cavity spacing
in order to alter the free spectral range, and the leaf springs allowed
the cavities to be scanned on the order of a micron by a Bimorph.
Needless to say, interferometers are sensitive to vibration.

Sandercock

solved his vibration problems by mounting his scan table on a
dynamically balanced anti-vibration table.

Alternatively, we have chosen

to stiffen the leaf springs, use a more powerful PZT crystal, and
eliminate the linear bearing table.

This scheme works, and has been

implemented in order to eliminate vibrations larger than ::20 angstroms.
The linear bearing table was replaced by a meehanite dove-tail rail.
It is not enough to provide mechanical stability for the scan
table, the scan table must be servo-controlled to provide reproducible
positioning and a linear scan.

The scan table position is controlled by

a PZT (Physik Instrumente Pl71) which has a range of 10 pm.

The position

of the scan table is monitored by a parallel plate capacitor in order to
servo the position of the scan table to an accuracy of ::10 angstroms.
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The scan table servo is driven by pulses from a parallel output port on
the IBM personal computer.

The servo is currently being replaced by a

velocity feedback servo, following Sandercock's original scan servo
design.
The mirrors forming the two FP cavities are from ICOS in London.
They are 60 mm matched pairs flat to better than '). /200 over an
aperature of 50 mm after reflection coating.
mirrors at 5145 angstroms is 92%.
coat of MgF2 and ZnS.

The reflectivity of the

The mirrors have a soft reflection

The mirrors are wedged (wedge angle of 10-15

minutes) to prevent stray reflections between the back surfaces of the
mirror plates.

One mirror in each cavity is kinematically mounted to

Burleigh micrometer screws to allow manual alignment of the Fabry-Perot
cavities.

The

mating

mirrors

mounted

to

the

scan

table

are

kinematically mounted to 3 Burleigh PZT's (model PZT-5) which allow
electronic adjustment of the mirror tilt.

A simple calculation will

show that a change in the relative spacing of the cavities on the order
of 5 angstroms will

result in

a

10 % decrease in transmission.

Therefore, the mirror mounts must be stable, and the PZT's must have
high resolution.

The six PZT's used to control the mirrors in the two

separate cavities

are driven by Burleigh high voltage

(Burleigh DAS-l High Vol tage modules).

amplifiers

The IBM computer adjusts the high

voltage amplifiers from six 12-bit DAC's.

These DAC's are currently

being upgraded to 16 bit DAC's to provide the angstrom resolution
together with 5 micron range to prevent thermal drift runout of the
PZT's.
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A complete layout of the tandem Fabry-Perot together with
laser, periperhal optics, and detectors are shown in Fig. 4-4.

This

layout was originally designed by Sandercock, and recomended to us by
Randolph Mock and Burchardt Hillebrands.

Light from the Spectra Physics

argon laser is focused onto a sample after passing the light through an
acousto-optic modulator (Intraction Corp model AOM40).

The acousto-

optic modulator allows fast electronic control of the laser intensity
when the tandem is scanning through the bright elastic line.

Light

scattered from the sample is collected and spatially filtered before
entering the Fabry-Perot.

After passing through the tandem Fabry-Perot

the light is filtered by an Amici prism in order to remove broad band
frequencies such as the laser plasma lines and Raman scattering.
Finally, the signal is spatially filtered a second time before focusing
onto the photocathode of an FW130 photomultiplier.

Since the FW130 is

used to count photons, the tube is cooled to reduce the dark count to
less than 1 count/sec.

The signals from the FW130 are discriminated and

amplified by a PAR (model 1120) preamplifier/discriminator.

The PAR

output is fed to an Intel 8254 programmable counter capable of counting
up to 10 Mhz.
Another major difference between our design and Sandercock's is
the control of the Fabry-Perot.

The tandem Fabry-Perot control is

provided by an IBM personal computer.

The computer ramps the position

of the scan table, servos the scan table to eliminate thermal drift,
adjusts the tilts of the independent cavities in order to optimize the
instrument finesse, monitors the transmitted intensity, and collects and
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Figure 4-4. Layout of the Brillouin scattering apparatus.
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stores the data.

The details of the software servo control of the

mirror parallelism and thermal drift are derived from Sandercock, 1970
and May, et a1., 1978.
As an example of a typical Brillouin spectrum obtained with the
tandem Fabry-Perot interferometer, Fig. 4-S shows the result of spectrum
analyzing backscattered light from a clean molybdenum metal surface.
This spectrum was recorded after 4.1 hours of data collection.
consists of more than 14,700 scans, =1 sec/scan.

It

Fig. 4-Sa is a linear

plot of the spectrum, and Fig. 4-Sb is a plot of the logarthim of the
scattering intensity.

The log plot illustrates the tandem transfer

function: the central peak is the Rayleigh line, the two bright features
labeled G are the ghost peaks.

The Rayleigh line at zero frequency

shift has been attenuated with the acousto-optic modulator.
plot in Fig. 4-Sa shows the Brillouin signals.

The linear

The brightest feature

(=11 GHz) is due to the surface ripple from surface acoustic waves, and
the other features (between 11 and 20 GHz) are due to "bulk" propagating
phonons which ripple the metal surface.
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Figure 4-5. Typical tandem Fabry-Perot spectrum. The sample W3S a
clean molybdenum surface. (a) linear plot showing the Rayleigh wave
peak (1L GhZ) and scattering from bulk propagating waves (L2-22 GhZ),
(b) log plot of the clean metal Brillouin spectrum illustrates the
tandem transfer function. The bright features at ±25 Ghz are the
attenuated orders (Ghost peaks). The sound speeds for molybdenum are
shown for reference: longitudinal velocity, VL , shear velocity, VS '
and Rayleigh velocity, VR•

CHAPTER 5
EXPERIMENTAL RESULTS
This chapter presents the results from Brillouin experiments
which were used to estimate the elastic constants of the LangmuirBlodgett films.

For all the experiments described below, samples are

thin films of the cadmium arachidate deposited onto molybdenum and BK-7
glass substrates.

The preparation and characterization of these thin

film samples has been discussed in chapter 2.
The first section deals with some basic experimental results
concerning reproducibility,

accuracy,

film damage,

symmetry, and effect of water concentration.

sample rotation

The second section

presents the results of backscattering spectra from films ranging in
thickness from 11 to 401 monolayers.

One of those films, 75 layers

thick, was used to obtain Brillouin spectra for various polarization
combinations.

In order to estimate the longitudinal sound speed along

the molecular axis, i.e. normal to the film, a normal incidence
backscattering experiment was performed on a film 301 layers thick
deposited onto a BK-7 glass prism substrate.

Finally, an experiment was

conducted on a thick film of CdA, 401 layers thick on molybdenum, in
order to detect the pure shear acoustic modes polarized in the plane of
the film.

These results will be discussed and interpreted in the next

chapter.
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Preliminary Experiments
Since Brillouin scattering from Langmuir-Blodgett films has
never been observed before, a number of basic experiments have been
performed to test the reproducibility and accuracy of the Brillouin
spectra.

First, spectra were obtained for various incident laser

intensities.

Secondly, several experiments were conducted at different

locations on one sample to measure the accuracy and reproducibility of
the spectra.

The sample was rotated to determine whether the dip

direction affected the results.

Finally, the effect of water

concentration was tested by comparing the Brillouin spectra of a sample
before and after placing the sample in a vacuum.
Before any other experiments were performed the effect of laser
damage was estimated.
mW, 36mW, and 60 mW.
0.19 to 2.4 kW/cm 2 •

Three different laser intensities were used: 4.8
These intensities correspond to energy densities of

Lower energy densities were not used since spectra

took =12 hours each to accumulate at 0.19 kW/cm 2 , and higher energy
densities could not be used because the elastic light scattering was too
bright for the tandem spectrometer.

The measurements were made on the

same sample spot for a fixed backscattering geometry (6i=61°, 6s =75°; the
scattering geometry used for all the experiments in this chapter are
defined by Figure 3-5).

Each experiment was made by succesively

increasing the incident laser power using an acousto-optic modulator.
Figure 5-1 shows a typical Brillouin spectrum of a 75 CdA layer sample
contrasted with the spectrum of a clean molybdenum surface.

All peak

locations and peak intensities were obtained by fitting a Lorentzian to
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Figure 5-1. Typical CdA spectra. Backscatter Brillouin spectra: a)
clean molybdenum surface, b) 75 layers of CdA on molybdenum.
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the data with a nonlinear least-squares routine.

The Brillouin

component at =4 GHz was found to be Lorentzian in shape.

However the

feature at =11 GHz was not a simple Lorentzian shape.
From

the intensity

experiments it was

found

that

for

backscattering from 75 layers thick film there ·were no observable
frequency shifts of the Brillouin components larger than 1%.

Below it

will be shown that this is the reliability with which spectra can be
reproduced under controlled conditions.

Based on these intensity

experiments all of the spectra in this dissertation were taken with at
most 60 mW of incident laser power. (Clean metal spectra were taken at
higher inicident powers =400 mW.)
The reproducibility

of

the Langmuir-Blodgett

spectra was

estimated by measuring the Brillouin spectra at different locations on a
75 layer thick film with identical scattering geometries: 61=61 D and
6 s =75°.

The results of these experiments are shown in Table 5-1.

frequency shifts of the Brillouin features were less than 1%.

The

The

absolute intensities normalized to the integration time varied by up to
25 % because of sample quality or tandem misalignments which sensitively
affect the absolute Brillouin intensity.

The relative intensities of the

two Brillouin features were accurate to =1%.
The film sample was rotated about an axis normal to the
molybdenum surface for a fixed scattering geometry in order to measure
the effect of film orientation on the Brillouin scattering results.

This

experiment was performed to measure the effect of dipping direction on
the acoustic properties of the. film.

Again, a backscattering experiment
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Table 5-1.

Reproducibility of results.

75 L-B Layers. Scattering

geometry: backscatter 6 s =75°.

Brillouin
Feature

B

A

Frequency
(GhZ)

Intensity
( cnts)
hr

Frequency
(GhZ)

Intensity
(~)

hr

Trial

111

4.03

41.1

8.94

38.6

112

3.97

56.2

8.74

50.6

113

4.03

33.3

8.94

28.8

114

4.01

46.2

8.86

43.2
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was performed on a 75 layer film with conditions identical to those
described above.

Figure 5-2 shows the spectra obtained for a

measurement along the dip direction versus a measurement perpendicular
to the dip direction.

There is a 4 % change in the 4 Ghz peak arid a 6 %

change in the 8 Ghz peak.

The results of these experiments are

tabulated in Table 5-2.
The acoustic w'avevector has been chosen to be perpendicular to
the dip direction for the following experiments in order to minimize
effects due to film fabrication.

For example, the barrier pressure may

affect the Brillouin spectra; therefore the barrier pressure has been
maintained at a constant value for all' of the samples fabricated in
these experiments.
The final test performed on a CdA sample involved the effect of
water concentration on the Brillouin spectra.

Table 5-3 tabulates the

results of Brillouin spectra before and after a sample was placed in a
vacuum (2xlO- 4 Torr) for 2 hours.
water in the CdA film.
increased

water

The results of these tests indicate that

concentration shifts

component "A" by up to 6 %•
changed.

The vacuum evaporates any excess

the

frequency

of

Brillouin

Brillouin component "B" is not noticeably

There was no apparent change in the Brillouin intensities.

the experiments in this dissertation, the effect of water has been
considered to be a small effect.

For
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Figure 5-2. Effect of dip direction. Backscattering spectra from a
75 CdA layer sample. The topmost spectrum was taken with the
acoustic q vector parallel to the dip direction and the lower
spectrum was taken with the acoustic q vector perpendicular to the
dip direction.

72

Table 5-2.

Rotation of sample.

backscatter 6s =75°.

75 L-B layers. Scattering geometry:

The angle 0 0 is parallel to the dipping direction,

and the angle 90 0 is normal to the dipping direction.

Brillouin

A

B

Feature
Angle
(Deg)

Freq
(GhZ)

Intensity
( cnts)
hr

Freq
(GhZ)

Intensity
( cnts)
hr

0

3.87

36.3

8.37

28.7

90

4.01

36.8

8.90

29.0
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Table 5-3.

Effect of water concentration.

geometry: backscatter.
Polarization p=)p+s.

75 L-B layers. Scattering

Identical geometries for both experiments.
The sample was measured before and after drawing

water from the sample with a vacuum.

The sample was placed in a vacuum

(2xl0-4 torr) for 2 hours in order to draw off water.

Brillouin

B

A

Feature
Freq
(GhZ)

Intensity
(.~E.~)

hr

Freq

Intensity

(GhZ)

( cnts)
hr

Before

6.89

10.5

9.8

64.5

After

7.3

11.5

9.7

74.0
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Film Thickness Data
Backscattering spectra were acculmulated for CdA films

on

molybdenum for various thicknesses ranging from 11 to 401 monolayers.
Some representative

spectra are illustrated in Figure 5-3.

scattering geometry was as '" 70° and ai ::: 65°.
I pI

The

The incident light was

polarized and the scattered light was not analyzed (i.e., p+s

polarization), hence the polarization combination was p=>p+s.

Table 5-4

tabulates the results of those experiments: frequency shifts and the the
acoustic wave vector qp are listed for each experiment.
5-4 the phase velocities of

the modes are tabulated.

velocities are computed using the relation V = oj qp.

Also, in Table
The phase
A typical

integration time for each of these experiments was :::15 hours.

75

Figure 5-3. Thickness spectra. Summary of several spectra obtained
in backscattering from samples ranging in thickness from 11 to 401
CdA layers thick. This figure illustrates the principal features
observed and discussed in this dissertation.
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Table 5-4. Thickness data.

Scattering geometry: backscatter 9 g =75°.

Polarization combination: P=)P+S. qp = 2.25 x l07/ m•

-

Freq Shifts
Number

qph

of

A

Freq

Layers

Phase Velocity
A

B

Freq

m/sec

B

m/sec

(GhZ) (GhZ)

11

.67

11.0

-

3060

-

13

.79

10.9

9.5

3040

2650

15

.912

10.5

8.9

2920

2480

.

17

1.03

10.7

8.6

2980

2400

19

1.15

10.3

8.4

2870

2340

21

1.28

10.4

8.2

2900

2280

23

1.40

10.3

8.1

2870

2260

51

3.10

9.3

5.0

2590

1390

75

4.56

9.7

4.0

2700

1110
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Polarization Analysis
A 75 layer film was studied in detail in order to identify the
acoustic modes.

Figure 5-4 shows the results of three polarization

measurements in a backscattering geometry (8i=61 0, 8s =75°) for the
following polarization combinations (p=>p, p=>s, s=>p, and s=>s).
spectrum was obtained in =1 hour each.

Each

These polarization combinations

will be used in chapter 6 in order to interpret the these Brillouin
spectra.

The polarization tables from Chapter 3 will aid that

interpretation.
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the S=>P scattering was identical to the P=>S spectrum shown above.
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BK-7 Glass Prism

Ex~riment

Next backscattering spectra were accumulated in near normal
incidence from a sample 301 monolayers thick deposited onto a BK-7 glass
prism.

This experiment was intended to measure the longitudinal phase

velocity along the molecular axis of CdA.

In a backscattering geometry

(8i=14°, 8s =00) only the longitudinal sound wave can be measured.

There

are features in the Brillouin spectrum due to the glass substrate,
however these features can be separated from the CdA features by
comparison to a clean glass substrate.

The glass features are

identified in the spectrum shown in Figure 5-5.
The principal result from these normal incidence measurements is
the longitudinal phonon frequency shift of 23.6 Ghz.

Using equation 1-2

the longitudinal velocity of CdA along the molecular axis can be
estimated as 3980 m/sec.

Since the light scattering was at near normal

incidence, the index of refraction used in this calculation is no = 1.525.

80

301

~dA

ON SK-7 (NORMAL INCIDENCE. S->S)

FILENAME. S.SK74232.DAT
DATE. 04/22/86
ELAPSED TIME (HR) - 10.093

CAVITY 1 SPACING (mm) 3.725
CHANNEL LIMITS. 212 - Bll
RAW DATA

500~------------------------T-----~~r-----------------------~

400

>I-

GLAss

300

....

;/'

III

Z

IJJ

I-

....Z

200

100

0~4---------+---------~-------4--------~--------~--------~

-30

-20

-10

o

10

20

FRECUENCY (GHz)

Figure 5-5. Normal incidence spectrum. The spectra were obtained
from a 301 CdA layer sample coated onto a BK-7 glass prism.
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Love Modes
Finally, a spectrum was obtained for the following scattering
geometry: 8i=600, 8s =00.

The incident light was s polarized and the the

scattered light was p analyzed (i.e., s=)p polarization combination).
This depolarized scattering geometry is sensitive to s polarized acoustic
shear waves in the CdA sample.

The CdA film sample was 401 layers of

CdA deposited onto a molybdenum substrate.

The Brillouin spectrum is

shown in Figure 5-6.
There were no observable Brillouin components larger than 3 GHz
in these experiments.

Instead, broad wings corresponding to low

frequency vibrational modes were observed.

These broad wings can not be

due to air mode scattering because the light scattering is depolarized,
and air does not support acoustic shear waves.

The low frequency

Brillouin components might be observable by increasing the instrumental
resolution further.
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CHAPTER 6
DISCUSSION AND INTERPRETATION
The first set of Brillouin spectra were quite puzzling.

We

expected the cadmium arachidate film to be a solid-like film whose shear
constant is less than the shear constant of the molybdenum substrate.
As a result the Brillouin spectra for CdA were expected to show an
increasing number of guided acoustic modes as the film thickness was
increased for a fixed scattering geometry.

By plotting the phase

velocity of the observed modes versus qph (for reference see Fig. 3-2)
and fitting the data to the model described in chapter 3 the four
elastic constants c l l ' c .... , c lU and

C;2

could in principal be determined.

Instead, the observed spectra (see Fig. 5-3) had only two distinct
Brillouin components which occur for films ranging in thickness from 11
to 401 monolayers.

This is the main problem addressed by this

dissertation, because we cannot begin to study thinner films until we
understand the acoustical behavior of these CdA samples.
Based on the results obtained and reported in chapter 5, it will
be argued that the Brillouin spectra can be interpreted in terms of a
single Rayleigh wave whose velocity decreases with increasing L-B
thickness, and a band of nearly dispersionless Sezawa modes bunched near
3000 m/sec.

The band of Sezawa modes yield only qualitative agreement

with the Brillouin spectra providing little information about the L-B
film

elastic properties; however it is an interesting because it
83
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emphasizes the anisotropy of cadmium arachidate.

The Rayleigh wave

dispersion curve is important because it allows the elastic constants
and c13 to be estimated given c .... and

Cu

Cll

from independent measurements.

The bulk continuum modes are observable in the L-B film, but are
difficult

to

interpret

without

a

full

light

scattering

theory,

particularly because of the large acoustic anisotropy in the cadmium
arachidate film.

These are propagating modes in both the L-B film and

the molybdenum substrate in the frequency range

n

> Os.

However, the

bulk modes do provide information about the elastic constant c,' when
the film is thick enough.

There is a case in which Brillouin scattering

from these bulk continuum modes can be used to measure the velocity of
longitudinal waves propagating along the surface normal.
elastic constant c"

Thus the

can be measured, as discussed below.

Finally, experiments were conducted to estimate c .... by measuring
the Brillouin component of the "s" polarized acoustic shear wave in a
thick film sample.

No shear waves were observed.

Instead, Brillouin

spectra were obtained which are reminiscent of the reorientational modes
observed

in

Brillouin

spectra obtained

from

liquids

composed

of

anisotropic molecules.

General Considerations
From the preliminary experiments it was shown that the CdA
films did not damage when exposed to high laser intensities.

The CdA

films were uniform at different locations on the same film sample, at
least as far as Brillouin spectroscopy was concerned.

Also, the

Brillouin scattering frequency shifts and relative peak heights were
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reproducible.

Absolute intensity measurements are not reproducible,

largely because of the highly sensitive transmission characteristics of
the tandem Fabry-Perot interferometer.
The CdA films were not acousticaly symmetric when rotated by
90° with respect to the dipping direction.

Since the crystal symmetry

for CdA is expected to be hexagonal (see Chapter 3), this strongly
implies that nonuniform packing density affects the acoustic phase
velocity.

For this work only acoustic waves propagating perpendicular

to the dip direction have been analyzed.

Further work needs to be done

in order to determine whether packing density causes the lack of
symmetry.

Also, it was found that water concentration can shift a

Brillouin component.

However, this shift is small and does not affect

the overall interpretation of the spectra.

Basically, this dissertation

addresses the problem of interpreting and understanding the Brillouin
spectra of the CdA films for a fixed fabrication procedure.
Interpretation of the Brillouin Spectra
Backscatter Data
The key features in all the Brillouin spectra obtained in a
backscattering geometry are illustrated in Fig. 6-1 where a clean
molybdenum surface is contrasted with the spectrum of a molybdenum
,
surface overcoated with 75 CdA monolayers.
were identical (ai :: 75° and as

= 61°).

Both scattering geometries

The important features in the

CdA spectrum will be defined here for reference throughout this section.
The features are: mode A at 4 GhZ, mode B at =10 GhZ, and mode C at =13
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GhZ.

The cutoff frequencies for the

sub~trate

have been plotted in Fig.

6-1b.
Mode A is the simplest feature to understand.

For a fixed

backscattering geometry, the frequency shift for mode A diminshes from
the metal Rayleigh wave frequency for increasing film thickness (see Fig.
5-3).

This behavior is consistent with the expected behavior of a

Rayleigh wave.

This feature was analyzed by varying the polarization of

the incident light and analyzing the scattered polarization intensity.
Figure 5-4 shows the results of those polarization studies.

Since there

. is light scattering at 4 GhZ for only the p=)p polarization combination,
there is qualitative agreement with the expected polarization selection
rule from ripple scattering (reference Table 3-1).
Mode B has been the most puzzling feature in the Brillouin
spectra.

Apparently, from the film thickness data this feature is

dispersionless.
increased.

Also, the feature broadens as the film thickness is

There are several possible interpretations for this feature:

1) poor adhesion, 2) Stoneley interface wave, 3) dissipative Rayleigh

wave, or 4) Sezawa waves.
If the CdA is adhering to the substrate poorly, then there might
be regions of the metal surface which are not in contact with the film.
Therefore, one might expect to observe a linear combination of Brillouin
spectra from a clean metal surface together with the spectra of a film
in firm contact with the substrate.

This argument has several problems.

First, the intensity of mode B is larger than the intensity of a Rayleigh
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Figure 6-1. Principal spectral features. a) Clean molybdenum surface
observed in a backscattering geometry, and b) 75 CdA layer film on
molybdenum in the same backscattering geometry. The Brillouin
components due to the CdA film are identified for reference.
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wave from a clean metal surface.

The collection rate for the Rayleigh

wave peak in Fig. 6-1a was 60 cnts/hr at 400 mW of incident laser power,
and the collection rate for mode B in Fig. 6-1b was 89 cnts/hr at 60 mW
of incident laser power.

So, the intensity of mode B is =10 times larger

than the intensity of the clean metal Rayleigh wave component.

Second,

the frequency shift of mode B decreases slightly as the film thickness
is increased.

The peak intensity for the Brillouin feature in Fig. 6-1a

is 11.2 GhZ versus the 9.7 GhZ frequency shift for mode B in Fig. 6-1b.
Finally, from experiments reported in the literature (see chapter 3) the
strongest intermolecular bonds occur at the film/ substrate interface
where the film can form hydrogen bonds to the metal surface.

So, the

poor adhesion argument is not plausible.
In acoustics there is a wave quite similar to the Rayleigh wave.
This wave is called a Stoneley wave.

It occurs at media interfaces.

It

has the property that the amplitude displacement of the wave decays
evanescently into both media with increasing distance from the interface.
These waves are roughly dispersionless.

That is to say, as the film

thickness increases from zero thickness the phase velocity of these
waves changes from the substrate Rayleigh wave velocity to the Stoneley
wave velocity at the boundary between two infinite media.

The Stoneley

wave velocity is generally close to the shear wave velocity of the
denser medium.

Assuming that the film is isotropic, it is easy to check

the Stoneley wave condition.
is c .... '/c ....

~

One condition a Stoneley wave must satisfy

p'/p (Scholte, 1947).

Since the material parameters for

molybdenum are p=10.1 g/cm' and c ....=12 x 10 10 N/m2, and for CdA p'= 1.32
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g/cm' the existence of a Stoneley wave, therefore implies that c .... '>1.2x
10 10 N/m 2 •

Given the density of CdA and the condition imposed upon c .... '

the shear velocity for the film must be: Vs = Ie .... '

7p'

~ 3500 m/sec.

This value is much larger than the measured phase velocity of mode B,
=3000 m/sec.

Therefore, mode B cannot be due to a Stoneley wave at the

interface of two isotropic media.

The condition for testing the Stone1ey

wave at the interface of isotropic/anisotropic interfaces is more
involved.

For now, it suffices to say that the model described in

chapter 3 will predict the existence of the Stoneley wave.
Thirdly, there is a possiblity that in addition to the Rayleigh
wave travelling along the film surface, there is also a dissipative
Rayleigh wave at the metal surface.

The motivation for this model comes

from the fact that at metal surfaces overcoated with liquids, there can
be damped Rayleigh waves traveling along the surface which radiate
energy into the liquid medium (Viktorov, 1967).

Clearly, the cadmium

arachidate film cannot be a liquid since it supports a Rayleigh wave.
The interpretation adopted in this dissertation for mode B stems
from assuming that the CdA film is solid-like and can be modeled as an
anisotropic film with hexagonal symmetry.

The choice of crystal

symmetry and crystal axis is based upon work reported in the literature
(see chapter 2).

Also, from chapter 3 it was shown that a sufficiently

anisotropic material can have a band of Sezawa waves near the susbstrate
Rayleigh wave velocity.
interpretation.

There are some spectra which support this

Fig. 6-2 shows two backscattering spectra from films 51

and 101 layers thick.

From these spectra it is clear that mode B may
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indeed be a combination of acoustic modes.

Below, experiments will be

described which estimate some of the elastic constants in order to
determine whether the corresponding dispersion relation predicts a band
of Sezawa modes which form mode B.
Finally, mode C occurs in the frequency range above the shear
cutoff frequency for the substrate.

Therefore, any Brillouin scattering

which occurs in this region of the spectrum is due to "bulk propagating
acoustic waves" (reference Fig. 3-2).

These modes depend sensitively on

the film thickness for thin films (i.e., films whose thickness is small
comparable to the acoustic wavelength).

Comparison of Figures 6-2 and

6-3 illustrate the film thickness dependence of these Brillouin features.
Bulk propagating modes have been studied for isotropic films on isotropic
substrates (Rowell, Stegeman, 1982b).

It was found that these features

could be understood with the aid of a complete light scattering theory.
Currently these features can not be studied in detail.

When a full light

scattering theory for hexagonal films becomes available, these features
will become useful.
Mode C can be easily interpreted i f the CdA film is thick
compared to the acoustic wavelength.

For a normal incidence

backscattering geometry the acoustic wavelength selected by the
Brillouin scattering geometry is
~m,

(0.8

and film index n o=I.525.
~m)

~0.17 ~m

for incident light of A = 0.51

Therefore, a CdA sample 301 layers thick

can be considered to be "thick".

A backscattering experiment

was conducted on such a sample (see Chapter 5, Figure 5-5).
component due to the CdA film was observed at 23.6 GhZ.

A Brillouin

This Brillouin
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Figure 6-2. Backscatter from 51 and 101 layer samples.
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component is due to light scattering from a longitudinal mode travelling
along

the

surface normal.

interpretation:

1)

There

are

two

reasons

there can be no surface guided

for

this

acoustic wave

scattering because the sum of the projections of the light wave vectors
onto the surface is zero, and 2) for elasto-optic scattering there is
only one acoustic mode observable, i.e., longitudinal.

From chapter 3

equation 3-12b, the longitudinal velocity is ,Ic,,' / p.

Therefore, the

elastic constant c,,' can be estimated to be 2.1 x 1010 N/m 2 •

The phase

velocity 3980 m/sec is calculated from the frequency shift data using
the Brillouin scattering formula from chapter 1, equation 1-2.
Love Waves
The geometry used to detect Love waves or "s" polarized acoustic
waves in a thick sample of cadmium arachidate was 9i
(reference Fig. 3-4).

= 60°

and 9 s

= 0°

From Table 3-1 the polarization selection rule for

selec ting "s" polarized acoustic waves· is s=>p or p=>s.
this experiment is illustrated in Fig. 5-6.

The result of

Since the film is thick

compared to the acoustic wavelength equation 1-2 will be used to
determine phase velocities from the frequency shifts.
Note that there are no Brillouin peaks observable in this
spectrum.

An upper limit can be set on the shear wave velocity for the

"s" polarized shear waves.

There are no clear peaks larger than 3 GhZ.

Taking into account Snell's law (with n o =1.568) the scattering angle for
this geometry is 146 0 inside the CdA film.

Therefore, the largest

possible phase velocity for a pure shear wave with "s" polarization is

94
530 m/ sec.

Since, these acoustic waves are pure shear modes from

equation 3-11 an upper limit can be placed on both cu' and c",,'.
c u 'sin 2 e +

where

e

CIt,,'

cos 2 e < 3.6 x 10 8 N/m 2

is the direction of the acoustic wave.
0.08

C 66 '

+ 0.9

CIt,,'

The following limits can be placed on

< 3.6

CIt,,'

X

Here

e

17°.

10 8 N/m 2

and

C 66 ' :

c",,'<4 x 10 8 N/m 2 and

c u '< 4.5 x 10 9 N/m 2 •
Note the depolarized wings which underlie the spectrum.

Similar

spectra are obtained in liquids composed of anisotropic molecules and
are the result of strong coupling between fluctuations in molecular
orientation and shear strains (Stegeman, Stoicheff, 1973).

In this

geometry minimal coupling to shear waves is predicted theoretically.
The implication from this result is that the shear wave which slides the
planes relative to

each other is strongly coupled

to molecular

orientation, just as it is in molecular liquids.

Rayleigh Wave Dispersion Curve
The model described in chapter 3 was used in a parameterized fit
to the Rayleigh wave dispersion data (i.e. phase velocity of mode A
versus film thickness).

The only parameters which were varied in this

fit were cu'

All other parameters were fixed given the

and

Cll'.

experimental estimate of
CIt,,'

ClS'

and the constraint on c",,'.

was taken to be 4.0 x 10' N/m 2 •

Fig. 6-4.

The value of

The results of the fit are shown in

There 1s qualitative agreement bet ween the measured Brillouin
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components tabulated in Table 5-4 and the calculated dispersion relation
given the constraints mentioned above.

If the value of

Cot,,'

is decreased

by a factor of two or four, then the agreement between the measured
frequency shifts and the calculated dispersion relation is improved (see
Figure 6-5).

As shown in Figure 6-5 it is possible that mode B can be

formed from up to 10 Sezawa modes.
Summary
The most conservative fit to the Rayleigh wave dispersion data
was shown to be c ll '::1.25

X

10 10 N/m 2, c H ':: 2.1

10 8 N/m2, c u ' ::1.0 x 10 10 N/m 2•
and c u ' using equation 3-8:

X

10 10 N/m 2,

Cot,,'::

2.0 x

The following limits can be placed on

C 66 '<4.5

C 66 '

x 10' N/m 2 and c u '> 3.0 x 10 9 N/m 2•

Using the anisotropy factors defined in Chapter 3, equations 3-14a to
3-14c, the anisotropy of the film can be expressed as A,,=1.68, Au=0.042,
and Au =0.16.

These values of the anisotropy factors indicate that the

CdA film is highly anisotropic.

Better values of the elastic constants

may be obtained in a couple of different ways.
Another approach to studying thick films would be to coat thick
L-B films onto the flat side of a glass hemisphere.

This would enable

the phase velocity surfaces for the L-B film (see Fig. 3-1 b) to be
mapped over a range of angles from the film normal.

Also, placing the

films in a vacuum chl'"illber will eliminate any water in the film.
There is still a problem with having to use different samples in
order to obtain elastic constants.

Ideally, one sample should be used

to measure the elastic constants.

This may be accomplished with the aid

of a full light scattering theory based on a hexagonal film coated onto
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isotropic substrate.

Such a model would use both the discrete

surface acoustic waves as well as the bulk propagating waves to predict
the spectrum from a single Brillouin experiment.

CHAPTER 7

CONCLUSIONS AND DISCUSSION

The incentives for
computer-controlled

this dissertation were to construct

tandem Fabry-Perot interferometer for

a

Brillouin

spectroscopy, develop techniques for investigating the elastic behavior
of thin films, and to determine the elastic properties of L-B films.

As

a result of this investigation, L-B films were shown to be acoustically
anisotropic and similar to smectic BA liquid crystal materials, and the
elastic

constants

c ll ' =l.lxlO lo N/m:l,

for
C 33 '

cadmium

arachidate were

estimated

to

be

=2.1xlO ID N/m:l, c u ' =l.OxlO lo N/m:, c 66 '<4.5xl0 8 N/m:l,

c u ')3xl0 9 N/m:l, and c .... '<4.0xl0 8 N/m:l.
The interpretation of the results in Chapter 6 were quite
surprising.

The small value of c .... ' was not expected because the L-B

films were believed to be solid-like.

It was not until these results

were finally interpreted that the small values of c .. ,,' and c GG '
realized.

were

The small value of c" .. ' means that, when q is parallel or

perpendicular to the L-B crystal axis, there is little or no elastic
shear response and the L-B film
wavevector directions!

This is characteristic of the acoustic behavior

of smectic liquid crystals.
smectic phase material.

behaves like a liquid for these

So, L-B films may be an example of a solid

P.G. de Gennes briefly describes such solid
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smectic phase materials in his book "The Physics of Liquid Crystals".
Although L-B films have in the past been identified as an example of
smectic BA phase material (Albrecht, Gruler, Sackmann, 1978), this fact
is not well-known in the L-B film community.

Solid smectic phase

materials are classed in the smectic BA phase.

That L-B films may be

classed as smectic phase materials suggests an interesting set of
further experimental investigations into the liquid crystal-like behavior
of L-B films.

For example: phase transitions, surface induced order,

etc.
It was demonstrated that these spectra are sensitive to dipping
direction.

The frequency shifts in the spectra are shifted by 5 % when

the acoustic wave vector q is rotated 90° with respect to the dipping
direction.

This indicates that the preparation of the films (e.g. barrier

pressure, or dipping speed) may affect the guided acoustic phase
velocities.

Preparation determines the packing density which in turn

affects the acoustic phase vd.ocity.
effects were not studied.

During this investigation these

They have been left for future investigations.

There is evidence that appropriately chosen substrate materials
will enhance the sensitivity of Brillouin spectroscopy to fewer L-B
layers.

The estimates of the elastic constants will allow us to design

such experiments.

Based upon some experiments conducted on an aluminum

substrate (see figure 7-1), it should be quite possible to examine the
acoustical properties of films as thin as 5 monolayers.

Combining

integrated optical techniques together with Brillouin scattering
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(a technique developed by Rowell, Stegeman, 1978 a,b,c) it may be
possible to achieve monolayer sensitivity.

Developing these techniques

will not only provide information about L-B films but also demonstrate
that elastic properties of materials can be studied on a scale of <50
angstroms.
Finally, a full light scattering theory is currently being
developed by Fabrizzio Nizzoli for
substrates.

hexagonal

films on isotropic

A full light scattering theory will enable us to interpret

the Brillouin spectra for a single sample instead of using multiple
samples, and multiple scattering geometries.

Until a light scattering

theory is developed for hexagonal films on isotropic substrates better
estimates of the the elastic constants will be difficult to obtain.
Nonetheless, these data have indicated that the acoustical behavior of
cadmium arachidate is consistent with guided surface acoustic waves in a
hexagonal lattice film on an isoptropic substrate.

APPENDIX
BOUNDARY CONDITION DETERMINANT
This section is intended only to outline the calculation of the
boundary condition determinant discussed in chapter 3.
The displacement fields and the stress fields must be continuous
at the film/substrate interface.

Since, the film surface is stress free

at x,=-h, the stress components normal to the film surface must be zero.
Below, the strain and stress fields will be calculated for the film and
substrate, and the boundary conditions will be applied to obtain 6
eqautions in 6 unknowns.

The solution to these equations is a dispersion

relation for the guided acoustic waves polarized in the

Xl-X,

plane.

The

displacement fields used in these calculations are equations 3-14 for
the film and equation 3-15 for the substrate.
There are three boundary conditions.

Particle displacement

continuity at x,=O,

(A-I)

continuity of stress at x,=O,

(A-2)

2)

stress free condition at x,=-h,
103
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3)

(A-3)

These three boundary conditions lead to six equations:

(A-4)

(A-5)

(A-6)

(A-7)

(A-8)

(A-9)

In order to evaluate equations A-6 thru A-9 the stress fields in both
the film and substrate must be evaluated.

Using the displacement fields

defined in equations 3-14 and 3-15 the strain fields and stress fields
can be written.
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Film fields

Strain:

S11 '=-iqp e-iqpXl [.A1a1eiqs 'x, - A2a 1e- i qs 'x,

+ A,a,eiqR, 'x, + A.,a,e-iqR, 'x, ]

(A-IO)

S1S'= (;)qp e-iqpXl [Al(qSal-qpal)eiqs'x, + A2(qSal-qpal)e-iqs'x,

+ A,(qR,a,+qpa,)eiqR, 'x, - A..(qR,a,+qpa,)e-iqR, 'x, ]

(A-ll)

S,,'= iqp e-iqpx1 [A1qs'aleiqs'x, - A2qs'ale- iq S'X,
- A,qR,'a,eiqR,'X, - A.,qR,'a,e-iqR.'X, ]

(A-12)

Stress:

T1S'=2c .... 'S1S'

(A-l3)

T,,'= CU'S11' + CU'S,,'

(A-14)

explicitly:

Tu '= iqpc .... ' e-iqpx1 [A1( qs' al-qpa l)eiqs 'x,
+ Al(qs'al-qpal)e-iqs'x,
+ A.(qR.' a,+qpa,)eiq.l 'x,
- A.,(qR, I a,+qpa,)e-iqR, 'x,

(A-IS)
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Tu'= iqp e-i qp x l [Al(Cu'qs'ol-cu'qpBl)eiqs'x.
+ Az(c,,'qs'ol-Cu'qpBl)e-iqs'x,
- A,(c,,'q2.' B,+Cu'q p o,)ei q2. 'x.
-

A( CIS , q2.
n.ft

'Q1>,+
Cu ' qpo, ) e -iq 2. 'x ,

(A-l6)

Substrate fields

Strain fields:

(A-I 7)

(A-18)

(A-19)

Stress Fields

(A-20)

(A-21)

Equations A-4 to A-9 can be now be written in matrix form:
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-Ys

-1

-1

al

-al

a.

a,

Bs

0

-13,

BI.

0
0

YI.

13 1

13 1

13.

Bu

Bn

BS!

Bn

Bu

-B u

Al

B.. I

Bu

B.. ,

-B..,

B.. s

B.. s

A2

B,s/ £ I-

B,s/ £ I.

A,

0

B.. s/ £ I.' B.. s £ I.'

A,.

0

0

0

Bu/ £s'

0

0

B.. ,/ £s' -B .. ,£s

Bu£s'

,

=

0

(A-22)

where the following defintions have been used:

(A-23)

(A-24)

(A-25)

B,s=c .... '( y I.' a,-a,)

(A-26)

(A-27)

(A-28)

(A-29)

(A-30)
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(A-31)

(A-32)
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